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Treatment-related changes in neural activation vary according to
treatment response and extent of spared tissue in patients with
chronic aphasia
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Abstract

Neuroimaging studies of aphasia recovery have linked treatment-related improvements in
language processing to changes in functional brain activation in left hemisphere language regions
and their right hemisphere homologues. Although there is some consensus that better behavioral
outcomes are achieved when activation is restored to the left hemisphere, the circumstances that
dictate how and why regions in both hemispheres respond to naming therapy are still unclear. In
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this study, an fMRI picture-naming task was used to examine 16 regions of interest in 26 patients
with chronic aphasia before and after 12 weeks of semantic naming treatment. Ten control patients
who did not receive treatment and 17 healthy controls were also scanned. Naming therapy resulted
in a significant increase in cortical activation, an effect that was largely driven by patients who
responded most favorably to treatment, as patients who responded less favorably (as well as those
who did not receive treatment) had little change in activation over time. Relative to healthy
controls, patients had higher pre-treatment activation in the bilateral inferior frontal gyri (IFG) and
lower activation in the bilateral angular gyri; after treatment, they had higher activation in bilateral
IFG, as well as in the right middle frontal gyrus. These results suggest that the predominant effect
of beneficial naming treatment was an upregulation of traditional language areas and their right
hemisphere homologues and, in particular, regions associated with phonological and semantic/
executive semantic processing, as well as broader domain general functions. Additionally, in some
left hemisphere regions, post-treatment changes in activation were greater when there was more
damage than when there was less damage, indicating that spared tissue in otherwise highly
damaged regions can be modulated by treatment.

Keywords
aphasia; language rehabilitation; picture naming; fMRI; region of interest (ROI) analysis

1. Introduction

Anomia, or impaired word retrieval, is a hallmark characteristic of post-stroke aphasia and a
frequent target of language treatment. Treatments targeting semantic and/or phonological
processes have been shown to improve word retrieval in persons with aphasia (PWA) (Boyle,
2004, 2010; Boyle & Coelho, 1995; Kiran & Bassetto, 2008; Kiran & Thompson, 2003;
Leonard, Rochon, & Laird, 2008; Nickels, 2002; van Hees, Angwin, McMahon, & Copland,
2013; Wisenburn & Mahoney, 2009); however, our understanding of the mechanisms
underlying recovery after rehabilitation is incomplete and continues to be the topic of
considerable debate. Generally, this debate has focused on the respective roles of the left and
right hemispheres and the potential ramifications structural damage has on behavior and
functional laterality for language. Heiss and Thiel (2006) proposed a three-tiered hierarchy
for different dynamics of neural compensation for lesions within the language network
which states that: (1) optimal recovery of language abilities is associated with reactivation of
minimally-damaged left hemisphere regions; (2) sub-optimal yet satisfactory improvement is
linked with recruitment of ipsilateral, perilesional regions; and (3) least optimal and
potentially unsatisfactory recovery is associated with recruitment of right hemisphere areas
subsequent to extensive damage to essential components of the left hemisphere language
network.

Heiss and Thiel’s (2006) hierarchy explains possible mechanisms of the natural course of
recovery from stroke, but may also be applicable to treatment-induced changes in neural
function associated with language recovery, as a number of studies have linked activation in
the left hemisphere to favorable treatment outcomes; however, the right hemisphere has also
been associated with treatment-related language improvement (see reviews and meta-
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analyses by Cappa, 2011; Crinion & Leff, 2007; Crosson et al., 2007; Price & Crinion, 2005;
Thompson & den Ouden, 2008; Turkeltaub, Messing, Norise, & Hamilton, 2011). For
example, in two of the largest naming treatment/imaging studies to date, Fridriksson and
colleagues found that treatment-induced naming improvement was related to recruitment of
spared left hemisphere regions that support naming in healthy adults (see Table | for an
overview of traditional naming regions), as well as left hemisphere areas that are not
traditionally associated with naming (Fridriksson, 2010; Fridriksson, Richardson, Fillmore,
& Cai, 2012). In contrast, treatment-induced recruitment of right hemisphere homologues of
traditional language regions and bilateral engagement of left and right hemisphere regions
have also been reported. One recent example is a study by Nardo and colleagues (Nardo,
Holland, Leff, Price, & Crinion, 2017), in which pars opercularis of the right inferior frontal
gyrus (RIFGop), whose homologue in the left hemisphere has been linked to phonological
and semantic processing (Indefrey, 2011; Indefrey & Levelt, 2004; Price, 2012; Vigneau et
al., 2006), was modulated by treatment in a study of 18 PWA (see Table Il for additional
treatment studies and the left and right hemisphere regions they have implicated in naming
improvement). Given the variability of these results, the notion that one hemisphere is
always more critical to recovery than the other would seem to be an oversimplification.

In addition to the issues described above, there are several open questions about the
mechanism of neural changes associated with behavioral improvements after treatment.
Specifically, many studies have associated behavioral improvement with increased activation
(Cornelissen et al., 2003; Davis, Harrington, & Baynes, 2006; Fridriksson, 2010; Fridriksson
et al., 2012; Léger et al., 2002; Meinzer et al., 2008; Vitali et al., 2007), but some recent
studies have linked behavioral gains to decreased activation after treatment (Abel, Weiller,
Huber, Willmes, & Specht, 2015; Marcotte et al., 2012; Nardo et al., 2017; van Hees,
McMahon, Angwin, de Zubicaray, & Copland, 2014). These contrasting findings may be
indicative of different mechanisms of recovery, but are also likely associated with variables
such as the type of treatment and point in time in which it was introduced, the specific
functional tasks and imaging analyses utilized, and patient-specific variables like lesion
volume and location (for additional review of issues and recommendations associated with
neuroimaging treatment studies in aphasia, see Kiran et al., 2013; Meinzer et al., 2013). In
fact, lesion characteristics may be particularly critical as they have been linked not only to
the nature and severity of patients’ behavioral deficits, but also to the location and extent of
task-related functional activation in both hemispheres (Anglade, Thiel, & Ansaldo, 2014;
Sebastian & Kiran, 2011; Sims et al., 2016; Skipper-Kallal, Lacey, Xing, & Turkeltaub,
2017; Turkeltaub et al., 2011).

The dynamics of treatment-related language recovery are clearly complex, and further
research is critical to the continued advancement of clinical practice and rehabilitation. A
better understanding of the interaction between neural function, language treatment, and
behavioral performance will be essential to the identification of biomarkers for recovery,
improved prognostic accuracy, and the development of novel and effective therapeutic
strategies. To build upon existing research in this area, we administered semantic feature
analysis-based therapy to a group of patients with chronic aphasia and performed a region-
of-interest (ROI) analysis to examine changes in activation in left-hemisphere regions known
to mediate aspects of picture naming and their right-hemisphere homologues. Given the
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nature of the treatment utilized in this study, which aims to improve lexical retrieval and
production by strengthening semantic representations, the cortical ROIs examined were
chosen a priori based on literature implicating them in semantic processing, word retrieval,
and production in healthy controls and patients. These regions included bilateral middle
frontal gyrus (MFG), inferior frontal gyrus pars orbitalis (IFGorb), pars triangularis (IFGtri),
and pars opercularis (IFGop), precentral gyrus (PCG), middle temporal gyrus (MTG),
supramarginal gyrus (SMG), and angular gyrus (AG) (refer to Tables | and Il for the
rationale and relevant references for the selection of these regions). Critically, we accounted
for individual variability in lesion size and location by modifying each patient’s left
hemisphere ROIs so that they comprised only tissue spared by their infarct. No prior group
study of which we are aware has investigated treatment-related changes in specific ROIs
while controlling for the lesion in this manner.

The aims of this study were:

(1) To compare neural activation during picture naming in the specified ROIs in healthy
controls and PWA before and after 12 weeks of anomia therapy. Based on reviews and meta-
analyses of the typical neural architecture for naming (Indefrey, 2011; Indefrey & Levelt,
2004; Price, 2012; Vigneau et al., 2006, 2011) and treatment studies in PWA, we
hypothesized that healthy controls would recruit left hemisphere ROISs to a greater extent
than patients before treatment, whereas patients were expected to exhibit greater right
hemisphere activation than controls (Cao, Vikingstad, George, Johnson, & Welch, 1999;
Fridriksson, Baker, & Moser, 2009; Heiss & Thiel, 2006; Postman-Caucheteux et al., 2010;
Price & Crinion, 2005). Following treatment, we expected that patients would increase their
recruitment of left hemisphere ROIs and reduce their reliance on the right hemisphere,
bringing them into closer alignment with controls, consistent with findings from prior
naming treatment studies (Abel et al., 2014, 2015; Davis et al., 2006; Fridriksson, 2010;
Léger et al., 2002).

(2) To measure treatment-induced changes in activation within PWA and determine how
such changes were related to the proportion of spared tissue within left hemisphere ROIs (as
opposed to simply controlling for total lesion volume and location), as well as patients’
responsiveness to treatment. As in aim 1, we hypothesized that treatment would facilitate
increased activation in left hemisphere ROIs and reduced reliance on at least some regions in
the right hemisphere. We further posited that changes in activation would be larger when left
hemisphere ROIs were more intact, on the basis of prior work demonstrating that increased
recruitment of spared left hemisphere cortex was associated with better treatment outcomes
(Fridriksson, 2010). Finally, we expected that patients who benefited most from treatment
would demonstrate more dramatic increases in activation than those who did not respond as
favorably, particularly in the left hemisphere (Fridriksson, 2010; Fridriksson et al., 2012;
Léger et al., 2002; Meinzer et al., 2008; Vitali et al., 2007).

(3) To better understand the effect of treatment on neural functions in TXPWA by examining
activation longitudinally in a group of untreated PWA. Given that all patient participants
were in the chronic stage of aphasia recovery, no changes in functional activation were
expected in this group.
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2. Materials and methods

The present project was completed under the Center for the Neurobiology of Language
Recovery (NIH/NIDCD 1P50DC012283; PI: Cynthia Thompson) (http://
cnlr.northwestern.edu/). In the following sections, we report how we determined our sample
size, all data exclusions, all inclusion/exclusion criteria, whether inclusion/exclusion criteria
were established prior to data analysis, all manipulations, and all measures in the study.

2.1 Participants

Thirty-five adults with chronic post-stroke aphasia were enrolled in this study from an initial
screening pool of 96 potential participants. Sample size was determined by the number of
eligible screened participants. Recruitment was conducted in the Boston and Chicago
metropolitan areas. Linclusion was based on a history of left-hemisphere stroke at least six
months before enrollment, premorbid proficiency in English, and anomia indicated by a
study-specific naming battery. Exclusion criteria included major neurological or psychiatric
disorders (other than stroke) and medical history incompatible with MRI. Of the 61 potential
participants who were screened but not enrolled, 49 were ineligible based on the criteria
outlined above, eight declined to participate, and four were lost to contact after initial
screening.

The 35 patients who qualified and were enrolled in the study were assigned to either a
treatment group (TXPWA) or an untreated group (unPWA) in a pseudo-randomized fashion,
as follows. Every fourth patient was asked to consider enrolling in the untreated group but
was given the option to enroll in the treatment group instead. Patients who completed all
stages of the non-treatment arm of the study were given the option of subsequently enrolling
in the treatment group. Based on these procedures, 12 patients were enrolled in the untreated
group, though two patients voluntarily withdrew prior to completion of the study; thus, the
untreated group in this study included a total of 10 patients.

Twenty-three patients were enrolled directly in the treatment group and another seven
patients were enrolled in the treatment group after completing the non-treatment arm of the
study. Of these 30 unique patients, four were excluded from the present study because they
had incomplete data sets due to not completing treatment and post-treatment scanning (n=1)
or fMRI acquisition errors (n=3). This resulted in a final treatment group that included 26
patients.

All patients (treated and untreated) were administered a cognitive-linguistic assessment
battery that included: the Western Aphasia Battery — Revised (WAB; Kertesz, 2007), which
provides an aphasia quotient (AQ) that reflects overall aphasia severity; the Boston Naming
Test (BNT; Kaplan, Goodglass, & Weintraub, 2001), a standardized measure of
confrontation naming abilities; and the Pyramids and Palm Trees test (PPT; Howard &
Patterson, 1992), which assesses non-verbal semantic processing skills. Please see Table 11

Linclusion/exclusion criteria were established prior to data collection and analysis and registered on ClinicalTrials.gov (identifier
number ; https://clinicaltrials.gov/ct2/show/NCT01927302?cond=Aphasia&cntry=US&state=US%3AMA&rank=7) on August 22,
2013. However, some modifications of these criteria were subsequently allowed, as described in the Transparency and Openness
section at the end of this manuscript.
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for assessment results and patient demographics, including time between aphasia onset and
study enrollment.

Seventeen healthy, right-handed older adults (11 males; age: M = 60.41 years, SD = 10.81
years) were recruited from the Boston area and scanned at a single time point to provide
normative activation data for the fMRI task. Informed consent was obtained from all
participants in accordance with Boston University and Massachusetts General Hospital or
Northwestern University IRB protocols.

The stimuli used in this study were 180 items from four experimental categories (vegetables,
birds, furniture, and clothing) and one control category (fruif). Stimuli were identified in
prior studies by Kiran and colleagues (Kiran, 2008; Kiran et al., 2015; Kiran & Thompson,
2003) and consisted of nouns balanced for frequency (van der Wouden, 1990), familiarity,
and concreteness (Coltheart, 1981). These items were compiled into a picture-naming
battery that was administered to PWA three times before and after treatment (or after the
equivalent no-treatment hold phase for unPWA) in order to determine baseline and post-
treatment/post-hold phase naming accuracy. The battery was also administered three
additional times roughly 12 weeks after the final treatment session to assess for maintenance
effects. The battery was administered via laptop using E-Prime 2.0 (Psychology Software
Tools, Inc., 2012) with items presented in random order at each administration.

2.3 Experimental Design

TxPWA were trained on items from two of the four experimental categories. Naming
accuracy was measured before and after treatment and via weekly probes throughout
treatment, which lasted up to 12 weeks. The control category, fruit, was only assessed before
and after treatment. In order to balance analyses across groups, unPWA and controls were
also assigned two of the experimental categories, though they did not receive any training as
part of the study. For the sake of simplicity, when describing fMRI methods and results, the
term pictures will be used to refer to items from participants’ assigned experimental
categories (i.e., items on which TXPWA were trained and the comparable but untrained items
assigned to unPWA and healthy controls).

2.4 Treatment

Treatment was administered to TXxPWA via a laptop using E-Prime 2.0 with assistance from
a speech-language pathologist or research assistant. Treatment tasks required participants to
name target items and evaluate their semantic properties. Specific tasks included: sorting
pictures of trained and untrained items into their respective superordinate categories;
attempting to name a target item; indicating whether 20 written semantic features applied to
the target; reviewing a list of features pertaining to the target; indicating whether 15 verbally
presented features applied to the target; attempting to name the target a second time; and
generative naming of items in the trained category. Treatment was administered for as many
items as time allowed, and the order of items and features was randomized at every session.
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Naming probes were administered every other session. Treatment continued for 12 weeks
(24 sessions) or until the participant achieved 90% accuracy or higher in both trained
categories on two consecutive probes.

2.5 fMRI Methods

2.5.1 Task and stimuli—Functional imaging data were collected on two runs per time
point (i.e., pre- and post-treatment) of an overt picture-naming task using an event-related
design with a randomized, jittered inter-stimulus interval of two or four seconds. This
method accounts for motion artifacts associated with overt speech and has been used in a
number of studies using overt-naming tasks (Birn, Cox, & Bandettini, 2004; Kiran et al.,
2015; Meltzer, Postman-Caucheteux, McArdle, & Braun, 2009; Menke et al., 2009;
Postman-Caucheteux et al., 2010). As depicted in Figure 1, stimuli were color photographs
of trained items? (n = 36), as well as the items from the control category (fruit, n = 36); an
active baseline condition of scrambled pictures (n = 36) was also presented. Stimuli were
presented in random order, with each trial lasting for four seconds. Between trials, a fixation
cross on a white background was presented. Participants were instructed to say the names of
pictures and “skip” for scrambled pictures. TXPWA and unPWA were scanned at two time
points, the first being after all initial assessments were completed (i.e., scan 1/pre-treatment)
and the second being after the cessation of up to 12 weeks of naming treatment (TXxPWA) or
after at least 12 weeks without naming treatment (unPWA) (i.e., scan 2/post-treatment).
Healthy controls were scanned at a single time point.

2.5.2 Data acquisition—MRI data for all healthy controls and all PWA except
BUc07NU and BUc10NU were acquired on a Siemens 3T Trio Tim scanner at the Athinoula
A. Martinos Center for Biomedical Imaging in Charlestown, MA. Imaging data for
BUc07NU and BUc10NU were acquired on a Siemens 3T Prisma Fit scanner at the Center
for Translational Imaging in Chicago, IL3. For all participants, T1 structural images were
acquired with the following parameters: 176 sagittal slices, 1mm3 voxels, 256 x 256mm
matrix, FOV = 256 x 256mm, flip angle = 9°, TR = 2300ms, TE = 2.91ms. Blood oxygen
level-dependent (BOLD) functional images were acquired with the following parameters:
interleaved parallel acquisition, 40 axial slices, 2 x 2 x 3mm voxels, 0.3mm interslice gap,
80 x 78mm matrix, FOV = 220 x 220mm, flip angle = 90°, TR = 2570ms, TE = 30ms. For
participants scanned in Charlestown, a Fibersound Fiber Optic microphone (Micro Optics
Technologies, Cross Plains, WI) was used to record responses in the scanner. For BUcO7NU
and BUc10NU, responses were recorded using an Avotec audio/mic system (Avotec
Incorporated, Stuart, FL) in conjunction with a custom algorithm to reduce scanner noise.

2.5.3 fMRI Data Analysis

2.5.3.1 Preprocessing: Preprocessing was performed with SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/) and included slice timing correction with

2Note that 36 pictures of items from participants’ experimental categories that were not trained during treatment were also presented
in order to monitor for generalization effects from treatment; however, generalization is beyond the scope of the present study; thus,
while these untrained items were modeled in first-level analyses, they were not analyzed further in the present study.

Extensive calibration of the scanners at each site was performed to equate their performance in data acquisition as part of the larger
study by the Center for the Neurobiology of Language Recovery.
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reference to the middle slice to address differences in slice acquisition and realignment to
correct for motion during scanning. Functional images were coregistered with the T1
structural scan, which was segmented into white matter, gray matter, and cerebrospinal fluid
according to the tissue probability maps in SPM12 and warped to the ICBM European brain
template. Normalization of structural and functional images to MNI space was performed
via 4-degree b-spline interpolation, and functional data were spatially smoothed using a
4mm-smoothing kernel. For all PWA, hand-drawn lesion masks were generated based on T1
images in MRIcron (Rorden & Brett, 2000). These masks, in which lesioned voxels were
deleted, and corresponding lesion maps, in which only lesioned voxels were retained, were
integrated into coregistration, segmentation, and normalization to ensure that lesions were
adequately masked (Brett, Leff, Rorden, & Ashburner, 2001). All normalized structural and
functional images were visually compared to the template using SPM12’s Check Reg
function and images that were deemed to be insufficiently aligned to the template were
manually corrected and/or preprocessed again after skull-stripping.

The Artifact Detection Toolbox for SPM (ART; https://www.nitrc.org/projects/
artifact_detect) was used to identify functional volumes with excessive motion or deviation
from the global mean signal (i.e., functional outliers) based on a linear motion threshold of
2mm, rotational motion threshold of .5 radians, or global signal deviation of more than three
standard deviations from the mean image intensity.

2.5.3.2 Definition of ROIs and percentage of spared tissue.: For all participants, the
anatomical regions identified previously were extracted from the AAL Atlas using the
MarsBAR toolbox for SPM (Brett, Anton, Valabregue, & Poline, 2002). Patients’
normalized lesion maps were used to calculate total lesion volume and the percentage of
spared tissue in each ROI. Specifically, any overlap between each patient’s lesion map and
the atlas-based left hemisphere ROIs was deleted, creating a unique set of ROIs for each
patient comprising only spared tissue (see Figure 2). The volume of each of the spared-tissue
ROIs was extracted from MarsBAR, divided by the total volume of the region from the AAL
atlas, and multiplied by 100, thereby providing the percentage of spared tissue in each ROI
(Sims et al., 2016). Healthy controls’ ROIs and patients’ right hemisphere ROIs consisted of
the intact, atlas-based regions. See Figure 2 for lesion overlap in each of the patient groups
and Table IV for the percentage of spared tissue in each ROI for all PWA.

2.5.3.3 First-level analysis: First-level analyses were conducted for each participant using
the general linear model (GLM) in SPM12. Onset and duration of stimuli were convolved
with the canonical hemodynamic response function and its temporal derivative, and motion
parameters and functional outlier volumes were included as regressors in the GLM. Model
estimation utilized a restricted maximum likelihood approach. Once first-level GLMs were
complete, the MarsBAR toolbox was used to extract percent BOLD signal change (PSC)
from each of the selected ROIs for each condition in order to obtain a measure of activation
for the contrast of interest, pictures > fixation. This contrast was selected for the present
investigation because it was expected to be sensitive to treatment-related changes in
activation associated with picture naming while also controlling for within-subject
variability in overall neural activation at scan 1 and scan 2.

Cortex. Author manuscript; available in PMC 2020 December 01.


https://www.nitrc.org/projects/artifact_detect
https://www.nitrc.org/projects/artifact_detect

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

2.6 Statistical analysis

Statistical analyses and visualizations were completed in RStudio (RStudio Team, 2015)
with the packages Ime4 (Bates, Méachler, Bolker, & Walker, 2015), Imertest (Kuznetsova,
Brockhoff, & Christensen, 2016), emmeans (Lenth, 2018), effects (Fox, 2003), sjPlot
(Ludecke, 2018), and ggplot2 (Wickham, 2009). To determine the effect of treatment on
naming performance, naming battery and scan task accuracy were analyzed via two-sample
and paired £tests (two-tailed), and individual treatment effect sizes were calculated
according to Beeson and Robey (2006). To address the primary aims of the study, the
following analyses of neuroimaging data were performed:

Aim 1) Pre-treatment TXPWA activation was compared to that of healthy controls via a
linear mixed-effects regression model (LMEM). Percent BOLD signal change (PSC) for the
contrast pictures > fixation was the dependent variable, group (TXPWA or control), ROI, and
their interaction were fixed effects, and participant was a random effect to account for
baseline variability in PSC. To compare the groups after treatment, this analysis was
repeated using TXPWAS’ post-treatment PSC in the dependent variable.

Aim 2) Changes in activation from pre- to post-treatment in the full sample of TXPWA were
initially analyzed via an LMEM predicting PSC from time (i.e., pre-treatment and post-
treatment), ROI, and their interaction, with participant as a random effect. As explained in
section 3.2.3 of the results, this analysis suggested there might be hemispheric differences in
activation change; thus, a follow-up regression was conducted with PSC as the dependent
variable, time, hemisphere (rather than specific ROI), and their interaction as fixed effects,
and participants as a random effect.

To determine the extent to which longitudinal changes in left hemisphere ROIs might be
associated with their structural integrity (i.e., the proportion of spared tissue in each ROI),
another regression model was fit predicting PSC from time, ROI (left hemisphere ROIs only,
since patients’ right hemisphere ROIs were intact), the percentage of spared tissue in each
ROI, and all two- and three-way interactions, with a random effect for participants. Next, we
investigated the association between patients’ responsiveness to treatment and changes in
activation with an LMEM in which PSC was predicted from time, ROI, treatment response
(i.e., responder vs. nonresponder), and their interactions, with participant as a random effect.

Aim 3) Finally, longitudinal changes in activation in PWA in the absence of treatment were
examined with a mixed effects model predicting PSC in unPWA from time (i.e., scan 1 and
scan 2, which were separated by a period of at least 12 weeks to mimic the duration of
treatment in the TXPWA group), ROI, and their interaction, with participant as a random
effect.

3. Results

3.1 Behavioral Results

Percent change in average naming battery accuracy from pre- to post-treatment and
corresponding effect sizes for experimental and control categories are shown in Table V. For
TXPWA, a paired-sample £test indicated that there was no difference in naming accuracy
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between trained and control categories before treatment (mean (SD) trained = 28.65%
(22.32), mean (SD) control = 26.37% (22.78); b5 = 1.046, p=.305). After treatment,
accuracy was significantly higher for trained categories than the control category (mean
(SD) trained = 54.91% (34.35), mean (SD) control = 28.81% (23.85); &5 = 8.646, p < .001).
Additionally, percent change in accuracy (i.e., average post-treatment score minus average
pre-treatment score) and effect sizes were significantly higher for trained than control
categories (&5 = 8.298, p<.001, and &5 = 8.142, p< .001, respectively; percent change and
effect sizes are reported in Table V).

Like TXPWA, unPWA showed no difference in naming battery accuracy between
experimental pictures and control pictures at their initial evaluation (mean (SD) trained =
31.41% (21.44), mean (SD) control = 30.65% (25.05); & = .184, p=.858); however, there
remained no difference after the unPWA completed their untreated hold phase (mean (SD)
trained = 36.85% (23.78), mean (SD) control = 34.44% (28.40); &y = .767, p=.463), nor
were there differences in percent change in naming battery accuracy (& = .644, p=.536) and
effect size (& = .011, p=.991) (see Table V). Thus, treatment improved oral naming of
trained pictures but not control pictures in TXPWA, while unPWA did not improve on either
set between scans. More in-depth results pertaining to the efficacy of the treatment used here
are reported in Gilmore, Meier, Johnson, and Kiran (2018), which includes comprehensive
analyses of direct treatment effects and generalization to untrained items and tasks in the
majority of patients included in the present study.

Additionally, while in-depth analyses of treatment maintenance and its associated neural
correlates are beyond the scope of this study, the average naming accuracy for trained items
in 25/26 treated patients4 approximately 12 weeks after treatment ended was 48.07% (SD =
32.34). This reflects a decline of 6.84 percentage points from the mean post-treatment score
of 54.91%, but it also represents a gain of 19.42 percentage points over pre-treatment
accuracy, suggesting that gains associated with trained items were partially maintained 12
weeks after the end of treatment.

Importantly, although treatment was largely beneficial among TXPWA, there was variability
in participants’ response to treatment, as indicated by the results presented in Table V. Thus,
as in Gilmore et al. (2018), TxPWA were sub-classified as having had a favorable response
to treatment (i.e., responders) or a less satisfactory response (i.e., nonresponders), based on a
cutoff of achieving at least a small effect size (i.e., = 4.0, per Beeson & Robey, 2006) in at
least one trained category. This classification was utilized in subsequent analyses, as
described below.

3.2 fMRI results

3.2.1 Task accuracy—A two-sample Welch’s #test of naming accuracy for picturesin
the scanner indicated that healthy controls were significantly more accurate than TxPWA
prior to treatment (control M = 73.86%, SD = 22.46%; TxPWA pre-treatment M = 24.83%,
SD =22.90%, £4.g = 6.944, p< .001). After treatment, TXPWA accuracy improved
significantly relative to pre-treatment (post-treatment M = 42.66%, SD = 36.67%, paired &5

40ne TXPWA, BU23, was lost to follow-up after completing the immediate post-treatment testing and neuroimaging protocols.
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=-4.936, p<.001), although it was still significantly lower than that of controls (two-
sample #0.9 = 3.458, p=.001). No change in task accuracy was observed in unPWA
between their first and second scans (paired & =.738, p=.479)

3.2.2 Differences in activation between controls and TxPWA—Mean activation
in each ROI for TXPWA and healthy controls is shown in Figure 3. The regression model
comparing controls and TXPWA at pre-treatment revealed a significant interaction of group
and ROI (F15 643 = 3.450, p<.001), indicating there were group differences in activation
that varied across ROIs. To more fully interpret this interaction, we conducted a post hoc test
comparing estimated marginal means (EM means) between groups for each ROI. Results
showed that TXPWA had significantly higher activation than controls in bilateral IFGtri
(LIFGtri: {159 = -2.390, p=.018; RIFGtri: fi5p = —2.490, p = .014) and significantly lower
activation than controls in LAG (#54 = 2.237, p=.027), as well as lower activation in RAG
which approached significance (452 = 1.801, p=.074).

In the post-treatment regression model, the effects of group and group-by-ROI interaction
were significant (F1 43 = 4.651, p =.037and Fi5 e43 = 1.873, p=.023, respectively). A post
hoc EM means test examining the effect of group indicated that activation, averaged across
all ROIs, was significantly higher for TXPWA after treatment than for controls (#5 = —2.106,
p=.041). The group-by-ROI interaction was also investigated with a post hoc EM means
test, in this case contrasting activation between the groups in each ROI. Results showed that
TXPWA had significantly higher activation than controls in bilateral IFGtri (LIFGtri: 316 =
-2.559, p=.011; RIFGtri: 316 = -3.552, p< .001) and RIFGop (%16 = —2.329, p=.021),
and near-significantly higher activation in RMFG (%15 = —1.705, p=.089).

To summarize these results, prior to treatment, TXPWA had higher mean activation than
controls in 11/16 ROIs (see Figure 3), with significantly higher activation in bilateral IFGtri,
while controls had significantly higher activation (or nearly so) in bilateral AG. After
treatment, TXPWA had higher activation than controls in 14/16 ROIls, with significantly
higher activation in bilateral IFGtri, RIFGop, and, to a lesser extent, RMFG. Additionally,
patients no longer had significantly lower activation than controls did in any of the ROIs.

3.2.3 The effect of treatment on activation in TXPWA—The LMEM predicting
PSC within TxPWA revealed significant effects of ROI (5, gp2 = 2.355, p=.003) and time
(F1, 802 = 14.968, p < .001); however, the time-by-ROI interaction was not significant.
Because we were primarily interested in the effect of time (i.e., treatment), a post hoc EM
means test of the main effect of time was performed to compare pre- and post-treatment
activation averaged across the ROIs. This test revealed a significant increase in activation
subsequent to treatment (#&g34 = —3.793, p<.001), as shown in Figure 4 (left panel).

While we concluded from the previous analyses that the primary effect of treatment was a
general increase in activation across ROls, it was also apparent that average activation
decreased in some ROIls, namely LIFGtri, LIFGop, LMFG, and LPCG (as shown in Figure
3). Based on this observation, a follow-up analysis was conducted to determine if activation
changed over time when averaged among the ROIs within each hemisphere (i.e., left
hemisphere ROIs vs. right hemisphere ROIs). An LMEM predicting PSC from time,
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hemisphere, and their interaction with a random effect for participants indicated that there
was a significant effect of time (£ gop = 13.929, p< .001) and a nearly significant time-by-
hemisphere interaction (F ggp = 3.338, p=.068). The effect of time was consistent with the
prior analysis predicting PSC from time and ROI and therefore was not investigated further.
A post hoc EM means test comparing change in PSC over time by hemisphere revealed a
significant increase in activation in the right hemisphere (g5 = —3.933, p < .001) and a non-
significant increase in the left hemisphere (p=.180) (Figure 4, right panel).

3.2.4 The relationship between spared tissue and activation changes in left
hemisphere ROIs—Next, we examined the association between the amount of spared
tissue in left hemisphere ROIs and activation changes therein. This analysis revealed
significant effects of time (/1 386 = 3.940, p = .048), time-by-ROI interaction (/7 3g6 =
3.437, p=.001), and time-by-ROI-by-spared tissue interaction (/7, 3g6 = 2.565, p=.014).
Given that the focus of this analysis was on the effect of spared tissue, the three-way
interaction of time, ROI, and spared tissue was examined by plotting estimated pre- and
post-treatment activation in each left hemisphere ROI against proportional spared tissue,
ranging from 0 to 100% intact. As shown in Figure 5, the estimated effect of spared tissue on
PSC varied by ROI. In LAG, LMFG, LIFGorb, and, to a lesser extent, LSMG, less spared
tissue (i.e., more damage) was associated with a larger increase in activation from pre- to
post-treatment, while more spared tissue (i.e., less damage), was associated with a smaller
increase in activation (or, in the case of LAG and LMFG, a slight decrease in activation). On
the other hand, in LPCG, LIFGop, and LIFGtri, less spared tissue was associated with a
larger decrease in activation after treatment, and more spared tissue was associated with a
smaller decrease or minimal change. Finally, in LMTG, there was little association between
change in activation and spared tissue, as the difference between pre- and post-treatment
PSC was roughly constant across the range of spared tissue values. In summary, there was a
relatively substantial association between the quantity of spared tissue and change in
activation after treatment in some regions, and a negligible association in other regions.

3.2.5 The relationship between treatment response and changes in
activation—As described above in the behavioral results (section 3.1), TXPWA were
classified as responders or nonresponders based on whether or not they achieved a small
effect size in at least one trained category. The regression model predicting PSC from time,
ROI, and treatment response (i.e., responders or nonresponder) indicated that the effects of
time (£, go2 = 8.155, p=.004), ROI (Fi5 go2 = 2.269, p=.004), and the time-byresponse
interaction (£, go2 = 8.978, p=.003) were significant. Because our interest was in
understanding if and how activation changed over time as a function of treatment response, a
post hoc EM means test was performed to explore the interaction term. The test showed that
responders had a significant increase in activation from pre- to post-treatment, averaged
across all ROIs (%gg = —4.765, p < .001), whereas nonresponders showed virtually no
change in activation (&gg = .084, p=.933) (see Figure 6, which also depicts average PSC in
healthy controls as a point of reference).

3.2.6 Longitudinal activation in unPWA—Finally, to further determine if treatment
was responsible for the changes observed in TXPWA (i.e., aim 3), the effect of repeated

Cortex. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al.

Page 13

scanning in the absence of treatment was investigated via an LMEM predicting PSC in
unPWA from time (i.e., scan 1 vs. scan 2, which were separated by approximately 12 weeks
without intervention), ROI, and their interaction, with a random effect for participants. The
effect of ROI (F15 310 = 2.539, p=.001) was significant, but time and the time-by-ROI
interaction were not (p=.200 and p = .860, respectively); thus, in contrast to treated
patients, there were no significant longitudinal changes in activation in untreated patients.

4. Discussion

We examined neural activation during picture naming in PWA who received semantic
naming treatment, PWA who did not receive treatment, and healthy controls. There were
several notable findings. First, treatment-related naming improvement in patients with
chronic aphasia coincided with an overall increase in activation, particularly in those patients
who responded most favorably to treatment. In contrast, activation did not increase in
nonresponders or untreated patients. Second, results showed that the proportion of spared
tissue in left hemisphere ROIs had a differential effect on activation changes depending on
the region, such that changes in most ROIs were larger when there was less spared tissue and
smaller when there was more spared tissue. The direction of this association varied across
the ROIs, with activation increasing in some regions as a function of treatment and
decreasing in others. Finally, region-specific differences in activation between patients and
healthy controls provided further insights into how the functional architecture for naming
was altered in patients and changed in response to treatment. All of these results are
discussed in further detail below.

4.1 Semantic treatment improves nhaming accuracy

Similar to previous treatment studies that targeted underlying lexical-semantic
representations (Boyle, 2004, 2010; Boyle & Coelho, 1995; Kiran, 2008; Kiran & Johnson,
2008; Kiran et al., 2015; Kiran & Thompson, 2003), the majority of TXPWA in our study
benefitted from therapy, as indicated by treatment effect sizes and accuracy on the naming
battery and scan task®. Furthermore, 12-week follow-up assessments of naming indicated
that, despite a decline in accuracy relative to their immediate post-treatment performance,
treated patients experienced some maintenance of treatment effects. Importantly, these
findings were observed in participants who were all in the chronic stage of aphasia recovery,
demonstrating that treatment-related language recovery can be achieved many months, or
even years, after onset.

As described in detail in Gilmore et al. (2018), the theoretical basis for the treatment used in
this study is that the semantic representations of trained items can be strengthened through
repeated analysis of their features. These strengthened representations can then be accessed
more easily than their semantic competitors, which, in turn, improves selection of the correct
lexical representation and, subsequently, its phonological form, during oral naming. This is

SReaders interested in the efficacy of this treatment and its capacity for generalization (i.e., improvements in untrained items, tasks, or
contexts) are directed to Gilmore et al. (2018), which provides comprehensive behavioral outcomes for most participants in the present
study, as well as group analyses indicating that treated patients experienced improvements on naming trained items, with
generalization to untrained but semantically related items, measures of semantic and phonological processing, and standardized
assessments of cognitive-linguistic functions.
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presumed to be the mechanism underlying improvement in those patients who responded to
treatment. However, nine patients did not improve with treatment, indicating that our lexical-
semantic training was not uniformly beneficial to all PWA. While more research is needed to
fully elucidate the circumstances that explain such variability in treatment response, we
found critical differences in functional activation between responders and nonresponders that
are likely related to their divergent behavioral outcomes, as discussed in section 4.2 below.

4.2 Change in activation differentiates responders from nonresponders

With respect to neuroimaging outcomes, a key finding of this study was that of a differential
effect of treatment on activation depending on treatment response, such that those who
benefited from treatment had a significant increase in average activation, while those who
did not respond had virtually no change in activation. This result demonstrates a meaningful
relationship between behavioral improvement due to treatment and changes in neural
function in our sample of treated patients. Additionally, as shown in Figure 6, responders’
average pre-treatment activation was more comparable to that of healthy controls than
nonresponders, even though post-treatment activation was similar in both patient subgroups.
One possible explanation for this observation is that lower activation reflects more efficient
neural processing, which would be consistent with interpretations of reduced activation
following treatment in prior studies of PWA (e.g., Abel et al., 2015; Breier, Maher,
Schmadeke, Hasan, & Papanicolaou, 2007; Nardo et al., 2017; Richter, Miltner, & Straube,
2008). The pre-treatment difference between responders and nonresponders may indicate
that responders-to-be had an advantage over nonresponders-to-be in terms of their capacity
to benefit from treatment. Thus, patients whose naming architecture was operating at a level
that approximated “normal” (i.e., control-like) levels of engagement with the task from the
outset may have been better equipped to encode trained items during treatment, learn
compensatory strategies, and effectively allocate and utilize their spared neural resources
(i.e., cortical regions) when attempting to name items after treatment. This does not
necessarily mean that nonresponders are incapable of benefiting from treatment, but rather
that they might be at a disadvantage a priori due to the relative “overactivation” of their
naming resources. It is possible that nonresponders might have benefited from additional
time in treatment or a different treatment, or that they may be good candidates for
noninvasive brain stimulation. In summary, while it is premature to suggest that elevated pre-
treatment activation in the regions we have examined is a biomarker for recovery with
semantic naming therapy, we would argue that our results provide an important foundation
for further investigations along these lines.

4.3 Treatment resulted in upregulation of most ROIs

As described in the results, the main effect of treatment in this study was a significant
increase in activation across the regions of interest in the full group of treated patients. Since
nonresponders showed no change in activation, we can conclude that this result was driven
by the responders. Furthermore, we identified a trending time-by-hemisphere interaction,
which was driven by more consistent increases in activation in right hemisphere ROIs than
left hemisphere ROIs. The right hemisphere, including some of the ROIs examined in the
present study, has previously been implicated in treatment-related language recovery, though
most of the evidence comes from case reports or studies with fairly small samples (Crosson
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et al., 2005, 2009; Fridriksson et al., 2006; Kiran et al., 2015; Meinzer et al., 2006; Menke et
al., 2009; Nardo et al., 2017; Raboyeau et al., 2008; Vitali et al., 2007). The largest of these
studies, by Nardo et al. (2017), described 18 PWA who engaged right IFGop, anterior insula,
dorsal anterior cingulate cortex, and left premotor cortex during post-treatment naming,
leading the authors to emphasize the important contributions of language homologues to
post-stroke language processing and rehabilitation. We concur with this perspective and
suggest that our results offer further evidence of the right hemisphere’s potential to support
recovery. However, increased activation was not exclusive to right hemisphere ROIs in the
present study and was, in fact, found in LIFGorb, LMTG, LSMG, and LAG. Upregulation of
these regions has been reported in prior studies that employed a variety of treatments (see
Table I1), including semantic (Davis et al., 2006; Kiran et al., 2015; Menke et al., 2009),
phonological/articulatory (Fridriksson et al., 2006; Léger et al., 2002; Rochon et al., 2010;
Vitali et al., 2007), or intention/attention (Crosson et al., 2005) training, and is consistent
with the view that rehabilitation engages preserved tissue in traditional language areas.
Collectively, the results of the present study suggest that treatment elicits functional changes
bilaterally, particularly given that the patient control group (unPWA), like nonresponders,
showed no longitudinal changes across a 12-week span without treatment. Although there
were fewer unPWA than TXPWA, their inclusion is a key strength of this study, given that
few imaging treatment studies have employed patient control groups and, thus, the extent to
which activation in PWA changes over time without intervening treatment has not been
clearly established.

4.4 Regional activation differs between healthy controls and patients before and after

treatment

While longitudinal analyses of patients indicated that treatment resulted in bilateral
functional changes, comparisons between healthy controls and patients provide insight into
the effect of stroke and treatment on specific regions involved in naming in PWA. That
regional differences between groups were identified in both hemispheres before (i.e.,
bilateral IFGtri and AG) and after (i.e., bilateral IFGtri, RIFGop, and RMFG) treatment
provides further evidence that rehabilitation-related recovery may be underpinned by
modulation of a bilateral network, rather than one hemisphere or the other. Each of the ROls
found to show a significant group difference and the potential implications of these
differences are addressed below.

4.4.1 Bilateral AG—Relative to TXPWA before treatment, controls had significantly
higher activation (or nearly so) in the bilateral AG. In fact, these were the only regions in
which controls showed positive activation for the contrast of interest. AG has frequently
been implicated in semantic tasks, though its specific contribution to semantic processing
has been the topic of much debate and investigation (Binder et al., 2009; Davey et al., 2015;
Humphreys & Lambon Ralph, 2015; Jackson, Hoffman, Pobric, & Lambon Ralph, 2016;
Noonan et al., 2013; Price, 2010; Seghier, 2013; Seghier et al., 2010; Vigneau et al., 2006).
There is evidence that AG is part of the default mode network (DMN) and plays a role in
episodic and self-referential semantic processing irrespective of the presence of a task or
stimulus (Humphreys & Lambon Ralph, 2015; Seghier et al., 2010); that it is involved in
searching for semantic content or representations in visual stimuli (Seghier et al., 2010); that
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it supports later stages of visually driven semantic processing (Seghier et al., 2010) and/or
more complex semantic functions as part of a frontoparietal executive semantic control
network (Noonan et al., 2013; Seghier et al., 2010); and that it contributes to automatic/
bottom-up conceptual processing and retrieval (Davey et al., 2015; Humphreys & Lambon
Ralph, 2015). All of these functions relate to conceptual semantics, which may explain why
the AG were recruited by healthy controls during picture naming, a semantically driven task.

In patients in the present study, bilateral AG exhibited relative deactivation (i.e., less
activation for the trained condition than the fixation) both before and after treatment; this
sort of task-based deactivation is consistent with AG’s role in the DMN. Notably, however,
there was less deactivation in the AG after treatment than before, to such an extent that
patients no longer had significantly lower AG activation than controls. As noted above, there
is evidence that AG is involved in semantic processing and, furthermore, that it may be
particularly sensitive to concrete, relative to abstract, representations (Binder, Westbury,
McKiernan, Possing, & Medler, 2005; Wang, Conder, Blitzer, & Shinkareva, 2010). Binder
and Desai (2011) posited that AG is part of a convergence zone that stores and processes
supramodal representations (i.e., representations formed by the integration of multiple
sources of modality-specific information. In accordance with this view, the reduction in
deactivation in AG from pre- to post-treatment in the present study may reflect a
corresponding change in the strength of supramodal representations of trained items as they
became more concrete through repeated analysis of their features during treatment.

Alternatively, recent work by Humphreys and Lambon Ralph (2015, 2017) suggests that AG
is sensitive to task or item difficulty and that this sensitivity extends across cognitive
domains and is not exclusive to semantic processing. These authors found no difference in
activation in AG between a semantic task and a visuospatial task and instead found that
activation varied for both tasks depending on the difficulty of the items presented, with
greater deactivation in response to hard trials and less deactivation in response to easy trials
(Humphreys & Lambon Ralph, 2017). They argue that AG is involved in domain-general,
automatic, bottom-up processing of all sorts of incoming information, and that when tasks
are more difficult, these automatic functions are suppressed to allow for more effective
utilization of top-down executive control functions. Under this account, patients in the
present study may have had more deactivation in AG when the task was more difficult for
them (i.e., before treatment) and less deactivation when the task was easier (i.e., after
treatment).

Given the nature of the picture-naming task utilized in this study, it is not feasible to
determine if changes in AG deactivation in the present study reflect an increase in the
concreteness of trained stimuli or a reduction in task difficulty through training; however,
both interpretations would be indicative of a desirable treatment effect.

4.4.2 Bilateral IFGtri—Another pair of regions showing group differences in activation
were the bilateral IFGtri, which were more active in patients than healthy controls before
and after treatment. This finding is particularly interesting given that, as depicted in Figure
3, left and right IFGtri responded differently to treatment, with RIFGtri showing a
substantial increase in activation and LIFGtri showing a small decrease. Post-treatment
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recruitment of RIFGtri is notable as activation in the right hemisphere (including in RIFGtri)
was reported in conjunction with correct naming in a non-treatment study of PWA
(Fridriksson et al., 2009). It should be noted, however, that although we assume RIFGtri
made a beneficial contribution to naming after treatment, there is evidence that this region
can actually interfere with accurate naming, at least in some PWA (Crosson et al., 2007;
Naeser et al., 2005, 2011; Winhuisen et al., 2005, 2007).

Prior studies of healthy subjects (Price, 2012; Thompson-Schill et al., 1997; Vigneau et al.,
2006, 2011) and PWA (Sebastian & Kiran, 2011; Sims et al., 2016) have variously linked
LIFGtri to semantic and phonological processing, lexico-semantic control, selection, and/or
retrieval, so it is possible that patients’ recruitment of LIFGtri at pre- and post-treatment in
the present study reflects the preservation of relatively normal language functions for that
region. Additionally, a few recent studies have also identified decreased activation in LIFGtri
in conjunction with positive treatment outcomes (Abel et al., 2015; van Hees et al., 2014).
Such reductions have been interpreted as a product of greater efficiency during neural
processing (Abel et al., 2015; Breier et al., 2007; Nardo et al., 2017; Richter et al., 2008; van
Hees et al., 2014), which could explain why activation decreased in LIFGtri, and to an even
greater extent LPCG, LIFGop, and LMFG, even as naming accuracy improved in treated
patients.

4.4.3 RIFGop—Unlike IFGtri, RIFGop activation did not significantly differ between
patients and controls at pre-treatment. However, after treatment, patients recruited RIFGop
to the extent that it was significantly more active than the level observed in healthy controls.
Like its left-hemisphere counterpart, RIFGop has been implicated in aspects of lexical-
semantic and phonological processing in studies of healthy individuals (Vigneau et al., 20086,
2011). In PWA, Naeser and colleagues proposed that RIFGop supports language processing
and recovery on the basis that inhibitory transcranial magnetic stimulation (TMS) applied to
RIFGop increased response latencies during naming (Naeser et al., 2011). This effect was
most prominent in a patient with very severe aphasia, which may suggest that RIFGop is
especially critical when language functions are highly impaired. More recently, Skipper-
Kallal et al. found an association between lesion volume and RIFGop (as well as other right
hemisphere regions), such that PWA with larger lesions had greater activation in RIFGop
during a covert naming task (Skipper-Kallal et al., 2017). In our study, RIFGop was
recruited for the contrast of interest only after treatment, which may indicate that, in addition
to potentially playing a role in post-stroke language functions in patients with large lesions
and/or severe impairment, it may become more engaged in naming as a function of treatment
in chronic aphasia.

4.4.4 RMFG—Similar to RIFGop, RMFG was not recruited by patients or controls before
treatment but was sufficiently activated by patients after treatment to result in a group
difference that trended toward significance. We provide a brief explanation of the potential
role of RMFG even though the p-value was greater than .05 because of the potential
importance of this finding. In a meta-analysis by Vigneau and colleagues (2011), the authors
suggested that although RMFG has been shown to activate in the context of phonological
tasks, it likely supports attention processing and is not specifically engaged for language.
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Consistent with this view, Fedorenko and colleagues subsequently found that right MFG was
among a number of regions recruited for tasks covering a variety of domains (e.g., math,
spatial and verbal working memory, Stroop, etc.) and thus proposed that it is a domain
general processing region (Fedorenko, Duncan, & Kanwisher, 2013). Therefore, the increase
in RMFG after treatment may be indicative of engagement of domain general regions due to
changes in language and/or domain general functions (e.g., attention, executive control).

Interestingly, RMFG’s homologue in the left hemisphere was positively activated both
before and after treatment. As noted in section 4.4.2, above, LMFG was also one of the few
regions in which there was a decrease in activation from pre- to post-treatment. Thus, while
treatment appears to have encouraged the recruitment of a domain general region that was
not especially engaged in the task before treatment (RMFG), it may have improved the
functional efficiency of a different domain general region that was previously engaged in the
task (LMFG). Future research should investigate the role of domain general regions in
language recovery and the differences between treatment-related recruitment of regions that
were not associated with a given task at baseline and modulation of those regions that were.

4.5 Spared tissue affects the magnitude of activation change in some left hemisphere

regions

The follow-up analysis of the influence of spared tissue on activation in left hemisphere
ROIs indicated that, for most regions, less spared tissue (i.e., more damage), was associated
with a larger change in activation from pre- to post-treatment, while more spared tissue (i.e.,
less damage) was associated with a smaller change. This was the case in all ROIs except for
LMTG, where the pre-/post- difference in activation was virtually the same regardless of the
extent to which it was spared. We also found that the direction of activation change (i.e.,
increase or decrease) associated with various quantities of spared tissue was different for
different regions. Specifically, activation increased after treatment irrespective of how much
damage there was in IFGorb, SMG, and MTG. It also increased in AG and MFG, except
when they were completely intact, and decreased in PCG, IFGtri, and IFGop, except when
they were completely intact.

Prior studies indicate that perfusion and functional activation are abnormally reduced in the
ipsilesional hemisphere, especially in tissue that is proximal to the lesion (de Haan, Rorden,
& Karnath, 2013; Krainik, Hund-Georgiadis, Zysset, & von Cramon, 2005; Richardson et
al., 2011; Robson et al., 2017). Therefore, a tentative explanation for the present results is
that when regions are more highly damaged, they are more dysfunctional during task
performance; this may necessitate a larger change in activation (i.e., a larger “correction” of
abnormal function) in order for the region to successfully contribute to task performance
after treatment. Conversely, regions that are wholly or mostly intact may function more
optimally than those that are highly damaged, and therefore treatment may have a less
dramatic effect on intact regions than highly damaged regions. This study is among the first
to examine how the proportion of spared tissue in specific regions relates to treatment-
related changes in activation in the same regions, so this interpretation is preliminary.
Crucially, however, our results indicate that even highly damaged regions are amenable to
functional changes in response to treatment.
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Further, this is the first examination of treatment effects in a large sample of PWA (including
an untreated patient control group) to detail activation changes in both hemispheres at the
level of task-related ROIs while also using a novel method to address the effects of lesion
variability. The results of the present study help explain the variability observed in previous
treatment studies, including those outlined in Table Il, by providing a nuanced but
comprehensive explanation of factors that affect functional activation, and may serve as a
promising foundation for updated models of treatment-induced neuroplasticity in chronic
stroke aphasia.

5. Conclusion

This study demonstrated that semantic-based naming treatment resulted in improved naming
accuracy and bilateral changes in neural function in a group of patients with chronic post-
stroke aphasia. Those who responded best to treatment had a significant increase in cortical
activation, while those who did not respond or did not undergo treatment showed neither
behavioral improvement nor functional changes. Furthermore, responders and
nonresponders had different levels of pre-treatment activation, but not post-treatment
activation, which suggests that their divergent behavioral outcomes may have been
associated with pre-existing differences in cortical function prior to the initiation of
treatment. We also found that the magnitude of changes in activation from pre- to post-
treatment in most left hemisphere ROIs varied as a function of the proportion of residual
tissue therein. Finally, patients exhibited regional differences in activation relative to healthy
controls, some of which were present before and after treatment and others that were present
at just one point in time. This nuanced set of results provides insights into the effect of
treatment on neural function and the mechanisms underlying naming improvement.
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fMRI picture naming task.
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Figure 2.
Lesion overlay for patients in the (A) treatment group (TXPWA) and (B) untreated group

(unPWA). Warmer colors indicate areas of greater lesion overlap among patients and cooler
colors indicate areas where fewer patients have lesions. C. The process for creating patient-
specific lesioned ROIs using one ROl (LMTG) in one patient (BU17) as an example. The
atlas-based ROI (i, blue) and patient’s lesion map (ii, red) are overlaid and their intersection
(iii, violet) is deleted, leaving behind whatever portion of the ROI is intact (iv, blue). This
process was performed for all ROIs in all PWA.
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Figure 3.
Average activation by ROI in healthy controls (HC) and treated patients (TxPWA) before

and after treatment. Error bars reflect standard error. Significance indicators are based on
post hoc EM means tests. **p < .001; *p<.05; "p=.074; *p=.089.

Abbreviations: HC: healthy controls; TXxPWA: treated patients; PSC: percent signal change
(pictures > fixation); L: left; R: right; IFGorb: inferior frontal gyrus pars orbitalis; IFGtri:
IFG pars triangularis; IFGop: IFG pars opercularis; MFG: middle frontal gyrus; PCG:
precentral gyrus; MTG: middle temporal gyrus; SMG: supramarginal gyrus; AG: angular

gyrus
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Pre- and post-treatment activation in TXPWA, averaged across all ROIls (left panel), and
averaged by hemisphere (right panel). Error bars reflect standard error. Significance
indicators are based on post hoc EM means tests, as described in the text. **p < .001
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T L
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Figure 5.
Predicted pre- and post-treatment activation in left hemisphere ROIs at various quantities of

spared tissue, ranging from 0 to 100% spared in 25% increments. Regions showing a
tendency toward increased activation from pre- to post-treatment are presented first,
followed by those showing a tendency toward decreasing activation.

Abbreviations: PSC: percent signal change (pictures > fixation); LAG: left angular gyrus;
LMFG: left middle frontal gyrus; LIFGorb: left inferior frontal gyrus pars orbitalis; LSMG:
left supramarginal gyrus; LMTG: left middle temporal gyrus; LPCG: left precentral gyrus;
LIFGop: left inferior frontal gyrus pars opercularis; LIFGtri: left inferior frontal gyrus pars
triangularis.
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Figure 6.
Average activation across all ROIs at pre- and post-treatment in responders (blue dots/

dashed line) and non-responders (red dots/solid line). Responders had a significant increase
in activation (p < .001), while nonresponders showed no significant change. For reference,
average activation for healthy controls (HC) is plotted as a dotted gray line.

N: nonresponders; R: responders
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Table I.

Selected left hemisphere language regions and associated functions for naming in healthy individuals.

Region  Potential contributions to naming Relevant studies/reviews
Binder & Desai, 2011; Binder, Desai, Graves, & Conant, 2009; Krieger-Redwood &
Semantic processing; lexical-semantic Jefferies, 2014; Noonan, Jefferies, Visser, & Lambon Ralph, 2013; Poldrack et al., 1999;
control, retrieval, and/or selection Thompson-Schill, D’Esposito, Aguirre, & Farah, 1997; Vigneau et al., 2006; Whitney,
IFG Kirk, O’Sullivan, Lambon Ralph, & Jefferies, 2011, 2012
Phonological processing;
syllabification; phonetic Indefrey, 2011; Indefrey & Levelt, 2004; Poldrack et al., 1999; Price, 2012
encoding; motor sequencing
MFG Semantic processing; word retrieval Binder & Desai, 2011; Binder et al., 2009; Price, 2012
PCG Phonological processing; articulation Indefrey, 2011; Price, 2012; Vigneau et al., 2006
Semantic processing; conceptual . . R . -
pepraton sl semanicconvol - SH10% AL 208 nefey & Lowl, 2004 g Rehiood & efres, 2014 Pric
MTG retrieval ' " ' K '
Phonological code retrieval Indefrey & Levelt, 2004
Semantic processing Binder & Desai, 2011; Binder et al., 2009
SMG Phonological processing Humphreys & Lambon Ralph, 2015; Vigneau et al., 2006
Bottom-up attention Humphreys & Lambon Ralph, 2015
Semantic processing zBagtéer & Desai, 2011; Binder et al., 2009; Seghier, Fagan, & Price, 2010; Vigneau et al.,
AG

Executive semantic processing

Automatic semantic processing

Noonan et al., 2013; Seghier et al., 2010
Davey et al., 2015; Humphreys & Lambon Ralph, 2015

Abbreviations: AG: angular gyrus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus; MTG: middle temporal gyrus; PCG: precentral gyrus;
SMG: supramarginal gyrus
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Table Ill.

Patient demographics and standardized assessment data.

Lesion
- Age WABAQ BNT PPT
Patient ID  Sex (years) MPO  Handedness \(/?T:Lrjrgl)e (1100) (60)  (I52)
Treated Patients (TXPWA)
BUO03 F 63 62 R 175,378 52.00 10 46
BU04 M 79 13 R 84,778 74.10 52 49
BUO6 M 49 113 R 298,967 66.60 44 48
BUO7 M 55 137 R 181,973 48.00 6 46
BUOSCOL M 49 57 R 87,587 82.80 51 48
BU09 F 71 37 R 11,660 95.20 45 50
BU10 F 53 12 R 76,553 80.40 37 49
BU11l M 78 22 R 32,114 92.10 41 49
BU12 M 68 104 R 186,845 40.00 1 46
BU13 M 42 18 L 12,131 92.70 43 49
BU14 F 64 24 R 96,932 64.40 41 49
BU15 F 71 74 R 189,309 87.20 43 44
BU16co5" M 50 71 R 317,071 33.60 1 41
BU17 M 61 152 R 163,488 74.30 54 51
BU18 F 70 152 R 69,643 78.00 24 50
BU19c02® M 80 22 R 89,026 28.90 1 43
BU20 F 48 14 R 164,327 13.00 0 40
BU21 M 65 16 R 247,593 11.70 0 43
BU22 M 62 12 R 100,019 65.40 1 37
BU23 M 60 24 R 172,812 45.20 6 42
BU24c06* M 69 170 R 183,449 40.40 3 49
BU25 F 76 33 R 184,390 37.50 2 34
BU26 F 64 115 R 127,704 58.00 15 36
BU27¢c08* M 65 17 L 34,148 84.30 41 50
BU28 M 63 15 R 76,654 56.00 21 51
BU30c11® M 59 29 R 186,520 60.00 16 48
Mean 62.8 58.3 136,579.7 60.1 234 457
SD 10.2 51.8 81100.4 24.0 20.2 4.8
Untreated Patients (unPWA)
BUc01 M 49 49 R 87,587 85.50 53 49
BUc02 M 79 10 R 89,026 26.90 3 47
BUc05 M 49 67 R 317,071 32.30 3 44
BUc06 M 69 164 R 183,449 39.30 5 48
BUcO7NU M 39 17 R 26,221 71.30 36 52
BUc08 M 64 13 L 34,148 79.60 - 50
BUc09 M 62 21 L 1,565 91.50 39 49
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Patient ID  Sex (yégss) MPO  Handedness \I/_oelsd%nne W(?\I%C')A)\Q '(3/2'(;)— ZE;;
(mm°)

BUC10NU M 68 21 R 80,283 78.60 31 49
BUc11 M 58 23 R 186,520 61.80 10 51
BUc12 M 53 467 R 120,817 91.20 51 49
Mean 59.0 85.2 112,668.7 65.8 257 488

SD 11.8 141.9 94,592.8 24.6 20.6 2.2

Page 37

*
Asterisks indicate patients enrolled in the treatment group after first completing all stages of the study as untreated patients. Subject 1Ds of
patients who crossed over are appended with their ID from the untreated group (e.g., the first untreated control patient, BUc01, was enrolled in the

treatment group as BU08c01; the second untreated patient, BUc02, was enrolled in the treatment group as BU19c02; etc.).

Abbreviations: MPO: Months post-onset of aphasia; WAB AQ: Western Aphasia Battery Aphasia Quotient; BNT: Boston Naming Test; PPT:
Pyramids and Palm Trees test
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Table IV.

Page 38

Percentage of spared tissue in left hemisphere ROIs for all PWA. Higher values reflect more spared tissue (i.e.,

less damage) and lower values reflect less spared tissue (i.e., more damage).

Patient ID IFGorb IFGtri IFGop MFG PCG MTG SMG AG
Treated Patients (TXPWA)
BUO3 98.20 99.92 87.86 99.72 7738 1890 0.68 6.04
BUO4 99.92 100 99.77 100 100 20.80 68.24 58.39
BUO6 44,01 12.45 3.65 79.80 26.85 1950 0.07 0.23
BUO7 94.14 94.47 78.12 96,55 8531 8116 9.13 2559
BUO08c01 86.20 93.33 71.13 100 98.08 7225 86.62 100
BUO9 99.99 100 100 100 100 95.20 100 100
BU10 100 100 100 100 100 9197 30.75 4.15
BU11 100 100 100 100 100 99.65 100 100
BU12 24.73 26.42 1729 90.12 67.06 7695 572 8586
BU13 99.83 99.89 99.74 100 9942 99.99 99.71 99.31
BU14 80.47 64.83 46.46 9136 9416 6159 98.21 100
BU15 99.77 84.12 5449 60.05 44.26 99.77 96.18 49.67
BU16c05 86.50 54.19 19.97 4414 1086 1756 9.68 75.67
BU17 74.09 57.08 2855 97.23 9153 46.27 8452 94.82
BU18 90.36 93.70 86.01 99.92 98.89 96.76 88.03 99.19
BU19c02 54.72 66.74 48.98 98.67 8538 99.99 5255 90.66
BU20 47.82 10.64 17.09 9249 7993 7572 468 36.31
BU21 30.20 12.01 2.00 73.75 3200 80.25 0.79 66.58
BU22 100 100 100 100 100 97.87 99.05 99.05
BU23 93.71 64.99 1161 55.67 4820 8588 1732 91.99
BU24c06 65.01 66.71 60.77 96.65 93.00 41.64 67.53 58.68
BU25 86.01 87.64 7891 9315 9324 64.74 80.62 81.83
BU26 96.80 71.56 39.97 84.63 71.00 9139 8575 90.46
BU27c08 99.79 97.84 99.46  99.72 99.93 100 100 100
BU28 87.03 90.35 84.86 100 99.97 4872 8190 99.17
BU30c11 24.84 16.14 6.29 69.45 47.18 87.88 4141 100
Mean 79.39 7173 5934 8935 7860 7202 5804 73.60
Untreated Patients (unPWA)
BUcO01 86.20 93.33 71.13 100 98.08 7225 86.62 100
BUc02 54.72 66.74 48.98 98.67 8538 99.99 5255 90.66
BUc05 86.50 54.19 19.97 4414 1086 1756 9.68 75.67
BUc06 65.01 66.71 60.77 96.65 93.00 41.64 67.53 58.68
BUCO7NU 100 99.78 100 100 100 99.71 99.70 98.21
BUc08 99.79 97.84 99.46  99.72 99.93 100 100 100
BUc09 100 100 100 100 100 100 100 100
BUC10NU 61.92 6.49 1434 6315 75.61 100 100 100
BUc11 24.84 16.14 6.29 69.45 47.18 87.88 4141 100
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Patient ID IFGorb IFGtri IFGop MFG PCG MTG SMG AG

BUc12 82.64 42.27 6.35 9355 63.26 76.48 3555 99.14
Mean 76.16 64.35 5273 86,53 7733 7955 6930 9224

Abbreviations: IFGorb: inferior frontal gyrus pars orbitalis; IFGtri: inferior frontal gyrus pars triangularis; IFGop: inferior frontal gyrus pars
opercularis; MFG: middle frontal gyrus; PCG: precentral gyrus; MTG: middle temporal gyrus; SMG: supramarginal gyrus; AG: angular gyrus
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Table V.

Page 40

Response to treatment, as indicated by percent change in naming battery accuracy and effect sizes for trained/
experimental and control stimuli, and corresponding treatment response categorization. Percent change on the
naming battery reflects the difference in mean scores across 3-4 assessments at pre (i.e., pre-treatment/pre-
hold phase) and post (i.e., post-treatment/post-hold phase). Effect sizes for trained pictures in TXPWA and
corresponding untrained experimental pictures in unPWA reflect the average of participants’ two assigned
experimental categories. Response indicates whether participants achieved an effect size > 4.0 in at least one

trained category (TXPWA only). R: Responder; N: Nonresponder.

% Change in Naming Battery Accuracy

Treatment Effect Size

(post — pre)
Patient ID Trained/Experimental Control Trained/Experimental  Control  Response
Treated Patients (TXPWA)
BUO3 30.56 1.85 9.50 0.33 R
BUO4 50.00 6.48 8.70 0.56 R
BUO06 33.56 5.09 5.84 0.91 R
BUO7 19.44 7.41 4.27 1.88 R
BUO08c01 27.78 -0.92 3.63 0.00 R
BUO09 46.30 0.00 8.87 0.00 R
BU10 33.07 10.19 9.82 2.34 R
BU13 52.25 4.63 11.04 1.32 R
BU14 50.00 10.19 8.33 1.49 R
BU15 15.74 -3.70 3.66 -1.15 R
BU17 48.15 6.48 11.84 2.02 R
BU18 37.96 0.00 5.47 0.24 R
BU19c02 16.67 0.92 5.20 0.12 R
BU20 41.67 3.70 5.08 1.29 R
BU22 10.19 4.63 3.15 1.08 R
BU27c08 28.70 3.70 4.59 0.61 R
BU28 40.74 -0.93 5.43 0.01 R
BU11 19.44 1.85 2.10 0.38 N
BU12 741 -0.92 1.15 -0.32 N
BU16c05 7.41 6.48 231 0.00 N
BU21 5.56 0.00 1.74 0.00 N
BU23 3.70 -2.78 0.67 -0.87 N
BU24c06 12.96 0.93 2.07 0.29 N
BU25 5.56 0.00 0.72 0.00 N
BU26 13.89 -1.85 3.23 -0.33 N
BU30c11 24.07 0.00 2.29 0.00 N
Mean 26.26 2.44 5.02 0.47
SD 15.95 3.83 3.30 0.86
Untreated Patients (unPWA)
BUc01 -3.7 4.86 -0.70 0.97
BUc02 1.85 -0.93 0.15 -0.58
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% Change in Naming Battery Accuracy

Treatment Effect Size

(post — pre)

Patient ID Trained/Experimental Control Trained/Experimental Control  Response
BUc05 -7.41 -2.78 -1.16 -0.91
BUc06 0.00 0.92 0.00 0.29

BUCO7NU 9.26 5.56 1.09 1.12
BUc08 4.63 2.78 0.55 0.87
BUc09 28.70 16.67 2.16 2.75

BUCc10NU -5.56 5.55 -1.35 1.44
BUcl1 14.58 3.47 3.28 0.39
BUc12 12.04 1.85 2.46 0.07
Mean 5.44 3.80 0.65 0.64

SD 11.03 5.29 1.58 1.05
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