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Abstract: Difficulty recognizing affective prosody (receptive aprosodia) can occur following right
hemisphere damage (RHD). Not all individuals spontaneously recover their ability to recognize
affective prosody, warranting behavioral intervention. However, there is a dearth of evidence-based
receptive aprosodia treatment research in this clinical population. The purpose of the current study
was to investigate an explicit training protocol targeting affective prosody recognition in adults
with RHD and receptive aprosodia. Eighteen adults with receptive aprosodia due to acute RHD
completed affective prosody recognition before and after a short training session that targeted
proposed underlying perceptual and conceptual processes. Behavioral impairment and lesion
characteristics were investigated as possible influences on training effectiveness. Affective prosody
recognition improved following training, and recognition accuracy was higher for pseudo- vs. real-
word sentences. Perceptual deficits were associated with the most posterior infarcts, conceptual
deficits were associated with frontal infarcts, and a combination of perceptual-conceptual deficits
were related to temporoparietal and subcortical infarcts. Several right hemisphere ventral stream
regions and pathways along with frontal and parietal hypoperfusion predicted training effectiveness.
Explicit acoustic-prosodic-emotion training improves affective prosody recognition, but it may not be
appropriate for everyone. Factors such as linguistic context and lesion location should be considered
when planning prosody training.
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1. Introduction

Affective (emotional) prosody refers to the suprasegmental aspects of speech, in-
cluding pitch, volume, rate, and rhythm, that convey emotional meaning or intent [1,2].
Stroke-induced right hemisphere damage (RHD) can lead to impaired affective prosody
recognition (termed receptive aprosodia) and expression (termed expressive aprosodia)
and can thus cause significant communication breakdowns between these individuals
and their loved ones, caregivers, colleagues, and fellow community members. Receptive
aprosodia has been linked to reduced quality of life in various neurological conditions,
such as stroke [3], dementia [4], and traumatic brain injury [5], as well as to poorer psy-
chosocial functioning in psychological conditions, such as major depressive disorder [6].
Poor affect recognition has also been identified as a significant issue by caregivers of in-
dividuals with RHD [7]. Blonder and colleagues [8] observed that individuals with RHD
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who had poorer facial affect perception and non-affective linguistic prosody discrimination
(i.e., determining if an utterance is a question or a statement based on intonation cues)
had reduced satisfaction in their personal relationships. As can be gleaned from these
examples, paralinguistic features are critical to convey communicative intent not inherent
in the linguistic content of a message alone, and disruption of the encoding or decoding of
these features can lead to pervasive interpersonal dysfunction.

In one of the earliest accounts of affective prosody processing following RHD, Ross [9]
reported aprosodia profiles that mirrored the classic aphasia taxonomy following left
hemisphere stroke. He identified a case of sensory aprosodia (Case 4) as demonstrated by
intact production capability—albeit not always applied appropriately—and poor repetition
and comprehension of affective prosody due to a posterior temporoparietal lesion, a
roughly right-hemisphere homologue to Wernicke’s area. Recent models of propositional
language organization have moved from discussing functional localization in terms of
neural substrate “islands” (with damage to cortical regions resulting in mutually exclusive
aphasia subtypes) to models comprising these cortical regions as well as their connections
via white matter pathways, representing ventral and dorsal processing streams [10-12]. A
similar topography is observed in the right hemisphere for affective prosody, wherein more
dorsally situated structures are implicated in production and more ventrally located regions in
recognition [13-15]. Focusing specifically on affective prosody recognition, right hemisphere
temporoparietal regions [12,16-22] as well as frontal [2,14], subcortical [15,21-23], and white
matter [24] structures have been implicated.

Thus, it appears that aprosodia and aphasia share gross network organizational fea-
tures across the right and left hemispheres, respectively. It would follow that even finer
specialization may occur for distinct affective prosody recognition subprocesses such as
that observed in propositional language (e.g., lexical selection, phonological decoding, etc.).
Leading models of affective prosody recognition broadly divide subprocesses into sen-
sory/perceptual extraction (Stage 1), sensory /perceptual-conceptual integration (Stage 2),
and cognitive evaluation (Stage 3) [2,13,14,23,25]. The model proposed by Wright and
colleagues [2], and further refined by Sheppard and colleagues [23] describes a three-
stage model of receptive affective prosody that elaborates upon how acoustic-prosodic
features are mapped onto semantic representations of emotions. Stage 1 comprises per-
ceptual processing in the form of acoustic-prosodic decoding from the incoming auditory
message. Stage 2 includes perceptual-conceptual integration wherein profiles of acoustic-
prosodic features are matched to listeners” expectations of how given emotions “sound”.
These expectations of prosodic variation by emotional expression are termed abstract
representations of acoustic characteristics that convey emotion (ARACCE). ARACCE are
comparable to the lemma stage of lexical retrieval in single word auditory comprehension
models [26,27] or lexical orthographic representations in reading and spelling [2] and
mediate the relationship between bottom-up acoustic-prosodic information with top-down
conceptual emotion information. The final stage of the model (Stage 3) comprises access
to a semantic representation of the expressed emotion. General emotion processing flows
between Stages 2 (ARACCE) and 3 (conceptual emotion representations). Figure 1 presents
a diagram of this receptive affective prosody model.

One case series [2] demonstrated that adults with aprosodia can have selective damage
to various underlying subprocesses. Three adults in the study had receptive aprosodia.
Two of these three adults had difficulty identifying prosodic features (e.g., pitch, rate)
from sentences spoken with varying affective prosody but performed relatively well when
asked to describe the prosody of different emotions. These two cases had difficulty with
perceptual/sensory processing (Stagel) but did not have difficulty integrating sensory and
conceptual information (ARACCE access; Stage 2). A third case of receptive aprosodia in
an individual with early frontotemporal dementia had relatively intact perceptual /sensory
processing but impaired ARACCE access for recognition as demonstrated by the difficulty
matching acoustic-prosodic features to various emotions. Since behavioral impairments
corresponding to different loci can contribute to observed receptive aprosodia, it is posited
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that distinct regions within the right hemisphere ventral stream are recruited for subprocess
computation, and that focal damage disrupts computation within or between subprocesses.
In the same case study series by Wright and colleagues [2], the two individuals with
impaired acoustic-prosodic extraction (Stage 1 deficits) had lesions encompassing the right
anterosuperior temporal lobe, insula, and amygdala. The individual with frontotemporal
dementia who demonstrated impaired ARACCE access for recognition had diffuse right
hemisphere atrophy, so a focal site of damage underlying that impairment could not
be identified.

Stage 3: Access to semantic representation of
emotion

<Sad>
Domain general emotion
knowledge & processing

Stage 2: Access to Abstract Representations If
of Acoustic Characteristics that Convey

Emotion (ARACCE)

<Slow rate> <Low volume> <Low pitch>

{7

Stage 1: Acoustic analysis (decoding)

Analysis of frequency, intensity, rate. rhythm

0

Auditory input

“The store is closed for the night”

Figure 1. Model of affective prosody recognition as described by Wright et al. [2] and further refined
by Sheppard et al. [23]. The model includes the three proposed stages underlying affective prosody
recognition as well as an interactive loop between Stages 2 and 3. A description and example
processing is included at each model stage. Not yet considered in the model are domain-general
cognitive processes (e.g., attention, executive functioning, working memory) that interact and support
successful affective prosody recognition.

There is emerging evidence to support distinct lesion loci resulting in selective deficits
of underlying affective prosody recognition processes. Sheppard and colleagues [23]
investigated the lesion-symptom relationship of affective prosody recognition and its
related (sub)processes in a group of 20 adults with acute receptive aprosodia due to RHD.
Cluster analyses of behavioral performance revealed three patient groupings. One group
had relatively mild receptive aprosodia with impaired ARACCE access (Stage 2) and intact
recognition of emotional facial expressions with lesions predominantly in frontotemporal
regions. Another group appeared to have general emotion recognition deficits as evidenced
by the most severely impaired recognition of emotion in prosody and facial expressions
with damage sustained primarily to basal ganglia and subcortical white matter. The third
group demonstrated impaired acoustic feature extraction in tones, and visual inspection of
lesion location appeared to maximally overlap in occipitotemporal as well as subcortical
(thalamus, basal ganglia) regions. Modeling performance on the acoustic feature extraction
in tones task resulted in significant predictors of damage to the right middle frontal gyrus
and degree of hypoperfusion to the parietal territory of the right middle cerebral artery.
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Taken together, it appears that subcortical right hemisphere lesions may result in severe,
multimodal emotion recognition deficits and that impaired acoustic extraction (Stage 1)
was associated with more significant receptive aprosodia compared to impaired ARACCE
access (Stage 2).

There are two main benefits to investigating communication lesion-symptom relation-
ships in acute stroke. First, investigators can assess performance before substantial neural
reorganization occurs, facilitating the interpretation of impaired tissue and subsequently
impaired behavioral performance. Second, the impact of not only infarct but also decreased
blood flow on affective prosody recognition can be better appreciated when accounting
for hypoperfusion as we did in the current study. Subcortical lesions, such as those in the
basal ganglia, can coincide with the cortical hypoperfusion and subsequent behavioral
deficits (e.g., [28]). Once cortical tissue is reperfused, improvement in language function
has been observed [28,29]. Thus, impaired behavioral performance may not be a result of
infarct but also the interplay of a subcortical infarct and subsequent reduced cortical blood
flow [29-31]. It is important, whenever possible, to consider both infarct and hypoperfusion
when investigating acute lesion-symptom relationships as understanding of each one’s
contribution can have significant implications when tracking the trajectory of recovery
over time. Perfusion-weighted magnetic resonance imaging and computed tomography
perfusion are superior for mapping dysfunctional tissue caused by hypoperfusion, but not
all patients receive these imaging methods as part of their routine clinical care. Estimates of
hypoperfusion can be completed as discussed later in our study. Of course, these estimates
are not as sensitive as hypoperfusion data obtained from perfusion imaging, but it is better
than the alternative of not accounting for hypoperfusion.

As more information on the lesion and behavioral components that impact post-stroke
affective prosody recognition is learned, more theoretically motivated and empirically
based behavioral interventions can be developed. There has been promising work into
expressive aprosodia treatment for right hemisphere stroke and acquired brain injury.
Treatment developed by Rosenbek [32,33] and Leon [34] and colleagues uses two differ-
ent approaches to target affective prosody production. The motoric approach focuses
on repetition of affective prosody with varying contextual support while the cognitive-
linguistic approach integrates conceptual components (i.e., corresponding facial expression,
description of affective prosody, and the target emotion of the trained prosody) to im-
prove production. The cognitive-linguistic approach may also implicitly improve affective
prosody recognition since it taps into higher-level affective and prosodic processes. Recog-
nition performance after expressive aprosodia training was inconsistent across participants
and tasks [34].

There is a dearth of evidence supporting the behavioral interventions for recep-
tive aprosodia following RHD. McDonald and colleagues [35] investigated an emotional
prosody treatment program following acquired brain injury, but only 20% of the partici-
pants (4/20) had damage isolated to the right hemisphere only, and only one individual
who was on the waiting list (control) group experienced RHD due to stroke. Interventions
for affective prosody recognition, or, more generally, social cognition or emotion percep-
tion that included prosody [36], have been investigated in schizophrenia/schizoaffective
disorder [37], acquired brain injury [35,38—41], and autism spectrum disorders [42]. Some
interventions addressed receptive aprosodia as part of a larger training program or indi-
rectly through social cognition training [38-43]. Methodology (e.g., online vs. one-on-one
vs. group or affective prosody targeted directly vs. indirectly) and dosage vary widely
across these studies and likely contribute to the mixed outcomes observed. Outcome
measures employed by these treatment studies frequently assess affective prosody recogni-
tion more contextually, which does not help to elucidate the mechanisms or underlying
processes of affective prosody recognition that contribute to the observed deficits nor what
aspect(s) of the intervention was/were successful to improve the recognition abilities.

Lado-Codesido and colleagues [37] directly targeted receptive aprosodia in individuals
with schizophrenia or schizoaffective disorder using a computer program called Voices. The
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program included eight sessions (two sessions a week), and each session was about 30 min
in length. Sessions comprised participants listening to simple, emotionally neutral phrases
(as many times as desired) and choosing the emotion conveyed by the recorded speaker.
As the program progressed, sessions became more challenging by increases in the number
of sentence stimuli to be evaluated, the number of emotion response options provided, and
the emotion complexity. The group that completed standard treatment + Voices training had
significantly better prosody recognition scores on a separate prosody measure compared
to the individuals who received standard treatment alone. McDonald and colleagues [35]
also targeted affective prosody recognition in a group of 20 individuals with acquired
brain injury. Their training protocol comprised three two-hour sessions using dyadic
game structures paired with effective brain injury rehabilitation techniques (e.g., errorless
learning) in increasingly complex emotional scenarios. Though no treatment effects were
observed at the group level, the researchers observed that six of the ten individuals in the
treatment group improved on the primary outcome measure while none of the participants
in the control group showed improvement. Additionally, five of the six individuals who
improved on the primary outcome measure demonstrated evidence of clinically significant
improvement; however, this finding was not statistically significant from the control group.

Though hemispatial visual neglect is commonly cited as a hallmark symptom of acute
RHD, receptive aprosodia is more common acutely [44] but remains under-diagnosed [45].
Additionally, about a third of adults identified with receptive aprosodia acutely continue
to have difficulties chronically [15]. Management of receptive and expressive aproso-
dia falls uniquely within the scope of practice of speech-language pathology, but many
speech-language pathologists (SLPs) feel ill-equipped to assess and/or treat such cognitive-
communicative difficulties, likely resulting in many adults with unaddressed receptive
aprosodia impairments [46]. Early targeted intervention after stroke may help reduce the
number of individuals struggling with receptive aprosodia later in their recovery when
reintegration into social, familial, and professional roles is common.

Research Questions and Hypotheses

The current study investigated the effectiveness of a brief novel explicit acoustic-
prosodic-emotion training on affective prosody recognition in acute RHD due to stroke
with the aim of answering four research questions:

1. Does affective prosody recognition improve following acoustic-prosodic-emotion
recognition training? Since training tasks target Stages 1 and 2 of affective prosody
recognition, it is expected that recognition will improve after training in individuals
with deficits at these processing stages.

2. Does behavioral impairment locus impact training effectiveness? If Stage 1 (per-
ceptual) deficits are related to more severe prosody recognition impairments, then
these individuals are predicted to benefit more from training compared to individ-
uals with Stage 2 (conceptual) deficits that result in less severe affective prosody
recognition impairments.

3. Are distinct lesion loci observed for different behavioral impairment loci? Based on
previous work and models of receptive aprosodia, distinct lesion loci are predicted for
Stage 1 and 2 deficits. Maximal lesion overlap is predicted to occur within posterior
and subcortical ventral stream regions (e.g., superior posterior temporal gyrus, basal
ganglia, thalamus) for Stage 1 deficits and within more frontal ventral stream regions
(e.g., inferior frontal lobe) for Stage 2 deficits.

4. Does degree of impaired tissue (acute lesion and/or hypoperfusion) predict affective
prosody recognition training effectiveness? It is hypothesized that more severe dam-
age and hypoperfusion to right hemisphere ventral stream/subcortical regions will
result in worse deficits in prosody recognition, and thus, greater benefit from training.
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2. Method
2.1. Participants

Informed consent was obtained for all subjects involved in the study. The study was
conducted according to the guidelines of the Declaration of Helsinki and approved by
the Institutional Review Board of Johns Hopkins University (NA_00042097, continuing
review approved 14 January 2021). The records of 185 adults with RHD due to acute
ischemic stroke were screened for the current study. These participants were recruited as
part of a larger longitudinal study. Only individuals who completed all affective prosody
recognition and training tasks were screened for inclusion/exclusion criteria. Assessments
and training occurred over the course of a single session or multiple sessions depending
on patient fatigue and availability between routine hospital care.

Inclusion/exclusion criteria were evaluated via medical record review and personal
interview. Adults with RHD were included if they were premorbidly proficient in English.
Individuals were excluded if they had uncorrected vision (except for hemispatial visual
neglect) or known hearing impairment; a history of psychological disorders or neurological
disease/injury except for prior asymptomatic stroke, lacunar infarct, or transient ischemic
attack; or if their acute stroke extended into or involved the left hemisphere. Hemispatial
visual neglect was assessed using a combination of tasks, including letter and shape
cancellation, scene copy, and line bisection. If evidence of neglect was observed, subsequent
testing materials were presented within participants’ right visual field; otherwise, testing
materials were placed at midline. Acute behavioral testing was conducted in participants’
hospital room.

Thirty-eight adults with acute RHD (14 female, 24 male; 16 African American, 22 Cau-
casian; 31 right-handed, 5 left-handed, 2 unknown) were identified for the study. Partici-
pants were 63.7 & 13.3 years of age (28-87) and had 14.0 & 3.6 years of education (7-22).
Behavioral testing was initiated within 3.3 &= 1.9 days (1-7) and a routine clinical MRI of the
brain was obtained for 35/38 participants within 1.2 &= 1.5 days (0-7) of hospital admission
for acute stroke. Average National Institute of Health Stroke Scale score (NIHSSs) upon
hospital admission, an indication of overall stroke severity, was 6.1 £ 5.7 (0-18).

Diagnosing Receptive Aprosodia and Determining Locus of Impairment

To determine the presence of receptive aprosodia before training as well as locus of
impairment among participants with RHD, their performance on the affective prosody
recognition and the three training tasks was compared to the performance on the same
tasks completed by healthy, typically aging adults without acquired brain damage (n = 29;
14 female, 15 male; 23 Caucasian, 2 African American, 4 unknown; Age: 60.8 & 14.5 years
(28-83); Education: 16.8 £ 3.0 years (12-22); 27 right-handed, 2 left-handed). The clinical
and control groups did not differ in age (t(65) = —0.840, p = 0.404) or sex (X%(1) = 0.884,
p = 0.347), but controls demonstrated higher educational attainment compared to the
participants with RHD (#(62) = 3.387, p = 0.001). Presence of receptive aprosodia and locus
of impairment were determined if participants’ scores on pre-training affective prosody
recognition and training tasks, respectively, fell at or below the fifth percentile (z = —1.645)
of scores from healthy adults. For acoustic feature training, control participants were all at
ceiling, so scores below 100% were considered impaired. An acoustic-prosodic impairment
locus was determined based on the performance on acoustic and prosody feature training
tasks. An ARACCE impairment locus was determined based on the performance on the
ARACCE training task. Participants could demonstrate impairment loci at either Stage 1,
Stage 2, or Stages 1 and 2.

2.2. Stimuli and Procedures
2.2.1. Affective Prosody Recognition
To collect baseline data and to determine the presence of receptive aprosodia, par-

ticipants first judged the affective prosody conveyed by sentences containing either real
words (with emotionally neutral content, see Table S1 for a list of sentences) or pseu-
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dowords [47,48]. Real-word and pseudoword sentences were recorded by two female
speakers, one speaker for each sentence type. Slightly more than half of participants
(20/38) were presented with pseudoword sentences while the remaining 18 were presented
with real-word sentences. The pseudoword sentences contained English pronouns (e.g., I,
they), articles (i.e., a, an, the), and prepositions (e.g., on, under) but included noun and verb
non-words (e.g., wanced, nonitor). Sentences were presented auditorily only once unless
the test administrator judged that external distractions (e.g., physician or nurse entering
patient’s room for care) warranted replaying of the sentence. Written emotion options
(i.e., angry, sad, happy, surprised, afraid, bored) were arranged vertically in the middle
of a laptop computer screen and remained visible throughout the task. Task instructions
were presented visually and auditorily to participants. Affective prosody recognition
was assessed before and after the completion of the three training tasks (described next).
No feedback was provided, and sentences were presented at a comfortable volume as
determined by the participant.

Five emotions (i.e., happy, sad, angry, afraid, surprised) were presented in both real-
word and pseudoword sentences. Recognition of surprised prosody was assessed in both
linguistic contexts, but the type of surprise differed between them (pleasant vs. shocked),
and training focused on shocked rather than pleasant surprise. Additionally, boredom was
presented in real-word sentences only. Therefore, planned analyses were conducted on the
recognition of happy, sad, angry, and afraid emotions.

2.2.2. Acoustic Feature (Stage 1) Training

Participants were presented with pairs of pure tone sequences. Sequence pairs varied
by only one acoustic feature (i.e., rate, duration, volume, pitch). Acoustic features were pre-
sented orthographically in a multiple-choice format and arranged horizontally in the center
of a laptop computer screen. Acoustic features were also read aloud to the participants
as needed per the test administrator judgment. Participants were asked to select which
acoustic feature differed between the sequences. Visual and verbal feedback was provided
for correct and incorrect responses. After all tone sequence pairs were presented, pairs that
were judged incorrectly by participants were repeated, with feedback again provided for
correct and incorrect responses. This procedure was repeated once more for any remaining
incorrect responses for a possible total of three presentations of each tone sequence pair.
Tone sequence pairs were played only once per presentation unless external distractions
were judged to interfere with the presentation per test administrator judgment. Scores
from the final presentation were recorded and used in the determination of impairment
locus. For example, if a participant scored 3/9, 5/9, and 8/9 for each presentation of tone
sequence pairs, the score recorded would be 8/9. Likewise, if a participant scored 7/9
and then 9/9, then there would not be a third presentation, and the score recorded would
be 9/9. Tone sequence pairs were presented at a comfortable volume as determined by
the participant.

2.2.3. Prosodic Feature (Stage 1) Training

After completing the acoustic feature training, participants completed the prosodic
feature training with the same list of acoustic features (i.e., rate, duration, volume, pitch).
Sentences comprised real words conveyed with varying affective prosody (i.e., happy, sad,
angry, afraid, shocked surprised, bored). Instead of asking participants to identify the
emotion conveyed in the speaker’s tone of voice, participants were asked to identify two
or three prosodic features of the speech in a forced-choice format (i.e., Fast rate vs. Slow
rate? High pitch vs. Low pitch? Loud vs. Quiet? Flat pitch vs. Rising pitch?). Prosodic
features were presented orthographically and vertically oriented at the center of a laptop
computer screen. Prosodic features were also read aloud to participants as needed per the
test administrator judgment. Visual and verbal feedback was provided for correct and
incorrect responses. Sentences were played only once unless external distractions were



Brain Sci. 2021, 11, 667

8 0f 23

judged to interfere with the presentation as per the test administrator judgment. Sentences
were presented at a comfortable volume as determined by the participant.

2.2.4. ARACCE (Stage 2) Training

To target ARACCE access and processing, participants were presented with an emo-
tion (i.e., happy, sad, angry, afraid, shocked surprised, bored) orthographically at the top
of a laptop computer screen and asked to identify two or three prosodic features that de-
scribed the tone of voice associated with the emotion (e.g., Sad = <slow rate> <quiet> <low
pitch>) [49]. Prosodic features were presented orthographically, arranged vertically in the
center of a laptop computer screen below the emotion, and comprised the features trained
during the acoustic-prosodic training tasks. Features were read aloud to participants as
needed per the test administrator judgment. Visual and verbal feedback were provided for
correct and incorrect responses.

Feedback provided during training included both knowledge of results (correct vs.
incorrect) and knowledge of performance (providing the correct/target response to partici-
pants). Knowledge of performance appears to demonstrate greater motor recovery com-
pared to the knowledge of results (e.g., [50]), but both are found to be effective (e.g., see [51]
for a discussion). The effect of feedback type on conceptual learning is not yet clear. Affec-
tive prosody recognition and training tasks were completed in a single session or across
multiple sessions as required due to participant’s fatigue and schedule.

2.3. Imaging

Acute MRI scan sequences were acquired on 1.5 and 3.0T Siemens scanners as part
of the routine clinical care. Diffusion-weighted imaging (DWI) sequences were used to
visualize and manually trace acute lesions. Fluid attenuated inversion recovery (FLAIR)
sequences were referenced to estimate the volume of hypoperfusion via ratings of presence
and severity of hyperintense vessels, which has been found to significantly correlate with
the volume of hypoperfusion on perfusion-weighted imaging [52]. T2-weighted imaging
was completed to check for additional structural abnormalities or lesions. Susceptibility-
weighted imaging (SWI) was referenced to rule out the presence of acute hemorrhage.
Lesion tracings were completed manually using MRIcron [53,54] by a trained technician
(AZD) and supervised by a neurologist (AEH). These tracings were then normalized to MNI
space via SPM12 [55]. Normalization was completed on DWI images using a template based
on healthy older adults [56], and the warping parameters were then applied to the lesion
traces. The proportion of acute lesion volume per region of interest (ROI) was calculated
separately for each participant using the automated anatomical label (AAL) [57] for gray
matter regions as well as the tractography-derived white matter tract atlas (CAT) [58] for
white matter regions.

Since perfusion-weighted [MR] imaging (PWI) or CT perfusion was not available for
all participants, FLAIR hyperintense vessel ratings for the right cerebral hemisphere were
completed by a trained technician (LB) blinded to behavioral prosody performance and
supervised by a neurologist (AEH). Ratings on the scale range from 0 (no hyperintense
vessels present) to 2 (3+ hyperintense vessels present on 1 slice, or 3+ slices with presence
of hyperintense vessels) and are given to six different regions of the brain determined
by blood supply (posterior cerebral artery (PCA); anterior cerebral artery (ACA); middle
cerebral artery frontal (MCA-Frontal), parietal (MCA-Parietal), insular (MCA-Insular), and
temporal (MCA-temporal) regions). Each point equates to about 16 mL (or 16,000 mm?) of
hypoperfused tissue [52].

2.4. Analyses

R (v3.6.3) was used to complete all statistical analyses. Linear mixed effects modeling
was employed to investigate the effect of training and behavioral impairment locus on
affective prosody recognition performance among participants with receptive aprosodia
subsequent to acute RHD (Q1 and Q2). Time point (pre-training vs. post-training), impair-
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ment locus (acoustic-prosodic vs. ARACCE vs. ARACCE + acoustic-prosodic vs. none),
and linguistic context (pseudoword vs. real-word sentences) were included as predic-
tors. During preliminary inspection of data plots, we observed that accuracy on real- and
pseudoword sentences differed, so linguistic context was included as a predictor in the
linear mixed effects model. Affective prosody recognition accuracy (percentage) on happy,
sad, angry, and afraid sentences was assessed pre- and post-training and served as the
outcome variable. The effects of age, education, and NIHSSs were assessed as possible
covariates during model selection, and participants were modeled as random intercepts.
Model selection was determined by comparing Akaike Information Criterion (AIC) values
as well as by Likelihood Ratio Tests. Ime4 [59] and ImerTest [60] packages were used for
linear mixed effects modeling.

Lesion subtractions maps were created to investigate the lesion profiles for each behav-
ioral impairment locus (Q3) using MRIcron [53,54]. Finally, Least Absolute Shrinkage and
Selection Operator (LASSO) regression was employed to investigate the contribution of
damage sustained to specific right hemisphere ROIs due to infarct and /or hypoperfusion
on affective prosody training effectiveness ((Q4). LASSO regression methods are ideal
for analyses comprising small sample sizes, many possible predictors, and multicollinear
predictors that allow for concurrent variable selection and regression [61]. LASSO serves
as both a variable selection and regression model tool. This method utilizes a shrinkage
parameter to result in a single, sparse, optimally predictive model. Percent damage (calcu-
lated for the right-hemisphere only using NiiStat (https:/ /www.nitrc.org/projects /niistat/)
(accessed on 19 May 2021) via Matlab (MathWorks, vR2020a) using AAL [57] and CAT [58]
atlases) and hyperintense vessel ratings were entered into the model if at least two partici-
pants had damage to each region, resulting in the inclusion of 17 ROIs previously associated
with receptive prosody [2,9,15-21,62]: inferior frontal gyrus pars opercularis, insula, supra-
marginal gyrus, angular gyrus, caudate, putamen, globus pallidus, thalamus, Heschl’s
gyrus, superior/middle/inferior temporal gyri, superior temporal pole, and internal cap-
sule. White matter tracts within the ventral stream (inferior longitudinal fasciculus (ILF),
inferior fronto-occipital fasciculus (IFOF), and uncinate) that have not been specifically
implicated in affective prosody recognition were also included. Age, education, total lesion
volume, pre-training affective prosody recognition score, and degree of hypoperfusion to
rACA and each rMCA (frontal, insular, parietal, temporal) distribution were also entered
into the model using leave-one-out cross validation LASSO (5000 permutations).

3. Results
3.1. Participants with RHD and Receptive Aprosodia

Roughly 47% (18/38) of the participants with acute RHD presented with affective
prosody recognition impairments. Compared to the individuals with RHD who were not
aprosodic, individuals with receptive aprosodia were older (#(31.439) = —2.731, p = 0.010).
Education (#(33) = 0.727, p = 0.472) and sex (X?(1) = 0.181, p = 0.671) did not differ between
the two groups. Of the participants with receptive aprosodia, almost 40% (7/18) demon-
strated impaired acoustic-prosodic recognition (Stage 1), about 5% (1/18) demonstrated
impaired ARACCE access (Stage 2), 33% (6/18) were impaired at both Stages 1 and 2, and
about 22% (4/18) did not demonstrate acoustic-prosodic- or ARACCE-specific processing
deficits. Additional information about participants with receptive aprosodia can be found
in Table 1. Since only one individual was identified as demonstrated impaired ARACCE
access (Stage 2), individuals with Stage 2 and individuals with Stages 1 and 2 deficits were
combined into one group for subsequent statistical analyses.
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Table 1. Demographic and emotion recognition accuracy (%) of participations with acute RHD and receptive aprosodia.

Affective Affective Emotion Emotional

. . Education Handedness, Admitting Prosody Prosody Facial

Participant Sex Race Age . o Synonym .
(years) Pre-Stroke NIHSSs Recognition, Recognition, M . Expression
Pre-Trainin, Post-Trainin atching Recognition
) ) 8
STAGE 1 DEFICIST (ACOUSTIC-PROSODIC)

101 female white 64 12 right 1 10 58.33 87.50 67.50

102 female black 85 20 right 1 18.75 37.50 87.50 67.50

105 female white 75 na na 15 35 50 70.83 na

107 male black 56 12 right 4 25 25 79.17 60

108 female white 76 16 right 8 25 50 91.67 67.50

114 male white 73 16 left 1 55 41.67 79.17 57.50

117 male black 70 13 right 6 30 41.67 91.67 52.50

STAGE 2 DEFICITS (ARACCE ACCESS)
106 male black 64 18 right 3 45 41.67 91.67 85
STAGE 1 and 2 DEFICITS

100 female white 71 10 right 7 20 50 95.83 65

103 female black 75 12 right 17 20 25 45.83 na

104 male white 74 10 right 0 25 25 95.83 82.50

110 male white 63 8 left 3 12.50 37.50 87.50 na

112 male white 57 na na 3 35 50 75 82.50

115 male black 62 10 right 15 25 58.33 54.17 62.50

NO IMPAIRMENT LOCUS

109 male white 60 13 right 5 25 25 91.67 65

111 male black 87 16 right 17 50 66.67 95.83 na

113 male white 72 16 right 13 40 58.33 95.83 20

116 male black 63 na right 10 35 50 70.83 65

NIHSSs = NIH Stroke Scale score; na = not available; ARACCE = Abstract Representation of Acoustic Characteristics that Convey Emotion.
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3.2. Affective Prosody Recognition Training Effectiveness (Q1, Q2)

Participants identified with receptive aprosodia at acute testing as detailed in Diag-
nosing Receptive Aprosodia and Determining Locus of Impairment were included in the linear
mixed effects model (18 participants, 36 data points). Affective prosody recognition percent
accuracy served as the predicted (dependent) variable. First, the random effect (partici-
pants) and covariates (i.e., age, education, NIHSSs) were added to create the first covariate
model. Inclusion of education and NIHSSs along with the random effect resulted in the
lowest AIC value and thus was selected as the final covariate model. Next, all fixed effects
(locus of impairment, time point (i.e., pre-training, post-training), linguistic context) were
added as main effects. This model was then compared to a model with the additional
interaction term impairment locus x time point in order to investigate if behavioral im-
pairment locus differentially impacted training effectiveness. There was no statistically
significant difference between the models (p = 0.945), so the main effect-only model was
selected since its AIC value was lower and it was a simpler model. Linear regression and
generalized estimating equation models containing the same fixed effects as the full linear
mixed effects model were also built to assess the best model fit. The linear mixed effects
model (with only main effects) was found to have the lowest AIC value and was selected
for the final model interpretation. AIC-corrected values were also checked since the ratio
of participants to predictors was small (e.g., see [63]); AIC-corrected values were found to
mirror uncorrected values, so uncorrected AIC values were reported. Linear mixed effects
model assumptions were checked and were met.

The final model was statistically significant compared to the covariate-only model
(p < 0.001, marginal R? = 0.521). There was a significant main effect of time point, with a
roughly 14% increase in accuracy after training compared to before training (p < 0.001).
There was also a main effect of task. Affective prosody recognition accuracy in real-
word sentences was about 12% lower compared to the accuracy in pseudoword sentences
(p = 0.003). There was no significant effect of behavioral impairment locus (p > 0.250). See
Table 2 for a summary of the model selection process, Table 3 for a summary of the final
model, and Figure 2 for mean affective prosody recognition performance by impairment
loci before and after training.
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Table 2. Summary of base and full model-selection process.
del Soecifi Random Effects Model Fit LRT against Nested
Model Specification Model Name Nested Model Fixed Effects Added
P Subjects AIC BIC LL df.resid df X2
Random effect + . age + education + .
all covariates Covariate 1 - admitNIHSS intercepts 298.6 308.1 —143.3 30 - -
T
Ranfiom effect + Covariate 2 Covariate 1 education + admitNIHSS intercepts 296.7 304.6 —143.3 31 1 0.129
covariate subset 1
Random effect + . . . .
. Covariate 3 Covariate 2 Education intercepts 297.8 304.1 —144.9 32 1 3.076
covariate subset 2
Main effects + education + admitNIHSS
Main effects + impairment locus X intercepts 2852 302.6 —131.6 25 2 0.113
time + context
295.6 —-131.7 27 4 23.343 *

Fixed effects,
2-way interaction

Interaction

education + admitNIHSS
281.3

+ impairment locus + intercepts

Covariate 2
time + context

+ .
Fixed effects, Main effects only
AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; LL = Log Likelihood; df.resid = residual degrees of freedom; LRT = Likelihood Ratio Tests; df = degrees of freedom; t = selected models

main effects only

for subsequent statistical comparison; * p < 0.00.
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Table 3. Summary of selected full linear mixed effects model.

Fixed effects
Estimates (B) SE 95% CI t p
Intercept 22911 11.215 —17.883, 34.769 2.043 0.048
Impairment locus: Acoustic-prosodic —5.191 4.546 —15.118, 4.736 —1.142 0.261
Impairment locus: ARACCE = —6.168 4.836 ~16.727,4.392 ~1.275 0.210
acoustic-prosodic
Testing (post-training) 14.468 3.126 7.640,21.294 4.628 <0.001
Context (real-word sentences) —12.384 3.821 12253’299 ! —3.241 0.003
Education 1.084 0.610 —0.247,2.415 1.778 0.084
admitNTHSS 0.063 0.335 —0.668, 0.795 0.189 0.851
Random effects
Variance SD
Participant (intercept) 0 0
Model fit
Marginal Conditional
R? na 0.521

SE = standard error; SD = standard deviation; na = not available; model equation: accuracy (%) ~ Impairment locus + Testing +
Context + Education + admitNIHSS + (1| participant); confidence interval (CI) calculated using the Wald method; t-tests calculated using
Satterthwaite’s method.

Psuedoword Sentences Real-Word Sentences

60

4~ (8]
o I=]
I 1

Percent Accuracy
w
1

20

10

Locus of Impairment None == Acoustic-Prosodic == ARACCE (+/- Acoustic-Prosodic)

Figure 2. Mean and standard error of affective prosody recognition performance before and after training by behavioral
impairment locus. Error bars are dodging so that full range can be appreciated for each group without interference of
overlapping error bars. There were significant main effects of linguistic context (real-word < pseudoword sentences) and
testing (pre-training < post-training) but no significant effect of behavioral impairment locus. The horizontal dashed
black line represents the cutoff accuracy for impairment based on controls’ affective prosody recognition performance
at pre-training.

3.3. Lesion Contributions to Affective Prosody Recognition Training (Q3 and Q4)

Seventeen of the 18 participants with receptive aprosodia and acute RHD had an
MRI of the brain. Formal statistical comparisons of infarcted right hemisphere regions by
behavioral impairment loci were deemed inappropriate due to small group sizes. Instead,



Brain Sci. 2021, 11, 667

14 of 23

lesion clusters were explored qualitatively using subtraction maps, wherein lesions unique
to a behavioral impairment locus are displayed by creating lesion overlap maps for that
group and removing lesions associated with the other groups.

All groups demonstrated some subcortical involvement (i.e., basal ganglia, thalamus,
deep white matter tracts), albeit to different degrees. Participants with receptive aprosodia
but who did not clearly demonstrate a behavioral impairment locus (1 = 4) had a small
cluster of inferior frontal lesions. Participants whose receptive aprosodia was characterized
by acoustic-prosodic deficits (Stage 1; n = 7) had primarily occipitoparietal and subcor-
tical (basal ganglia, thalamus, internal capsule) lesions. Acoustic-prosodic + ARACCE
deficits (Stages 1 and 2; n = 5) were associated with temporoparietal and frontotempo-
ral regions, comprising the angular and supramarginal gyri, arcuate fasciculus, inferior
frontal gyrus pars opercularis, and temporal lobe. Finally, one participant whose receptive
aprosodia was characterized by impaired ARACCE access (Stage 2) alone demonstrated
a unique lesion profile comprising the middle orbitofrontal gyrus, supplementary motor
area, and paracentral lobule. Figure 3 presents the lesion clusters for each behavioral
impairment group.

Acoustic-Prosodic ARACCE

Figure 3. Lesion clusters for participants with receptive aprosodia characterized by acoustic-prosodic
(top left), ARACCE (top right), acoustic-prosodic + ARACCE (bottom left), and no impairment loci
(bottom right).

LASSO regression analyses on affective prosody recognition accuracy differences (post-
training—pre-training) yielded a significant model (lambda = 0.858, p < 0.05) comprising
eight predictors: age, education, degree of hypoperfusion to ACA and MCA-parietal
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regions as well as percent damage sustained to the angular gyrus, thalamus, ILF, and IFOF.
Older age, less education, and greater degree of lesioned tissue was associated with less
gain in affective prosody recognition scores following training. No predictor was found to
be independently significant. Output of the LASSO regression can be found in Table 4.

Table 4. Summary of LASSO regression output.

Variable Adjusted Coefficient Coefficient z-Score p-Value 95% CI
Intercept 7.066 x 10717 - - - -

Age —4.933 x 1072 —0.305 —0.903 0.814 —0.832, 8.222
Education —1.247 x 1071 —0.510 —1.253 0.668 —1.216, 5.600
Hypoperfusion: ACA —1.664 x 107! —0.215 —0.757 0.369 —2.319, 1.605
Hypoperfusion: MCA-parietal —3.695 x 107! —0.664 —1.979 0.251 —1.298,1.243
Angular gyrus —3.073 x 107! —0412 —1.299 0.262 —1.033,0.871
Thalamus —3.597 x 1071 —0.538 —1.908 0.291 —1.068, 1.217
ILF —5.827 x 107! —0.847 —2.306 0.379 —1.563, 2.642
IFOF —5.120 x 107! —0.852 —2.403 0.210 —1.515,1.255

ACA = anterior cerebral artery; MCA = middle cerebral artery; ILF = inferior longitudinal fasciculus; IFOF = inferior fronto-occipital fasciculus.

A lesion subtraction map was created to help visualize right hemisphere regions with
greatest lesion overlap in individuals with RHD still considered aprosodic after training
(n=11) and included basal ganglia and subcortical frontal and parietal white matter regions
(Figure 4).

Figure 4. Lesion subtraction map of participants with RHD who were still considered aprosodic after acoustic-prosodic-

emotion training. Color gradient scale on the right side of the image indicates the number of participants with overlap-
ping lesions.

4. Discussion

The current study aimed to investigate the effectiveness of a brief novel explicit
training for receptive aprosodia following acute RHD. Training targeted both perceptual
(acoustic-prosodic) and conceptual (ARACCE) processes proposed to underlie accurate,
automatic prosodic decoding. Training was conducted in adults with acute RHD due to
stroke, which commonly precipitates affective prosody recognition deficits [15,44], more so
than at later stages of recovery.

4.1. Behavioral Contributions to Affective Prosody Recognition Training (Q1 and Q2)

Our initial question was, “Does affective prosody recognition improve following
acoustic-prosodic-emotion training?” Affective prosody recognition significantly improved
after explicit training in participants with receptive aprosodia, supporting the first hy-
pothesis. Training focused on perceptual processes (i.e., recognition of acoustic features
(rate, pitch, volume, duration) in pure tone sequences and sentences spoken with varying
affective prosody) and conceptual processes (i.e., matching prosodic features to emotion
“profiles”) proposed to underlie successful affective prosody recognition. According to
the model outlined by Wright and colleagues [2] and expanded upon by Sheppard and
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colleagues [23], the conceptual stage, termed ARACCE access (Stage 2), can be described
as an emotion lexicon that shares similarities with linguistic models including lemma
stages [26,27] and lexical orthographic representations [2].

Second, we asked if behavioral impairment locus would impact training effective-
ness. There were no observed group effects of behavioral impairment locus on training,
resulting in the rejection of the second hypothesis. Participants with Stage 1 (perceptual;
acoustic-prosodic recognition), Stage 2 (conceptual; ARACCE access), Stages 1 and 2, and
no observed behavioral impairment locus appeared to benefit similarly from training.
Previous work has suggested that Stage 1 (perceptual) deficits were associated with more
severe receptive aprosodia [23] and thus would potentially benefit more from training.
However, this pattern was not observed in the current study. It is not completely surprising
that no difference was observed between groups since training targeted both acoustic-
prosodic and ARACCE access. Though a single session of training improved affective
prosody recognition on a group level, individual-level performance varied widely. Over
75% of participants with receptive aprosodia (13/18) increased their recognition accu-
racy after just the one session of training, but about 60% (11/18) were still considered
aprosodic after training. Recognition improvement following one training session may
serve to identify “good” responders (i.e., stimulability) to further training sessions tar-
geting acoustic-prosodic-emotion recognition. That is not to say that individuals whose
affective prosody recognition did not improve with one session would not also benefit from
additional training. Perhaps modifications to the dosage/frequency would be necessary
for less stimulable participants to show improvement. The possibility of predicting good
candidates for this type of treatment and determining the dose/frequency to achieve long-
term retention requires further investigation. Likewise, it is possible that these individuals
(who did not improve with training) would benefit from a completely different, perhaps
implicit, or more contextual, approach.

Generally, participants’ affective prosody recognition accuracy improved across groups
following acoustic-prosodic training. However, not all participants improved to perfor-
mance ranges of healthy adults (above the black dashed line in Figure 2), and this finding
differed by linguistic context. For pseudo-word sentences, only participants without a mea-
sured behavioral impairment locus improved to functional range while participants with
acoustic-prosodic and participants with ARACCE = acoustic-prosodic deficits improved
but were still considered impaired. Interestingly, the opposite pattern was observed in
real-word sentence recognition post-training: participants with acoustic-prosodic deficits
and participants with ARACCE =+ acoustic-prosodic deficits improved to control-level
performance while participants without a measurable impairment locus did not improve.
Our hypothesis as to why participants without acoustic-prosodic impairment loci did
not improve to within functional limits (above the cutoff for aprosodic) is that the single
training episode was not effective to improve recognition abilities based on their under-
lying difficulty with affective prosody recognition. For instance, it may be the case that
these individuals have difficulty integrating Stage 1 and 2 deficits that, when trained in
isolation as in the case of the training tasks, they do not appear impaired on the individual
task. Rather, they have a difficulty integrating that information together into a coherent
process that supports accurate affective prosody recognition. This difficulty integrating
processes or information from multiple steps may indicate a cognitive impairment compo-
nent, but this supposition is only speculative in the current study since we did not assess
cognitive abilities (e.g., attention, recall, working memory, executive functioning, etc.,)
and their relationship to receptive aprosodia as part of this study. Implementation and
integration of training tasks into affective prosody recognition did not appear to carry over
for these individuals.

Clearly, a single session of explicit training underlying perceptual and conceptual
processes is not effective to improve vocal emotional recognition for all individuals with
receptive aprosodia following acute RHD. Age does not appear to significantly impact the
affective prosody recognition gains from pre- to post-training (r, = 0.078, p = 0.766). The
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linear mixed effects model included a significant independent predictor of context, with
affective prosody recognition accuracy higher in pseudoword sentences compared to real
words. It is posited that the pseudoword sentences required a lower demand on cognitive
resources since they carried relevant prosodic information only. In comparison, real-word,
semantically neutral sentences carried both relevant prosodic and linguistic information,
albeit not lexical-semantic information that likely bootstrapped receptive prosody. There-
fore, all cognitive faculties (e.g., attention, memory, auditory-verbal processing) might be
better focused on prosody rather than linguistic decoding/comprehension in pseudoword
sentences. Conversely, real-word sentences may introduce the possibility of dividing
neural resources across cognitive domains, thus taxing the cognitive-communicative sys-
tem beyond its capabilities. Under the cognitive resources hypothesis, participants with
RHD have less cognitive faculties available due to brain damage, so fewer or inefficient
allocation of resources contributes to deficient processing [64]. Though less ecologically
valid, pseudoword sentences may serve as an ideal context, at least in acute stages, for
adults with RHD and receptive aprosodia to focus on prosodic recognition without the
influences, whether facilitative or interfering, of linguistic information. Since linguistic
context was included in the model due to preliminary observation of data, future studies
that prospectively manipulate sentential context are needed to better understand the role
of context on affective prosody recognition performance.

Despite accounting for linguistic context on affective prosody recognition, the model
explained only 50% of the variance in performance. Thus, other factors influencing recog-
nition and training effectiveness must still be at play. Training used explicit, metacognitive
methods to teach recognition of important acoustic-prosodic features and matching those
features to specific emotions. Metacognitive teaching strategies can be effective thera-
peutic interventions (e.g., metaphor interpretation) [65,66], but these strategies may tax
already-reduced cognitive resources and increase cognitive effort during computation,
obscuring true performance in the targeted skill or process [64] as already mentioned.
Adults with RHD benefit from contextual supports aimed to decrease the task cognitive
demands [67-70]. For example, Zezinka and Tompkins [71] used a negatively biasing task
(e.g., Your breaks don’t work on the freeway. Do you feel afraid or angry?) to increase
negative word production during discourse elicitation from a video stimulus [72]. Indeed,
after participants completed the biasing task, their production of negative affect words
significantly increased. Perhaps by using more implicit cueing or training methods, such
as presenting emotional vignettes, emotional scenes, facial expressions, or body language,
in conjunction with affective prosody, those implicit supports may scaffold recognition
by pairing it with other related emotional processing that may be relatively intact. Since
affective prosody recognition deficits are not likely to occur in isolation [23], consideration
of how other impaired domains may impact prosodic performance is critical.

Finally, we did not compare the training tasks against each other to determine
which training (acoustic-prosodic training (Stagel), ARACCE training, acoustic-prosodic +
ARACCE (Stage 1 + 2)) resulted in better affective recognition afterwards. Both sensory
and conceptual tasks were included to target two major underlying processes proposed to
support affective prosody recognition, which may have impacted our finding of no group
differences in recognition. Further development of receptive aprosodia training/treatment
approaches would benefit from assessment of what elements or ingredients are most
effective in improving performance.

4.2. Lesion Contributions to Affective Prosody Recognition Training (Q3 and Q4)

Our third question focused on whether distinct lesion loci would be observed for the
different behavioral impairment profiles of the participants. Lesion cluster maps were
created to investigate loci differences across behavioral impairment groups (i.e., participants
with perceptual (Stage 1), conceptual (Stage 2), perceptual-conceptual (Stages 1 and 2),
or no impairment locus). Since group sizes were small, quantitative comparisons could
not be appropriately applied; however, qualitative analysis suggests distinct profiles of
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RHD to corresponding behavioral impairment groups. Only one participant demonstrated
impaired conceptual processing (Stage 2) deficits and had damage in the orbitofrontal
cortex and superior frontoparietal regions, including the supplementary motor area. A
recent meta-analysis [73] observed right supplementary motor area involvement during
both linguistic and affective prosody recognition, and this region has also been implicated
in socio-emotional perception [74]. Likewise, the orbitofrontal cortex is believed to assist in
explicit evaluation of affective prosody [75], which would align more with Stage 2 rather
than Stage 1 processing deficits. However, since there was only one individual who met
this receptive aprosodia profile, further investigation of individuals with RHD and similar
behavioral deficits is warranted to determine a stronger lesion-symptom relationship.

Participants with perceptual deficits (Stage 1) demonstrated more posterior and sub-
cortical lesions compared to the other groups. Their lesions were clustered around oc-
cipitoparietal and occipitotemporal regions along with subcortical involvement in the
basal ganglia and thalamus. Findings from the current study and Sheppard and col-
leagues [23] align with previous work demonstrating acoustic-prosodic recognition and
posterior (e.g., [15,22]) and subcortical (e.g., [18,20,21,62]) right hemisphere involvement.
Participants with perceptual and conceptual deficits (Stages 1 and 2) similarly had two
primary lesion loci: one posterior area comprising temporoparietal regions and another
more anterior area in the inferior frontal lobe. Both areas have been heavily implicated
as hubs for affective prosody recognition [2,14,16,19,22,62,76]. This group of individuals
is discussed separately from individuals with Stage 1 or Stage 2 deficits because of their
unique lesion profile from the other two impaired groups, suggesting an interesting the-
oretical distinction in the underlying impaired mechanism. It is posited that individuals
with both impairments demonstrate difficulty mapping perceptual information onto con-
ceptual knowledge. That is, there is a breakdown between the translation or transference of
acoustic-prosodic decoding to the conceptual emotional lexicon. Posterior middle temporal
lesions in the left hemisphere have been associated with impaired lexical and semantic
access [11,12], so it follows that this right hemisphere region could play a role in mapping
prosodic information to the “emotional lexicon” or ARRACE representations.

The final group of adults with receptive aprosodia had no difficulties with perceptual
and conceptual training tasks (i.e., no clear impairment loci). These participants had
brain damage within the insula and Heschl’s gyrus. It appears that the right hemisphere
regions implicated in the perceptual-conceptual processes underlying affective prosody
recognition were relatively spared in this group; however, these participants were still
considered aprosodic pre-training. Perhaps cognitive factors, such as reduced cognitive
resources (e.g., attention, inhibition, memory), played a role in the observed receptive
aprosodia for this group, such as with difficulty integrating processing at each component
with the overall task of affective prosody recognition. As mentioned previously, cognitive
measures were not acquired on all participants, so this statement is only speculative and
requires further systematic investigation to better understand the interplay of cognition and
prosody performance in this clinical population. These cognitive processes are currently
not included or accounted for in the tested model but should be considered in future model
updates and adaptations.

Taken together, hypothesis 3 was partially supported. Right hemisphere brain regions
that were previously implicated in affective prosody recognition were also observed in the
lesion cluster maps, namely temporoparietal regions, basal ganglia, thalamus, and inferior
frontal lobe. However, findings from the current study diverge from previous work in
that participants with both perceptual and conceptual deficits present as a unique group
separate from individuals with perceptual or conceptual deficits.

The study’s fourth question asked if degree of impaired tissue (infarct and/or hypop-
erfusion) would predict affective prosody recognition training effectiveness. Findings from
the LASSO regression implicated six right hemisphere regions within the ventral stream in
affective prosody recognition training gains, supporting the fourth hypothesis (Q4). Percent
damage to the angular gyrus, thalamus, white matter tracts (i.e., ILF, IFOF), and rACA
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and rMCA-parietal hypoperfusion was associated with smaller gains in affective prosody
recognition following training. However, no single region emerged as an independent
predictor. Of note, pre-training affective prosody recognition accuracy was entered as a
possible predictor but was not ultimately selected in the final model.

Inspection of lesion subtraction plots of individuals considered aprosodic after train-
ing revealed the greatest overlap in the basal ganglia and adjacent subcortical white
matter. Post hoc exploratory group analyses did not reveal any significant differences
in demographics, stroke severity, or performance on assessments of semantic representa-
tion of emotions or domain-general emotion processing between participants considered
aprosodic and those not considered aprosodic after training (all ps > 0.050). The basal
ganglia play a key role in not only motor-based learning but also cognitive-based learning,
including implicit category learning [77,78]. Therefore, individuals with more basal ganglia
damage may not capitalize on the categorization of acoustic-prosodic cues and matching
those cues to specific emotions as much as individuals without, or with less extensive,
damage in this region. It may be worthwhile, then, to investigate the relationship between
basal ganglia lesions and the teaching method used during training. As was stated earlier
in the discussion, with more severe and more domain-general affect recognition impair-
ment associated with subcortical lesions, perhaps more associative emotional training
(e.g., matching the prosody to emotional faces, visual scenes, or short vignettes) would
be beneficial to supplement other cueing categorization strategies for individuals with
post-stroke receptive aprosodia with basal ganglia involvement.

4.3. Limitations and Future Directions

The current study made significant contributions to the literature on acute RHD and
receptive aprosodia training, but there are some limitations to consider. First, sample
size was relatively small, and future studies of training effectiveness (i.e., stimulability)
would benefit from including more participants. Second, the study would have benefitted
from collection of more cognitive-linguistic measures to assess the contribution of these
variables, or their relationship, to affective prosody recognition. For instance, if it is
observed that auditory verbal memory is reduced along with symptoms of receptive
aprosodia, then individuals with RHD may benefit from complementary training that
targets auditory-verbal memory capacity to boost affective prosody recognition gains.
Third and finally, data were limited to acute training during a single training opportunity.
Response to this single training session can provide information on participant stimulability
for receptive aprosodia treatment, but findings do not address the optimal dosage for
effective intervention. Additionally, it is unclear how time after stroke impacts training
potency. However, this data provide support for future inquiries into such questions. It
will be critical to observe how behavioral impairment profiles change during recovery and
if receptive aprosodia training is observed to be more/less effective at different time points
and with varying number of training opportunities.

5. Conclusions

Brief explicit training focusing on acoustic-prosodic (perceptual) recognition and
ARACCE (conceptual emotional lexicon) access is effective to improve affective prosody
recognition in adults with acute RHD and concomitant receptive aprosodia. However,
this single training session was not as effective for adults with damage to critical right
hemisphere ventral stream regions—angular gyrus, thalamus, ILF, and IFOF— and hypop-
erfusion to ACA and MCA-parietal territories. Additional training or different (implicit)
training approaches need to be investigated. The current study provided further support
that demographic variables including age and education are important to consider when
planning cognitive-linguistic training. Additionally, hypoperfusion appears to contribute
to acute receptive aprosodia training effectiveness following stroke. Future work is needed
to understand how affective prosody impairments change over time and to determine if
the explicit training protocol is effective at later stages of recovery in subacute and chronic
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receptive aprosodia. Finally, in cases where explicit training is not as effective, perhaps due
to the metacognitive task overtaxing available cognitive resources, determining how less
demanding, more implicit training can impact recognition performance is needed. Lesion
location may provide insight into effective training strategies (implicit vs. explicit) to help
individualize and maximize the outcomes for adults with RHD and receptive aprosodia.
The preliminary results presented in this study provide an essential foundation for our
future research and others, especially because so little work has been published regarding
aprosodia (recognition) treatment after right hemisphere stroke.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/brainscil1050667/s1, Table S1: List of real-word sentences assessed during affective
prosody recognition.

Author Contributions: Conceptualization, A.Z.D., SM.S., A.E.H.; methodology: A.Z.D., SM.S.,
E.LM.,, LB, A.E.H,; project administration, A.Z.D., SM.S., EL.M., L.B., A.E.H.; formal analysis:
A.ZD., SMS., ELM, EC, CC, investigation: A.Z.D., SM.S., ELM., AE.H,; resources, AEH.;
data curation, A.Z.D., S.M.S., L.B.; writing—original draft preparation, A.Z.D.; writing—reviewing
and editing, A.Z.D.,,SMS,, ELM,, LB, E.C,C.C,, AEH, visualization, AZD.,SM.S., ELM,, EC,;
supervision, A.E.H.; funding acquisition, A.E.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institutes of Health (NIDCD: 5R01DC015466-04).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Johns Hopkins University (NA_00042097; continuing review approved 14 January 2021).

Informed Consent Statement: Informed consent was obtained from all subjects or their legally-
authorized representative involved in the study.

Data Availability Statement: Available upon request.

Acknowledgments: The participants who volunteered their time and the research assistants and
speech-language pathologists who contributed to this work are sincerely appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Patel, S; Oishi, K.; Wright, A.; Sutherland-Foggio, H.; Saxena, S.; Sheppard, S.M.; Hillis, A.E. Right hemisphere regions critical for
expression of emotion through prosody. Front. Neurol. 2018, 9. [CrossRef]

2. Wright, A,; Saxena, S.; Sheppard, S.M.; Hillis, A.E. Selective impairments in components of affective prosody in neurologically
impaired individuals. Brain Cogn. 2018, 124, 29-36. [CrossRef] [PubMed]

3. Leung, J.H.; Purdy, S.C.; Tippett, L.J.; Leao, S.H.S. Affective speech prosody perception and production in stroke patients with
left-hemispheric damage and healthy controls. Brain Lang. 2017, 166, 19-28. [CrossRef] [PubMed]

4. Martinez, M.; Multani, N.; Anor, C.J.; Misquitta, K.; Tang-Wai, D.E; Keren, R; Fox, S.; Lang, A.E.; Marras, C.; Tartaglia, M.C.
Emotion detection deficits and decreased empathy in patients with Alzheimer’s disease and Parkinson’s disease affect caregiver
mood and burden. Front. Aging Neurosci. 2018, 10. [CrossRef] [PubMed]

5. Ilie, G.; Cusimano, M.D.; Li, W. Prosodic processing post traumatic brain injury—A systematic review. Syst. Rev. 2017, 6, 1.
[CrossRef]

6.  Knight, M.].; Baune, B.T. Cognitive dysfunction in Major Depressive Disorder. Curr. Opin. Psychiatry 2018, 31, 26-31. [CrossRef]

7. Hillis, A.E.; Tippett, D.C. Stroke recovery: Surprising influences and residual consequences. Adv. Med. 2014, 2014. [CrossRef]

8. Blonder, L.X.; Pettigrew, L.C.; Kryscio, R.J. Emotion recognition and marital satisfaction in stroke. J. Clin. Exp. Neuropsychol. 2012,
34, 634-642. [CrossRef]

9. Ross, E.D. The aprosodias. Functional-anatomic organization of the affective components of language in the right hemisphere.
Arch. Neurol. 1981, 38, 561-569. [CrossRef]

10. Fridriksson, J.; den Ouden, D.-B.; Hillis, A.E.; Hickok, G.; Rorden, C.; Basilakos, A.; Yourganov, G.; Bonilha, L. Anatomy of
aphasia revisited. Brain 2018, 141, 848-862. [CrossRef] [PubMed]

11. Hickok, G.; Poeppel, D. Dorsal and ventral streams: A framework for understanding aspects of the functional anatomy of
language. Cognition 2004, 92, 67-99. [CrossRef] [PubMed]

12.  Hickok, G.; Poeppel, D. The cortical organization of speech processing. Nat. Rev. Neurosci. 2007, 8, 393-402. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/brainsci11050667/s1
https://www.mdpi.com/article/10.3390/brainsci11050667/s1
http://doi.org/10.3389/fneur.2018.00224
http://doi.org/10.1016/j.bandc.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29723680
http://doi.org/10.1016/j.bandl.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28013040
http://doi.org/10.3389/fnagi.2018.00120
http://www.ncbi.nlm.nih.gov/pubmed/29740312
http://doi.org/10.1186/s13643-016-0385-3
http://doi.org/10.1097/YCO.0000000000000378
http://doi.org/10.1155/2014/378263
http://doi.org/10.1080/13803395.2012.667069
http://doi.org/10.1001/archneur.1981.00510090055006
http://doi.org/10.1093/brain/awx363
http://www.ncbi.nlm.nih.gov/pubmed/29360947
http://doi.org/10.1016/j.cognition.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15037127
http://doi.org/10.1038/nrn2113
http://www.ncbi.nlm.nih.gov/pubmed/17431404

Brain Sci. 2021, 11, 667 21 0f23

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sammler, D.; Grosbras, M.-H.; Anwander, A.; Bestelmeyer, PE.G.; Belin, P. Dorsal and ventral pathways for prosody. Curr. Biol.
2015, 25, 3079-3085. [CrossRef]

Schirmer, A.; Kotz, S.A. Beyond the right hemisphere: Brain mechanisms mediating vocal emotional processing. Trends Cogn. Sci.
2006, 10, 24-30. [CrossRef] [PubMed]

Sheppard, S.M.; Keator, L.M.; Breining, B.L.; Wright, A.E.; Saxena, S.; Tippett, D.C.; Hillis, A.E. Right hemisphere ventral stream
for emotional prosody identification: Evidence from acute stroke. Neurology 2020, 94, e1013-1020. [CrossRef]

Baum, S.R.; Pell, M.D. Production of affective and linguistic prosody by brain-damaged patients. Aphasiology 1997, 11, 177-198.
[CrossRef]

Darby, D.G. Sensory Aprosodia: A clinical clue to lesions of the inferior division of the right middle cerebral artery? Neurology
1993, 43, 567-572. [CrossRef]

Gorelick, P.B.; Ross, E.D. The aprosodias: Further functional-anatomical evidence for the organisation of affective language in the
right hemisphere. . Neurol. Neurosurg. Psychiatry 1987, 50, 553-560. [CrossRef]

Hughes, C.P; Chan, J.L.; Su, M.S. Aprosodia in Chinese patients with right cerebral hemisphere lesions. Arch. Neurol. 1983, 40,
732-736. [CrossRef]

Ross, E.D.; Monnot, M. Neurology of affective prosody and its functional-anatomic organization in right hemisphere. Brain Lang.
2008, 104, 51-74. [CrossRef]

Starkstein, S.E.; Federoff, J.P,; Price, T.R.; Leiguarda, R.C.; Robinson, R.G. Neuropsychological and neuroradiologic correlates of
emotional prosody comprehension. Neurology 1994, 44, 515-522. [CrossRef] [PubMed]

Witteman, J.; Van Heuven, V.J.P; Schiller, N.O. Hearing feelings: A quantitative meta-analysis on the neuroimaging literature of
emotional prosody perception. Neuropsychologia 2012, 50, 2752-2763. [CrossRef] [PubMed]

Sheppard, S.M.; Meier, E.L.; Zezinka Durfee, A.; Walker, A.; Shea, J.; Hillis, A.E. Characterizing subtypes and neural correlates of
receptive aprosodia in acute right hemisphere stroke. Cortex 2021, in press. [CrossRef]

Davis, C.; Oishi, K.; Faria, A.; Hsu, J.; Gomez, Y.; Mori, S.; Hillis, A.E. White matter tracts critical for recognition of sarcasm.
Neurocase 2016, 22, 22-29. [CrossRef] [PubMed]

Grandjean, D. Brain networks of emotional prosody processing. Emot. Rev. 2021, 13, 34—43. [CrossRef]

Dell, G.S.; Schwartz, M.F.,; Martin, N.; Saffran, E.M.; Gagnon, D.A. Lexical access in aphasic and nonaphasic speakers. Psychol.
Rev. 1997, 104, 801-838. [CrossRef]

Indefrey, P; Levelt, W]J.M. The spatial and temporal signatures of word production components. Cognition 2004, 92, 101-144.
[CrossRef]

Hillis, A.E.; Tuffiash, E.; Wityk, R.]J.; Barker, P.B. Regions of neural dysfunction associated with impaired naming of actions and
objects in acute stroke. Cogn. Neuropsychol. 2002, 19, 523-534. [CrossRef]

Hillis, A.E.; Kleinman, ].T.; Newhart, M.; Heidler-Gary, J.; Gottesman, R.; Barker, P.B.; Aldrich, E.; Llinas, R.; Wityk, R.; Chaudhry,
P. Restoring cerebral blood flow reveals neural regions critical for naming. J. Neurosci. 2006, 26, 8069-8073. [CrossRef] [PubMed]
Hillis, A.E.; Wityk, R.J.; Tuffiash, E.; Beauchamp, N.J.; Jacobs, M. A ; Barker, P.B.; Selnes, O.A. Hypoperfusion of Wernicke’s area
predicts severity of semantic deficit in acute stroke. Ann. Neurol. 2001, 50, 561-566. [CrossRef]

Hillis, A.E.; Wityk, R.J.; Barker, P.B.; Beauchamp, N.J.; Gailloud, P.; Murphy, K.; Cooper, O.; Metter, E.]. Subcortical aphasia and
neglect in acute stroke: The role of cortical hypoperfusion. Brain 2002, 125, 1094-1104. [CrossRef] [PubMed]

Rosenbek, J.C.; Crucian, G.P.; Leon, S.A.; Hieber, B.; Rodriguez, A.D.; Holiway, B.; Ketterson, T.U.; Ciampitti, M.; Heilman,
K.; Gonzalez-Rothi, L. Novel treatments for expressive aprosodia: A Phase I investigation of cognitive linguistic and imitative
interventions. J. Int. Neuropsychol. Soc. 2004, 10, 786-793. [CrossRef] [PubMed]

Rosenbek, J.C.; Rodriguez, A.D.; Hieber, B.; Leon, S.A.; Crucian, G.P,; Ketterson, T.U.; Ciampitti, M.; Singletary, F.; Heilman, K.M.;
Gonzalez Rothi, L.J. Effects of two treatments for aprosodia secondary to acquired brain injury. JRRD 2006, 43, 379. [CrossRef]
[PubMed]

Leon, S.A.; Rosenbek, J.C.; Crucian, G.P; Hieber, B.; Holiway, B.; Rodriguez, A.D.; Ketterson, T.U.; Ciampitti, M.Z.; Freshwater, S.;
Heilman, K.; et al. Active treatments for aprosodia secondary to right hemisphere stroke. JRRD 2004, 41, 93. [CrossRef] [PubMed]
McDonald, S.; Togher, L.; Tate, R.; Randall, R.; English, T.; Gowland, A. A randomised controlled trial evaluating a brief
intervention for deficits in recognising emotional prosody following severe ABI. Neuropsychol. Rehabil. 2013, 23, 267-286.
[CrossRef] [PubMed]

Roelofs, R.L.; Wingbermidihle, E.; Egger, ].I.M.; Kessels, R.P.C. Social cognitive interventions in neuropsychiatric patients: A
meta-analysis. Brain Impair. 2017, 18, 138-173. [CrossRef]

Lado-Codesido, M.; Méndez Pérez, C.; Mateos, R.; Olivares, ].M.; Garcia Caballero, A. Improving emotion recognition in
Schizophrenia with “VOICES”: An on-line prosodic self-training. PLoS ONE 2019, 14, e0210816. [CrossRef]

Bornhofen, C.; McDonald, S. Comparing Strategies for treating emotion perception deficits in traumatic brain injury. J. Head
Trauma Rehabil. 2008, 23, 103-115. [CrossRef]

Bornhofen, C.; McDonald, S. Treating deficits in emotion perception following traumatic brain injury. Neuropsychol. Rehabil. 2008,
18, 22-44. [CrossRef]

McDonald, S.; Tate, R.; Togher, L.; Bornhofen, C.; Long, E.; Gertler, P.; Bowen, R. Social skills treatment for people with severe,
chronic acquired brain injuries: A multicenter trial. Arch. Phys. Med. Rehabil. 2008, 89, 1648-1659. [CrossRef]


http://doi.org/10.1016/j.cub.2015.10.009
http://doi.org/10.1016/j.tics.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16321562
http://doi.org/10.1212/WNL.0000000000008870
http://doi.org/10.1080/02687039708248463
http://doi.org/10.1212/WNL.43.3_Part_1.567
http://doi.org/10.1136/jnnp.50.5.553
http://doi.org/10.1001/archneur.1983.04050110050007
http://doi.org/10.1016/j.bandl.2007.04.007
http://doi.org/10.1212/WNL.44.3_Part_1.515
http://www.ncbi.nlm.nih.gov/pubmed/8145924
http://doi.org/10.1016/j.neuropsychologia.2012.07.026
http://www.ncbi.nlm.nih.gov/pubmed/22841991
http://doi.org/10.1016/j.cortex.2021.04.003
http://doi.org/10.1080/13554794.2015.1024137
http://www.ncbi.nlm.nih.gov/pubmed/25805326
http://doi.org/10.1177/1754073919898522
http://doi.org/10.1037/0033-295X.104.4.801
http://doi.org/10.1016/j.cognition.2002.06.001
http://doi.org/10.1080/02643290244000077
http://doi.org/10.1523/JNEUROSCI.2088-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16885220
http://doi.org/10.1002/ana.1265
http://doi.org/10.1093/brain/awf113
http://www.ncbi.nlm.nih.gov/pubmed/11960898
http://doi.org/10.1017/S135561770410502X
http://www.ncbi.nlm.nih.gov/pubmed/15327724
http://doi.org/10.1682/JRRD.2005.01.0029
http://www.ncbi.nlm.nih.gov/pubmed/17041823
http://doi.org/10.1682/JRRD.2003.12.0182
http://www.ncbi.nlm.nih.gov/pubmed/15742253
http://doi.org/10.1080/09602011.2012.751340
http://www.ncbi.nlm.nih.gov/pubmed/23215966
http://doi.org/10.1017/BrImp.2016.31
http://doi.org/10.1371/journal.pone.0210816
http://doi.org/10.1097/01.HTR.0000314529.22777.43
http://doi.org/10.1080/09602010601061213
http://doi.org/10.1016/j.apmr.2008.02.029

Brain Sci. 2021, 11, 667 22 0f 23

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.
54.
55.
56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Vallat-Azouvi, C.; Azouvi, P; Le-Bornec, G.; Brunet-Gouet, E. Treatment of social cognition impairments in patients with traumatic
brain injury: A critical review. Brain Inj. 2019, 33, 87-93. [CrossRef]

Kandalaft, M.R.; Didehbani, N.; Krawczyk, D.C.; Allen, T.T.; Chapman, S.B. Virtual reality social cognition training for young
adults with high-functioning Autism. J. Autism Dev. Disord. 2013, 43, 34—44. [CrossRef] [PubMed]

Nahum, M.; Fisher, M.; Loewy, R.; Poelke, G.; Ventura, J.; Nuechterlein, K.H.; Hooker, C.I.; Green, M.F,; Merzenich, M.;
Vinogradov, S. A novel, online social cognitive training program for young adults with Schizophrenia: A pilot study. Schizophr.
Res. Cogn. 2014, 1, el1-e19. [CrossRef]

Dara, C.; Bang, J.; Gottesman, R.E,; Hillis, A.E. Right hemisphere dysfunction is better predicted by emotional prosody impair-
ments as compared to neglect. J. Neurol. Transl. Neurosci. 2014, 2, 1037.

Blake, M.L.; Duffy, J.; Tompkins, C.; Myers, P. Right hemisphere syndrome is in the eye of the beholder. Aphasiology 2003, 17,
423-432. [CrossRef]

Ramsey, A.; Blake, M.L. Speech-language pathology practices for adults with right hemisphere stroke: What are we missing? Am.
J. Speech Lang. Pathol. 2020, 29, 741-759. [CrossRef] [PubMed]

Pell, M.D. Evaluation of nonverbal emotion in face and voice: Some preliminary findings on a new battery of tests. Brain Cogn.
2002, 48, 499-504.

Pell, M.D.; Paulmann, S.; Dara, C.; Alasseri, A.; Kotz, S.A. Factors in the recognition of vocally expressed emotions: A comparison
of four languages. J. Phon. 2009, 37, 417-435. [CrossRef]

Banse, R.; Scherer, K.R. Acoustic profiles in vocal emotion expression. J. Pers. Soc. Psychol. 1996, 70, 614-636. [CrossRef]
Cirstea, M.C.; Levin, M.F. Improvement of arm movement patterns and endpoint control depends on type of feedback during
practice in stroke survivors. Neurorehabil. Neural Repair 2007, 21, 398-411. [CrossRef]

Bakker, M.; Beijer, L.; Rietveld, T. Considerations on effective feedback in computerized speech training for dysarthric speakers.
Telemed. ]. E-Health 2019, 25, 351-358. [CrossRef] [PubMed]

Reyes, D.; Hitomi, E.; Simpkins, A.; Lynch, J.; Hsia, A.; Benson, R.; Nadareishvili, Z.; Luby, M.; Latour, L.; Leigh, R. Abstract TP63:
Detection of perfusion deficits using FLAIR and GRE based vessel signs. Stroke 2017, 48, ATP63. [CrossRef]

Rorden, C.; Karnath, H.-O.; Bonilha, L. Improving lesion-symptom mapping. J. Cogn. Neurosci. 2007, 19, 1081-1088. [CrossRef]
[PubMed]

MRIcron. Available online: https:/ /www.nitrc.org/projects/mricron (accessed on 24 March 2021).

SPM12. Available online: https://www.fil.ion.ucl.ac.uk/spm/software/spm12/ (accessed on 24 March 2021).

Rorden, C.; Bonilha, L.; Fridriksson, J.; Bender, B.; Karnath, H.-O. Age-specific CT and MRI templates for spatial normalization.
Neuroimage 2012, 61, 957-965. [CrossRef] [PubMed]

Tzourio-Mazoyer, N.; Landeau, B.; Papathanassiou, D.; Crivello, E; Etard, O.; Delcroix, N.; Mazoyer, B.; Joliot, M. Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 2002, 15, 273-289. [CrossRef] [PubMed]

Catani, M.; Thiebaut de Schotten, M. A diffusion tensor imaging tractography atlas for virtual in vivo dissections. Cortex 2008, 44,
1105-1132. [CrossRef]

Bates, D.; Michler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using Lme4. ]. Stat. Softw. 2015, 67, 1-48.
[CrossRef]

Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. LmerTest package: Tests in linear mixed effects models. J. Stat. Softw. 2017,
82,1-26. [CrossRef]

Tibshirani, R. Regression shrinkage and selection via the Lasso. . R. Stat. Soc. Ser. B (Methodol.) 1996, 58, 267-288. [CrossRef]
Cancelliere, A.E.; Kertesz, A. Lesion localization in acquired deficits of emotional expression and comprehension. Brain Cogn.
1990, 13, 133-147. [CrossRef]

Burnham, K.P.; Anderson, D.R. Multimodel inference: Understanding AIC and BIC in model selection. Sociol. Methods Res. 2004,
33, 261-304. [CrossRef]

Tompkins, C.A. Rehabilitation for cognitive-communication disorders in right hemisphere brain damage. Arch. Phys. Med.
Rehabil. 2012, 93, S61-569. [CrossRef] [PubMed]

Brownell, H.; Lundgren, K.; Cayer-Meade, C.; Milione, J.; Katz, D.I.; Kearns, K. Treatment of metaphor interpretation deficits
subsequent to traumatic brain injury. J. Head Trauma Rehabil. 2013, 28, 446-452. [CrossRef] [PubMed]

Lundgren, K.; Brownell, H.; Cayer-Meade, C.; Milione, J.; Kearns, K. Treating metaphor interpretation deficits subsequent to right
hemisphere brain damage: Preliminary results. Aphasiology 2011, 25, 456-474. [CrossRef] [PubMed]

Blake, M.L. Inferencing processes after right hemisphere brain damage: Effects of contextual bias. J. Speech Lang. Hear. Res. 2009,
52,373-384. [CrossRef]

Blake, M.L.; Tompkins, C.A.; Scharp, V.L.; Meigh, K.M.; Wambaugh, J. Contextual Constraint Treatment for coarse coding deficit
in adults with right hemisphere brain damage: Generalization to narrative discourse comprehension. Neuropsychol. Rehabil. 2015,
25,15-52. [CrossRef] [PubMed]

Tompkins, C.A. Redundancy enhances emotional inferencing by right- and left-hemisphere-damaged adults. ]. Speech Hear. Res.
1991, 34, 1142-1149. [CrossRef]

Tompkins, C.A.; Flowers, C.R. Contextual mood priming following left and right hemisphere damage. Brain Cogn. 1987, 6,
361-376. [CrossRef]


http://doi.org/10.1080/02699052.2018.1531309
http://doi.org/10.1007/s10803-012-1544-6
http://www.ncbi.nlm.nih.gov/pubmed/22570145
http://doi.org/10.1016/j.scog.2014.01.003
http://doi.org/10.1080/02687030344000120
http://doi.org/10.1044/2020_AJSLP-19-00082
http://www.ncbi.nlm.nih.gov/pubmed/32330389
http://doi.org/10.1016/j.wocn.2009.07.005
http://doi.org/10.1037/0022-3514.70.3.614
http://doi.org/10.1177/1545968306298414
http://doi.org/10.1089/tmj.2018.0050
http://www.ncbi.nlm.nih.gov/pubmed/30074851
http://doi.org/10.1161/str.48.suppl_1.tp63
http://doi.org/10.1162/jocn.2007.19.7.1081
http://www.ncbi.nlm.nih.gov/pubmed/17583985
https://www.nitrc.org/projects/mricron
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://doi.org/10.1016/j.neuroimage.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22440645
http://doi.org/10.1006/nimg.2001.0978
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://doi.org/10.1016/j.cortex.2008.05.004
http://doi.org/10.18637/jss.v067.i01
http://doi.org/10.18637/jss.v082.i13
http://doi.org/10.1111/j.2517-6161.1996.tb02080.x
http://doi.org/10.1016/0278-2626(90)90046-Q
http://doi.org/10.1177/0049124104268644
http://doi.org/10.1016/j.apmr.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22202193
http://doi.org/10.1097/HTR.0b013e31825b5e85
http://www.ncbi.nlm.nih.gov/pubmed/22832370
http://doi.org/10.1080/02687038.2010.500809
http://www.ncbi.nlm.nih.gov/pubmed/22837588
http://doi.org/10.1044/1092-4388(2009/07-0172)
http://doi.org/10.1080/09602011.2014.932290
http://www.ncbi.nlm.nih.gov/pubmed/24983133
http://doi.org/10.1044/jshr.3405.1142
http://doi.org/10.1016/0278-2626(87)90133-3

Brain Sci. 2021, 11, 667 23 0f 23

71.

72.
73.

74.

75.
76.

77.

78.

Zezinka, A.; Tompkins, C.A. Negative word production in adults with right hemisphere grain damage: Effects of implicit
assessment and contextual bias. Am. . Speech Lang. Pathol. 2015, 24, S815-5827. [CrossRef]

Heider, F.; Simmel, M. An experimental study of apparent behavior. Am. J. Psychol. 1944, 57, 243-259. [CrossRef]

Belyk, M.; Brown, S. Perception of affective and linguistic prosody: An ALE meta-analysis of neuroimaging studies. Soc. Cogn.
Affect. Neurosci. 2014, 9, 1395-1403. [CrossRef]

Lima, C.F; Krishnan, S.; Scott, S.K. Roles of supplementary motor areas in auditory processing and auditory imagery. Trends
Neurosci. 2016, 39, 527-542. [CrossRef] [PubMed]

Kotz, S.A.; Paulmann, S. Emotion, language, and the brain. Lang. Linguist. Compass 2011, 5, 108-125. [CrossRef]

Paulmann, S.; Ott, D.V.M.; Kotz, S.A. Emotional speech perception unfolding in time: The role of the basal ganglia. PLoS ONE
2011, 6, e17694. [CrossRef]

Lim, S.-J.; Fiez, ].A.; Holt, L.L. How may the basal ganglia contribute to auditory categorization and speech perception? Front.
Neurosci. 2014, 8. [CrossRef] [PubMed]

Shohamy, D.; Myers, C.E.; Kalanithi, J.; Gluck, M. A. Basal banglia and dopamine contributions to probabilistic category learning.
Neurosci. Biobehav. Rev. 2008, 32, 219-236. [CrossRef] [PubMed]


http://doi.org/10.1044/2015_AJSLP-14-0136
http://doi.org/10.2307/1416950
http://doi.org/10.1093/scan/nst124
http://doi.org/10.1016/j.tins.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27381836
http://doi.org/10.1111/j.1749-818X.2010.00267.x
http://doi.org/10.1371/journal.pone.0017694
http://doi.org/10.3389/fnins.2014.00230
http://www.ncbi.nlm.nih.gov/pubmed/25136291
http://doi.org/10.1016/j.neubiorev.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18061261

	Introduction 
	Method 
	Participants 
	Stimuli and Procedures 
	Affective Prosody Recognition 
	Acoustic Feature (Stage 1) Training 
	Prosodic Feature (Stage 1) Training 
	ARACCE (Stage 2) Training 

	Imaging 
	Analyses 

	Results 
	Participants with RHD and Receptive Aprosodia 
	Affective Prosody Recognition Training Effectiveness (Q1, Q2) 
	Lesion Contributions to Affective Prosody Recognition Training (Q3 and Q4) 

	Discussion 
	Behavioral Contributions to Affective Prosody Recognition Training (Q1 and Q2) 
	Lesion Contributions to Affective Prosody Recognition Training (Q3 and Q4) 
	Limitations and Future Directions 

	Conclusions 
	References

