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Abstract

Five nonfluent aphasia patients participated in a picture-naming treatment that used an intention
manipulation (opening a box and pressing a button on a device in the box with the left hand) to
initiate naming trials and was designed to re-lateralize word production mechanisms from the left
to the right frontal lobe. To test the underlying assumption regarding re-lateralization, patients
participated in fMRI of category-member generation before and after treatment. Generally, the
four patients who improved during treatment showed reduced frontal activity from pre- to post-
treatment fMRI with increasing concentration of activity in the right posterior frontal lobe (motor/
premotor cortex, pars opercularis), demonstrating a significant shift in lateraliity toward the right
lateral frontal lobe, as predicted. Three of these four patients showed no left frontal activity by
completion of treatment, indicating that right posterior lateral frontal activity supported category
member generation. Patients who improved in treatment showed no difference in lateralization of
lateral frontal activity from normal controls pre-treatment, but post-treatment, their lateral frontal
activity during category-member generation was significantly more right lateralized than that of
controls. Patterns of activity pre- and post-treatment suggested increasing efficiency of cortical
processing as a result of treatment in the four patients who improved. The one patient who did not
improve during treatment showed a leftward shift in lateral frontal lateralization that was
significantly different from the four patients who did improve. Neither medial frontal nor posterior
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perisylvian re-lateralization from immediately pre- to immediately post-treatment images was a
necessary condition for significant treatment gains or shift in lateral frontal lateralization. Of the
three patients who improved and in whom posterior perisylvian activity could be measured at
post-treatment fMRI, all maintained equal or greater amounts of left-hemisphere perisylvian
activity as compared to right. This finding is consistent with reviews suggesting both hemispheres
are involved in recovery of language in aphasia patients.
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INTRODUCTION

It has been clear for more than a century that right-hemisphere mechanisms contribute to
language recovery in some patients with aphasia. In particular, right-hemisphere lesion after
functional recovery in aphasia can cause deterioration of language (Barlow, 1877; Basso et
al., 1989; Gowers, 1887), as can temporary right-hemisphere inactivation during Wada tests
(Kinsbourne, 1971). More recent functional imaging studies have provided mixed evidence
regarding right-hemisphere participation in language for aphasia patients. However, when
the extant literature is carefully reviewed, it indicates that both the right and left hemispheres
contribute to language in aphasia (Crosson et al., 2007a). Some evidence suggests that in
nonfluent aphasia, right frontal structures are engaged when their left-hemisphere
counterpart is damaged (Blank et al., 2003). Hence, in chronic nonfluent aphasia,
reorganization of some language production functions to the right hemisphere may be
desirable. Yet, many patients fail to demonstrate such reorganization, even with
conventional therapy (e.g., Kim et al., 2002).

Thus, a naming treatment was designed to stimulate reorganization of word production to
the right lateral frontal lobe. The treatment used a complex left-hand movement to initiate
picture-naming attempts. The complex left-hand movement involved opening a box and
pressing one of four buttons on a device within the box. Pressing the correct button resulted
in presentation of a picture to name on a computer monitor while pressing an incorrect
button had no result. The rationale for the treatment was that the complex left-hand
movement would activate intention mechanisms in the right medial frontal lobe (e.g., Picard
& Strick, 1996), which in turn would activate right lateral frontal structures that could
participate in picture naming. This intention treatment was inspired in part by observations
that language performance of some patients with parietal lesions improved with an attention
manipulation, i.e., moving stimuli into the ipsilesional hemispace (Coslett, 1999). If an
attention manipulation improved language performance in patients with parietal lesions, then
an intention manipulation (complex left-hand movement) might improve performance for
patients with nonfluent aphasia, which is commonly accompanied by frontal lesions (see
Crosson et al., 2007b for the detailed treatment rationale).

The new intention treatment was tested in an efficacy study by administering it and a
comparison attention treatment to 34 patients with chronic nonfluent aphasia using a cross-
over design (Crosson et al., 2007b). For 11 patients with profound naming impairments
(picture naming < 20% correct on 40 items with 12 high, 12 medium, and 16 low frequency
target words; Mean Boston Naming Test = 1.50 of 60 items correct, SD = 2.32), there were
no differences between treatments, with roughly half of the patients improving in both
treatments. However, in the 23 patients with moderate (picture naming > 70% correct on the
40 items; Mean Boston Naming Test = 33.00 items correct, SD = 8.45) to severe (20 <
picture naming < 70% correct on the 40 items; Mean Boston Naming Test = 12.82 items
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correct, SD = 9.48) naming impairments, this intention treatment produced a faster rate of
relearning picture names than did the comparison treatment, and produced a significant
treatment response in 89% of patients. Further, treatment effects generalized to untrained
items. Yet, these findings, no matter how encouraging, do not demonstrate that the treatment
had the intended effect of engaging right lateral frontal mechanisms. Crosson et al. (2005)
presented preliminary fMRI data showing that one patient who benefitted from the intention
treatment re-lateralized frontal mechanisms to the right hemisphere during category member
generation from pre- to post-intention treatment. The frontal activity of a second patient,
who also benefitted from treatment, appeared to be completely re-lateralized to the right
hemisphere prior to receiving the intention treatment, when image analysis was time-locked
solely to spoken response as opposed to stimuli that evoked responses.

The current report expands the fMRI inquiry to five of the patients from our previous
efficacy study (Crosson et al., 2007b). These patients received fMRI during category-
member generation immediately before and immediately after a six-week course of the
intention treatment. The purpose of this fMRI inquiry was to determine whether the intended
changes in the neural substrates of word production occurred as a result of the intention
treatment. An improved method of image analysis, combining response- and stimulus-
locked approaches (explained below) (Crosson et al., 2007a), was used. Further, because
normal older persons may demonstrate greater right-frontal activity than younger persons for
word finding tasks (Wierenga et al., 2008), the current report includes for comparison
purposes fMRI findings for a normal age-matched control group on the same word-
production task. The main hypothesis was that a positive response to the intention treatment
would be accompanied by increased lateralization of lateral frontal activity to the right
frontal lobe. Specifically, it was hypothesized that patients who showed significant
improvement during treatment would demonstrate increased prominence of right lateral
frontal activity during word production, as indicated by shift in fMRI lateral frontal laterality
indices rightward from pre- to post-treatment. Also, it was hypothesized that patients who
showed significant improvement during treatment would demonstrate greater lateral frontal
right-hemisphere lateralization post- (but not pre-) treatment than normal age-, education-,
and gender-matched controls.

Pre- and post-treatment fMRI data also were used to address three additional questions. (1)
The putative mechanism by which right lateral frontal mechanisms were engaged is that the
intention manipulation (complex left-hand movement) engages right medial frontal intention
mechanisms. In turn, these right-hemisphere mechanisms are thought to activate right lateral
frontal structures that, as a result of activation, become engaged in language production.
This theoretical proposition raises the following question: Is it hecessary for medial frontal
structures to demonstrate a rightward shift in lateralization for improvement in treatment or
for a rightward shift in lateral frontal activity to occur? (2) Data suggest that both right- and
left-hemisphere mechanisms may contribute to language recovery (Crosson, 2007; Crosson
et al., 2007a). Further, relateralization of activity to the right hemisphere often occurs in
structures homologous to the damaged structures (e.g., Blank et al., 2003; Calvert et al.,
2000; Lazar et al., 2000; Thulborn, 1999; Weiller et al., 1995). Such data suggest that even
when right-hemisphere structures are engaged in the service of language functions in
aphasia, residual knowledge of language in the left hemisphere is useful for leveraging
recovery or treatment gains. This analysis indicates that even if the intention treatment is
successful in increasing right frontal participation in language production, it may also be
necessary to use residual language knowledge in the left posterior perisylvian cortex, raising
the following question: Does left posterior perisylvian cortex remain active after the
intention treatment induces a rightward shift in lateral frontal activity during word
production? (3) Some rehabilitation studies suggest that activity may become more focused
and less diffuse as rehabilitation proceeds (e.g., Dobkin et al., 2004). Indeed, repetitive
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transcranial magnetic stimulation (rTMS) data suggest that right pars triangularis activity
actually may impede language recovery, even though activity in more posterior right inferior
frontal cortex (right pars opercularis) may support language recovery (Naeser et al., 2005).
These data raise the following question: Will post-intention treatment activity become more
focused than pre-treatment activity and will activity in right frontal cortex be confined to
structures posterior to pars triangularis?

Participants with aphasia—~Five aphasia patients (3 female) with moderate to profound
word-finding impairment from left-hemisphere infarction were recruited from a larger study
of the intention treatment (Crosson et al., 2007b). All patients received both the intention
treatment and a comparison attention treatment. Demographic data from the five patients are
presented in the top portion of Table 1. Briefly, all participants were premorbidly right-
handed as determined by interview of patients or relatives knowing patients prior to stroke.
Mean age was 55.0 years (SD = 11.0); four were between the ages of 47 and 54 years; the
fifth was 74. Mean education was 14.2 years (SD = 2.28); education varied between 12 and
18 years. Mean time from most recent stroke was 35.6 months (SD = 30.50); time post onset
varied from 8 to 83 months. All patients had nonfluent aphasias at two to four weeks post-
stroke as determined from medical records, aphasia treatment records, or in some cases,
interview of a relative. For purposes of this study, nonfluent aphasia was defined as
difficulty initiating and maintaining spoken language output, i.e., hesitations in initiating
spoken output, and frequent pauses between words and short phrases. Agrammatism was not
required for this diagnosis.

Table 1 also gives language test scores for participants with aphasia just prior to the
intention treatment. In general, patients were either moderately impaired in language
functions (n = 3) with Western Aphasia Battery (WAB) Aphasia Quotients (AQSs) just prior
to the intention treatment between 68.8 and 81.4, or they were profoundly impaired in
language functions (n = 2), with AQs of 27.0 and 32.3. Raw Boston Naming Test (BNT)
scores were consistent with these AQs. The three moderately impaired patients had BNT
scores between 39 and 50 items correct (maximum score = 60), and the two profoundly
impaired patients each had a BNT score of 1 item correct. WAB scores for Fluency,
Naming, Comprehension, and Repetition are given in Table 1. Aphasias were classified as
Anomic in two moderately impaired patients and as a mild Broca’s aphasia in the third. Both
profoundly impaired patients had Broca’s aphasia.

Damage was limited to the left hemisphere per inclusion criteria; patients with a history of
other neurological impairment were excluded. Three patients (02-030, 03-031, 00-008) had
non-lacunar, non-hemorrhagic, middle cerebral artery (MCA) infarcts that varied in size and
location. One patient (03-004) had both hemorrhagic and ischemic components to her left-
hemisphere damage, and one patient had extensive left perisylvian damage
(posterior>anterior) and a partial resection of the left parietal lobe after a left-sided
intracerebral hemorrhage. Figure 1 shows eight axial and six sagittal T1-weighted MRI
slices for each subject, with the caption describing each patient’s lesion in detail. It is worth
noting here that the moderately impaired patients had lesions largely centered in anterior
cortex, but the profoundly impaired patients had posterior lesions extending into anterior
cortex or white matter. All subjects had right hemiparesis; three (02-030, 03-031, 03-004)
were described as having minimal or no movement of the right hand.

Age-matched controls—Five neurologically normal controls (3 females), who
performed the same word generation paradigm during a separate fMRI study, were selected
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to match the participants with aphasia for age, education, and gender. Demographic data for
controls are presented at the bottom of Table 1. Mean age was 57.6 years (SD = 14.88); age
for controls varied between 42 and 74 years. Mean age for controls did not significantly
differ from the mean age of aphasia participants t(8) = 0.31, p > .05. Mean education for
controls was 14.2 years (SD = 3.63) ; education varied between 9 and 18 years. Mean
education of controls did not differ from that of aphasia participants t(8) = 0.00, p > .05. The
gender distribution of the control and aphasia groups was identical. All controls were right
handed.

Written informed consent was obtained from each participant for treatment (participants
with aphasia only) and fMRI, separately prior to the study, according to procedures
established by University of Florida Institutional Review Board, and research was
completed in accordance with guidelines of the Helsinki Declaration.

Intention Treatment

Intention treatment—Participants with aphasia were part of a larger study of the intention
treatment (Crosson et al., 2007b). In addition to the intention treatment, participants received
a comparison attention treatment. Because this paper deals only with fMRI scans from
immediately pre- and post-intention treatment, the attention comparison treatment will not
be described further. During the intention treatment, patients initiated picture-naming trials
and correction procedures, when necessary, with a complex left-hand movement. A complex
(multistage) movement was selected because such movements engage pre-SMA, the medial
frontal area most important in word generation (Picard & Strick, 1996). Treatment was
administered in three phases of 10 treatment sessions each. Treatment sessions were
conducted daily, five days per weeks for six weeks.

During phase 1, patients sat directly in front of a computer monitor. The therapist sat behind
and to the patient’s left. A flashing star (1 X 1 inch) appeared at the center of the monitor
and a 1,000 Hz tone sounded. To present a picture, patients used their left hand to lift the lid
on a box located to their left and to press a specific button on a device within the box. The
button press caused the tone and star to disappear, and after two seconds, a black and white
line drawing appeared at the center of the monitor. Patients had 20 seconds to name the
picture. If they gave a correct response, they proceeded to the next trial. If not, the therapist
provided the correct name while making a non-meaningful circular left-hand gesture. The
subject repeated the correct name aloud while making this gesture. Up to three correction
attempts were allowed. The same set of 50 pictures was used throughout this phase.

During phase 2, the patient and therapist were positioned similarly to phase 1. The flashing
star appeared on the monitor cuing the patient to initiate trials with the complex left-hand
movement, but the tone was eliminated from the cue. The patient trained on a different set of
50 line drawings from phase 1. Otherwise, the trial structure for phase 2 was similar to that
of phase 1.

During phase 3, the patient and therapist were positioned as in previous phases. In this phase
when patients saw the flashing star, they performed a non-meaningful circular left-hand
gesture. The therapist initiated picture presentation once the patient repeated this gesture
three times. The subject was trained on 50 line drawings different from those used in other
phases. The rationale for introducing the gesture to initiate naming trials was that the patient
could use it outside of the therapy session to assist word retrieval. Other aspects of phase 3
picture-naming trials were similar to those of phases 1 and 2.

Treatment Stimuli—Three sets of 50 black and white line drawings (total=150), 10.2 cm
X 10.2 cm were used for naming trials. A different set was used for each treatment phase.
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For patients with profound word-finding impairments (02-036, 03-004), each picture set
contained 15 high-frequency (>21 occurrences/million; Francis & Kucera, 1982), 15
medium-frequency (4-20 occurrences/million), and 20 low-frequency (<3 occurrences/
million) items. Since patients with moderate word-finding impairments (02-030, 03-031,
00-008) scored too close to ceiling to use such picture sets, all 50 pictures from each of the
three sets used for their treatment consisted only of low frequency items. Each set of items
for both levels of word-finding impairments contained pictures of 9 living and 41 nonliving
objects.

Daily probe stimuli—During baseline sessions before treatment and prior to each
treatment session, patients performed a naming task to establish pre-treatment baseline
performance and to monitor treatment progress, respectively. During probes, patients sat
directly in front of the computer monitor and attempted to name the line drawing within 20
sec. No treatment manipulation was applied, and no feedback regarding response accuracy
was given. Each naming probe set contained 40 black and white line drawings, 10 pictures
from each of the treatment phases and 10 pictures not trained during any treatment phase.
For patients with profound impairment, each probe set contained 12 high frequency, 12
medium frequency, and 16 low frequency words, paralleling the frequency distribution of
treatment sets. For patients with moderate word-finding impairments, probe sets consisted of
40 low frequency words. Each probe set had similar proportions of living and nonliving
items to the treatment sets.

Treatment procedures—Before starting treatment, each patient had to demonstrate eight
consecutive baseline sessions with no significant upward trend as ascertained by the C
statistic (Tryon, 1982). Probe and treatment sessions were given daily, five days per week.
Treatments were administered in a cross-over design, with at least one month between
treatments. The intention treatment was given first to three patients (02-030, 00-008,
02-036), and the attention treatment was given first to two patients (03-031, 03-004). Three
methods developed to evaluate AB treatment designs were employed to evaluate progress on
daily probe stimuli:

1. The C statistic (Tryon, 1982) was used to establish that there was no significant
upward trend in baseline performance (percent correct responses) for eight
consecutive baseline sessions before treatment was begun. If there was a significant
upward trend in the data in accordance with the C statistic, additional baseline
sessions were given until no significant upward trend existed. Because daily probes
were administered immediately before daily treatment sessions, the probes given
before the first treatment session constituted a ninth baseline session, and the C
statistic was calculated again to ensure that all nine points represented a stable
baseline. The baseline Z scores derived from the C statistics varied between -0.34
to 0.77; a significant Z score at p < .05 requires that Z > 1.64. Hence, no baseline
was close to demonstrating a significant upward trend. After treatment, the entire
time series (baseline and treatment probes) for each patient was tested to determine
if there was a significant upward trend in treatment, in accordance with procedures
described by Tryon (1982).

2. The C statistic can be sensitive to changes of a single time point near the end of a
time series if the variability between sessions is small. Hence, we calculated effect
sizes consisting of the mean percent correct for phase 3 minus the the mean percent
correct for baseline (nine points) and dividing this difference by the SD of baseline
performance. Based on Student’s t distribution, an effect size of 2.31 was
considered significant at the .05 level of probability, and an effect size of 3.36 was
considered significant at the .01.
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3. Because the C-statistic can be sensitive to patterns in time series other than shifts in
level and slope from baseline (Gorman and Allison, 1996), a test specific to
changes from baseline trends was needed. Hence, a modification of the
conservative dual criteria (CDC) test (Fisher et al., 2003) was used to determine if
changes during treatment were significantly above the trend projected from
baseline. For the CDC, a line is drawn through the mean baseline score + .25 SD.
Further, a trend line (least squares) is drawn through the baseline data and .25 SD is
added to that trendline. The number of points during treatment that must be above
each line for a predetermined significance level is determined using the binomial
distribution, assuming that any point is equally likely to be above the line or on or
below it. However, such trend lines can be extremely vulnerable to small
fluctuations at the beginning or end of baseline, and the CDC was not designed for
situations in which there is a learning curve. Hence, the following modifications
were made to the CDC: (a) Only points during phase 3 were tested when all three
sets of trained stimuli had been trained or were being trained, maximizing learning
effects. (b) When the first point or two in baseline was below other baseline points,
both the linear trend line and a negatively accelerating trend line (natural log) were
calculated, and whichever trend line accounted for the most variance in its least
squares solution was used. For the modified CDC we assumed that all baseline
points that were taken would give us the most reliable trend lines. (More than eight
baseline sessions were necessary in only one patient to establish a stable baseline,
as described above.) It was not unusual for some patients in our larger series
(Crosson et al., 2007) to demonstrate a small number of increasing baseline
sessions before demonstrating a stable baseline. (c) When the last point or two of
baseline was either above or below the other baseline sessions, it could have a
strong influence on the slope of the trend line. In such cases, the probes preceding
the next two treatment sessions were added to the nine baseline points to establish
the trend line. If the last baseline point or two were outliers, the additional points
would regress back toward the mean because little learning had occurred. However,
if the last baseline point(s) were not outliers, then the upward trend would become
obvious.

Word generation task—To image word production, patients participated in a category-
member generation task during pre- and post-treatment fMRI sessions. To begin a trial,
patients heard a single category (e.g., “birds”) and attempted to generate aloud a single
category member (e.g., “eagle™). Category-member generation was chosen as the
experimental task over simple object naming because of the importance of medial frontal
activity in the conceptual model of treatment and because previous research showed that
medial frontal activity was more robust during category-member generation (Crosson et al.,
2001). Based on the concept that the intention treatment would re-lateralize word production
in general, we assumed that generalization would exist between the picture-naming task on
which patients were trained during treatment and the category-member generation task used
for fMRI. Patients were instructed at all times to look at a fixation cross outside the scanner
(through the mirror attached to the head coil) and not to think of any words to themselves
between trials. A minimally active baseline task (visual fixation) was chosen to optimize
identification of language-related activity (Newman et al., 2001).

L}t can also be argued that when trend lines account for less than 10% of the variance in baseline, a horizontal line through the mean is
the best representation of the baseline trend. In this case, the trend line + .25 SD would be equivalent to the line representing the mean
+.25 SD, the other criterion line for CDC.
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Length of trials and intertrial intervals were designed to avoid contaminating hemodynamic
responses with head motion from spoken responses in subsequent trials, limiting motion
artifacts to the initial portion of the hemodynamic response (Crosson et al., 2007a). For all
subjects, five experimental runs of 9 trials each were given. For patients with nonfluent
aphasia, trials were 9.96 sec (6 images) in length to allow patients adequate time to generate
a response. Intertrial intervals (ITIs) varied in length to facilitate data analysis using AFNI’s
(Cox, 1996) deconvolution option. One ITI was 14.94 sec (9 images) in length, three were
16.60 sec (10 images), two were 18.26 sec (11 images), and two were 19.92 sec (12 images).
These ITI lengths were placed between trials in a pseudorandom fashion. Intervals before
the first trial and after the last trial were 18.26 sec (11 images).

Because normal controls responded rapidly and accurately and because pilot data suggested
they had slightly shorter hemodynamic responses, their trial lengths were shorter and the
intertrial intervals were shortened slightly. Trial length was 4.98 sec (3 images). One ITI
was 11.62 sec (7 images) in length, three were 13.28 sec (8 images), two were 14.94 sec (9
images), and two were 16.60 sec (10 images). The intervals before the first trial and after the
last trial were 13.28 sec (8 images). For all participants, stimuli were played from a CD with
volume determined individually for maximum comfort level via a Commander XG Audio
System (Resonance Technology, Inc.). Patient responses were recorded onto a laptop
computer (Gateway) hard drive using Cool-Edit software (Syntrillium Software). Responses
were scored for accuracy off-line, and the onset time of each response was recorded for use
in image analysis.

Image Acquisition—For three participants with nonfluent aphasia (02-030, 00-008,
02-036) and for normal controls, fMRI data were acquired with a 3T Signa LX scanner
(General Electric) with a dome-shaped quadrature radio frequency coil (InVivo). Thirty-two
contiguous sagittal slices covering the whole brain were acquired using a 1-shot spiral
sequence (1660ms TR; 18ms TE; 70 degree flip angle; 64 x 64 matrix; 200mm FOV; 4mm
thickness). An additional 6 images (9.96s) were added to the beginning of the run to allow
MR signal to reach equilibrium. Anatomic images were obtained using a T1-weighted
spoiled GRASS sequence (23ms TR; 6ms TE; 25 degree flip angle; 256 x 192 matrix;
1.3mm thickness; 124 sagittal slices, 240mm FOV). For two participants (03-031, 03-004),
images were acquired on a 3 T Allegra scanner (Siemens) with a standard head coil. Thirty-
two continuous axial slices were acquired using a gradient echo echo planar sequence
(1660ms TR; 25ms TE; 70 degree flip angle; 200mm FOV; matrix=64x64; 4mm thickness).
Anatomic images were obtained using a T1-weighted MP-RAGE sequence (2000ms TR;
4.13ms TE; 8 degree flip angle; 256 x 192 matrix; 1.3mm thickness; 128 axial slices;
240mm FOV). In all cases, foam padding limited head motion during scanning.

Although collection of fMRI data on a larger sample of patients was planned, images for the
intention treatment were not available in some patients due to poor quality images (n=3),
illness (n=1), patient unavailability (n=1), equipment malfunction (n=1), or discomfort in the
scanner (n=1). Of the remaining five patients on whom this study was conducted, images
were not available for the attention treatment in three patients, due to equipment malfunction
(n=2) and replacement of the scanner (n=1). Thus, fMRI data are presented only for the
intention treatment.

Image Analysis—Image analysis was performed with AFNI (Cox, 1996) and programs
developed in our laboratory. Using a 3-dimensional rigid body registration, functional
images were aligned to a base image from the functional volume acquired closest in time to
structural images. Linear trends in the time series of each run were removed, and five runs
then were concatenated. Voxels in which the standard deviation exceeded mean signal
intensity by more than 8% were excluded from the analysis to mitigate large vessel effects
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and other artifacts. To allow for maximum accuracy in localizing activity at boundaries
between the regions of interest described below, no spatial smoothing was applied to
images. AFNI’s deconvolution analysis (http://afni.nimh.nih.gov/afni/) was used to estimate
average hemodynamic responses (HDRs) for all trials on which responses were made. The
initial deconvolution was time locked to each image in which an overt spoken response
began. All analyses for patients included the subsequent 26.5 sec of signal (16 images).
Because hemodynamic response times for normal controls were shorter than those of
patients, only 19.92 sec of signal (12 images) subsequent to spoken responses were
deconvolved for controls. The deconvolution program produces an R statistic evaluating
goodness of fit between the modeled hemodynamic responses in the temporal sequence of
events and the acquired time series.

For all subjects, the time series in each voxel was corrected for residual motion artifacts
using a refinement of the selective detrending procedure developed in our laboratory. In
brief, this procedure (1) estimates residual-motion-related artifacts by selecting deconvolved
responses (DRs) from several voxels outside the brain with high R2 values, and then (2)
removes the artifact most highly correlated with each brain voxel’s time series when this
correlation exceeds .50. (See Crosson et al. (2007a), Gopinath (2003), and Gopinath et al.
(2009) for details.) For one patient’s (02-036’s) pre-treatment images, task-correlated
artifacts had durations too long (15 — 20 sec) to be reduced by the selective detrending
algorithm, so a second detrending technique was employed in addition to selective
detrending. As in the former technique, voxels outside the brain significantly correlated with
the task’s time vector were selected. Time series from 1,000 such non-brain voxels were
averaged to estimate a time course for the task-related artifact in the MR signals. This
estimated artifact time course was detrended separately for each task event from each brain
voxel’s time series using linear regression (unconstrained least squares fits).

For all subjects, deconvolution analyses were subsequently repeated on the detrended time
series, (1) time locked to the participants’ spoken responses (response-locked analysis), and
(2) time locked to stimulus onset (stimulus-locked analysis). Then, for all subjects, voxels
for a “union” image were populated with the higher of the R? values from the response-
locked and the stimulus-locked analyses. This procedure was used for two reasons. First,
aphasia participants’ reaction times to speak category-member names were long and
variable, so that the response time vector was not merely a shifted version of the stimulus
time vector. Second, stimulus-locked and response-locked analyses can under these
conditions bring out different patterns of activation reflecting different relative contributions
of perceptual versus retrieval versus production aspects of the task (see Crosson et al.,
2007a, for more detail). Although preliminary analyses from two of these patients (02-030,
00-008) were presented previously (Crosson et al., 2005), those preliminary analyses were
conducted only on correct spoken responses and exclusively with a response-locked
deconvolution. Thus, the current findings for these two subjects differ to some degree from
the previously reported preliminary findings. Further, the inclusion of more patients in the
current report allows for the use of group statistics for some analyses that could not be used
in the preliminary report.

Prior to analysis of pre- and post-treatment data of participants with aphasia, images were
equated for sensitivity to BOLD response across sessions on a voxel by voxel basis using an
algorithm developed in our laboratory (Gopinath et al., 2005). In brief, this procedure used
the residual variance from a second deconvolution analysis to estimate the noise structures
of pre- and post-treatment images. Different known amounts of signal (i.e., simulated
hemodynamic responses) were added to the noise bed for both image sets, and detection
probability curves (fraction of voxels in the dataset activated as a function of R2) at each of
the different levels of added signal, were generated for each dataset. These detection
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probability curves then were used to equate the pre-treatment and post-treatment R?
distributions for sensitivity (probability of correctly detecting simulated signals of known
amplitudes). This procedure can compensate for differences in noise structure,
hemodynamic responses, or numbers of responses between pre- and post-treatment fMRI
scans.

After correction for motion-related artifacts and equating for sensitivity, images were
resampled to 1 cubic mm resolution in Talairach coordinate space (Talairach & Tournoux,
1988). A statistical threshold of R2 > .20 (p < .000001, uncorrected) and a contiguity
threshold of volume > 95 microliters were used jointly to select areas of activity for
interpretation across all subjects so that the possibility of interpreting false positive
responses was minimized. Anatomic localization was determined by visual inspection of
images with occasional assistance of the Talairach atlas (Talaraich &Tournoux, 1988) to
identify the appropriate landmarks. Two operators, trained in neuroanatomy and a
localization algorithm, localized each significant cluster of activity. When disagreement
between the raters existed regarding location of activity, the operators met to resolve
differences. In instances where operators could not agree regarding location of a cluster, a
third experienced investigator met with the operators to resolve the difference. Broad
regions of interest (ROIs) were specified for further analysis and included: lateral frontal
cortex, medial frontal cortex, and posterior perisylvian cortex. Lateral frontal cortex was
defined as encompassing the inferior frontal gyrus, the middle frontal gyrus, the superior
frontal gyrus up to but not including the point at which it transitions to the medial wall of the
hemisphere, and the precentral gyrus including the anterior bank of the central sulcus.
Medial frontal cortex included supracallosal elements anterior to motor cortex, including the
portion of the superior frontal gyrus on the medial wall, the cingulate gyrus, and the
paracingulate gyrus (when present). Posterior perisylvian cortex was defined as consisting of
the angular gyrus, the supramarginal gyrus, the superior temporal gyrus, and the middle
temporal gyrus. For each ROI, laterality indices were calculated based on the volume of
significant activity for the ROI in the left and right hemispheres using the following
formula:

(left — right)/(left+right).

It should be noted that a positive laterality index signifies greater left- than right-hemisphere
activity for the ROl in question and that a negative laterality index signifies greater right-
than left-hemisphere activity for the ROI.

RESULTS

Cognitive/Treatment Findings

Treatment response—Graphs of probes for baseline and treatment phases are presented
in Figure 2, with the criterion lines for the modified CDC, as described above. The three
measures of treatment gains are shown in Table 2. Four patients (02-030, 03-031, 00-008,
02-036) demonstrated significant treatment gains as determined by all three measures (C
statistic, effect size, modified CDC). One patient (03-004) did not demonstrate significant
gains on any measure. The patients who improved made variable gains in other areas as
indicated by a significant increase in their WAB AQs (mean increase = 5.58, SD = 2.32, t =
4.81, df = 3, p <.05). Patient 03-004, who did not improve in treatment, showed a similar
gain in AQ (6.9 points), but most of this gain was due to a large increase in comprehension.
With respect to improvement during treatment, it should be noted that this small sample is
representative of the larger sample from which these cases were drawn (Crosson et al.,
2007b). Specifically, all three of the moderately impaired patients improved during
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treatment, compared to 89% of the moderately to severely impaired patients in the larger
sample, and one of two profoundly impaired patients improved during treatment compared
to 55% of the larger sample.

Category member generation during fMRI—A category-member generation task was
used for fMRI because it demonstrates medial frontal activity better than naming specific
items (Crosson et al., 2001). The number of correct responses and the total number of trials
on which a verbal response was given for both pre- and post-treatment fMRI are shown in
Table 2. The assumption was made that treatment effects would generalize to this task from
the picture-naming task used in treatment because relateralization of production mechanisms
should not be limited to one task. In order to relate activity patterns from the fMRI scanning
sessions to treatment responses, it was important to test this assumption. Thus, performance
on the category-member generation task was compared from pre- to post- treatment using a
one-tailed repeated measures t test. The four patients who improvement during treatment
demonstrated a significant increase in accuracy of category-member generation from pre- to
post-treatment fMRI scans (mean increase = 5.25%, SD = 2.5, t=4.20, df=3, p<.01),
indicating that picture-naming treatment effects generalized to category-member generation.

Pre- and Post-Intention Treatment fMRI Findings

Figure 3 shows pre- and post-intention treatment whole-brain images for all five subjects.
Image slabs were selected to best display frontal activity and, therefore, vary in axial
boundaries within and between patients. Images were corrected for sensitivity between
sessions within subject, but there is variability between patients in image sensitivity.
However, the laterality indices used in analyses below put patient data into a comparable
metric for which between-patient sensitivity differences are less of an issue. Also, it should
be noted that a high statistical threshold (p < .000001, uncorrected) was chosen and applied
to all images to reduce false positive activity, but in some cases, also may have reduced
sensitivity to true activity. Further, no spatial smoothing was used on the current data to gain
precision in anatomical localization at the boundaries of regions of interest. Images in the
literature frequently have substantial spatial smoothing, which can act to increase the size of
activity clusters as well as to distort cluster location relative to structural landmarks.

Lateral frontal cortex—The main research question was whether a positive response to
the intention treatment was accompanied by increased lateralization of lateral frontal activity
to the right frontal lobe. Pre-treatment and post-treatment lateral frontal laterality indices,
and the difference between these indices are shown in Table 2 under the “Lateral Frontal”
heading. Under the main hypothesis for this study, it was expected that patients who showed
significant improvement during the intention treatment would demonstrate a shift in fMRI
lateral frontal laterality indices for category-member generation toward the right hemisphere
from pre- to post-treatment. One way to approach the data is to assess the pattern of change
in lateral frontal laterality indices relative to the pattern of therapeutic change. Specifically,
what was the probability that the one patient who failed to improve during treatment would
be the one and only of the five patients to show a leftward shift in lateral frontal laterality
indices, as opposed demonstrating a rightward shift or no change? If these two possibilities
are considered equally likely (i.e., a probability of .5 is assigned to each event), then the
probability that 03-004 would be the only patient to show a leftward shift is .03.

The problem can also be approached parametrically. Because patients who improved in
treatment were expected to show a rightward shift in laterality indices (directional
hypothesis), a one-tailed t test was used to test the mean change in laterality indices from
pre- to post-treatment for the 4 patients who did improve during treatment against a null
hypothesis of no change in laterality. The 4 patients who improved in treatment showed a
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significant rightward shift in the lateral frontal laterality index when pre- and post treatment
laterality indices were compared t = -2.674, df = 3, p <.05, as expected (mean post- minus
pre-treatment laterality index = -0.238, SD = 0.178).

Also, it was hypothesized that patients who showed significant improvement during
treatment would demonstrate greater right lateral frontal lateralization post- (but not pre-)
treatment than the normal age-matched control group. Given the directionality of this
hypothesis, one-tailed tests were used. Laterality indices for control subjects are shown in
Table 3. Although the mean lateral frontal laterality index of the normal controls (mean
laterality index = -0.150, SD = 0.260) was somewhat less right lateralized than that of
patients prior to treatment (mean pre-treatment laterality index = -0.585, SD = .438), this
difference was not significant, t = -1.37, df = 7, p > .05. However, the mean laterality index
for lateral frontal cortex of nonfluent aphasia patients after treatment (mean post-treatment
laterality index = -0.823, SD = 0.355) showed significantly greater right lateralization than
did that of controls, t = -3.13, df = 7, p < .01. This significantly greater right lateralization
for patients than controls after treatment can be attributed to the patients’ significant
rightward shift in lateralization from pre- to post-treatment. It should be noted that at post-
treatment, three of four patients who improved in treatment showed lateral frontal activity
completely lateralized to the right hemisphere. No normal subject demonstrated complete
lateralization of lateral frontal activity to the right hemisphere.

Finally, it was of interest to determine if the lateral frontal lateralization of the patient who
failed to improve in treatment (03-004), either before or after treatment, was unique in
comparison to the patients who improved or whether she demonstrated a different change in
laterality than patients who improved in treatment. Thus, t tests were calculated to determine
if the index/change in index for the patient who did not improve lay significantly outside the
range of laterality indices/changes in indices for patients who did improve in treatment.
Prior to the intention treatment, there was no significant difference between the lateral
frontal laterality index for patient 03-004 (pre-treatment laterality index = -0.18) and the
average pre-treatment lateral frontal laterality index for the patients who subsequently
improved in the intention treatment (see mean and SD above), t = -0.925, df = 3, p > .05.
However, at the end of the intention treatment, the laterality index of 03-004 (post-treatment
laterality index = 0.39) was significantly different from the average post-treatment laterality
index of the patients who did improved during treatment (see mean and SD above), t =
-3.417, df = 3, p <.05. This finding reflects that the post-treatment lateral frontal activity of
patients who improved during treatment was lateralized to the right hemisphere, but the
lateral frontal activity of 03-004, who did not improve in treatment, was lateralized to the
left hemisphere. Further, the change in laterality index from pre- to post-treatment for
03-004 (change in laterality index = 0.57) was significantly different from the average
change in laterality index for the patients who did improve during treatment (mean change
in laterality index = -0.238, SD = 0.178), t = 4.652, df = 3, p < .01. This finding reflects that
patients who did improve during treatment showed a mean rightward change in the laterality
index, while patient 03-004 showed a leftward change.

To summarize, a positive response to the intention treatment was associated with a
rightward shift in lateral frontal activity, which was completely lateralized to the right
hemisphere in 3 of the 4 patients whose naming improved by the post-treatment scans.
Patients’ lateral frontal lateralization did not differ from that of controls before treatment;
but after treatment, lateral frontal activity of patients who improved in treatment was
significantly more right lateralized than that of controls. The lateral frontal laterality of the
patient who did not improve in treatment was not significantly different from those who did
improve for pre-treatment fMRI scans, but after treatment her lateral frontal activity was
significantly more left lateralized than that of the patients who improved.
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Medial frontal cortex—Another issue is whether a rightward shift in medial frontal
lateralization was necessary for improvement in treatment or for a rightward shift in lateral
frontal lateralization to occur. Pre-treatment and post-treatment medial frontal laterality
indices, and the difference between these are shown in Table 2 under the “Medial Frontal”
heading. Because two patients (03-031, 02-036) did not show significant medial frontal
clusters during post-treatment fMRI, it was not possible to perform group statistical analyses
to test this hypothesis. However, it is worth noting that one patient (02-030) who did
improve during the intention treatment showed a large leftward shift in the medial frontal
laterality index (post minus pre = 1.02), and a second patient (00-008) who improved during
treatment showed virtually no change in the medial frontal laterality index (post minus pre =
0.05). Both of these patients showed a rightward shift in lateral frontal activity. These
findings indicate that a rightward shift in medial frontal activity by post-treatment scans was
not necessary either for patients to improve in treatment or for lateral frontal activity to shift
rightward. It is also worth noting that the pre-treatment medial frontal laterality index for
patients who improved in treatment (mean = -0.19, SD = 0.73) did not differ significantly
from that of age-matched normal controls (mean = 0.01, SD =0.74) t=-0.37,df =7, p>.
05.

Posterior perisylvian cortex—An important question is whether left posterior
perisylvian cortex remains active after the intention treatment induces a rightward shift in
lateral frontal activity during word production. Pre-treatment and post-treatment posterior
perisylvian laterality indices for the nonfluent patients, and the difference between them, are
shown in Table 2 under the “Posterior Perisylvian” heading. One patient (02-036) did not
demonstrate significant posterior perisylvian activity at post-treatment fMRI; hence, group
statistics were not applied to address this question. For the remaining four patients, including
03-004 who did not improve during treatment, there was either relatively stable posterior
perisylvian laterality or a leftward shift in it. Patient 02-030, who showed a rightward shift
in lateral frontal activity and improvement during treatment, also showed large leftward
shifts in lateralization for both medial frontal and posterior perisylvian activity. Patients
apparently maintain or even increase left posterior perisylvian laterality during word
generation from pre- to post-treatment fMRI. Although the mean pre-treatment posterior
perisylvian laterality index of patients who improved in treatment (mean = -0.36, SD = 0.49;
right lateralized) differed in sign from the mean posterior perisylvian laterality index of aged
matched normal controls (mean = 0.38, SD = 0.63; left lateralized), it should be noted that
the these laterality indices were not significantly different from one another, t = -1.96, df =
7, p > .05. The lack of significance can be attributed to the relatively large standard
deviation of both groups and the use of a two-tailed test because this analysis of
pretreatment indices did not address one of our a priori hypotheses.

Focus and location of left lateral frontal activity—A final question is whether post-
intention treatment activity would become more focused in specific structures (i.e., less
diffuse) than pre-treatment activity. In particular, would activity in right lateral frontal
cortex be confined to structures posterior to pars triangularis? To address potential increases
in efficiency, a ratio of post-treatment lateral frontal activity volume to pre-treatment lateral
frontal activity volume was created. A ratio less than one indicates smaller volumes of
frontal activity post- than pre-treatment, and a ratio greater than one indicates larger
volumes of frontal activity post- than pre-treatment. The first column under the respective
hemispheres in Table 4 shows these frontal activity ratios. As there were some important
differences between patients, these ratios are discussed at the individual subject level.
Among the 3 patients who improved in treatment but whose frontal activity was not already
completely right lateralized before treatment (02-030, 00-008, 02-036), all patients showed
less left frontal activity post- than pre-treatment; indeed, two of these patients showed no left
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frontal activity post-treatment, as did the fourth patient who improved. Patient 03-004, who
did not improve during treatment, had increased left frontal activity at post-treatment fMRI.
Of the four patients who improved during treatment, three (02-030, 03-031, 02-036) showed
a decrease in right frontal activity from pre- to post-treatment fMRI, in spite of the fact that
two (02-030, 02-036) showed increased lateralization of frontal activity to the right
hemisphere. This finding would be consistent with increased efficiency in utilizing right
frontal activity as a result of treatment. However, patient 00-008, the fourth patient who
improved in treatment, actually showed an increase in right lateral frontal activity at post-
treatment fMRI. This patient also is the only patient who improved in treatment but did not
show complete lateralization of lateral frontal activity to the right hemisphere post-
treatment. He also had the lowest Z-score for treatment effect among the four patients who
improved (Table 2, “Treatment” column).

Regarding the possibility of increasing concentration of activity in posterior frontal cortex,
the greatest concentration of activity in any one frontal area across subjects was in the motor
and premotor cortex. Thus, the percentage of lateral frontal activity within each hemisphere
that resided in motor/premotor cortex was measured both pre- and post-treatment for both
hemispheres (Table 4). Again, data are addressed at the individual subject level. Three
patients showed no left lateral frontal activity at post-treatment fMRI (02-030, 02-036,
03-031); hence, a change in percent of activity in motor/premotor cortex for the left
hemisphere could not be calculated. For the remaining patient who improved in treatment
(00-008), more activity was focused in left motor/premotor cortex post- than pre-treatment.

For the right hemisphere, three of the four patients who improved during treatment showed
70% or more of right lateral frontal activity localized to motor/premotor cortex by post-
treatment fMRI. The patient (03-031), who improved in treatment but did not show any right
motor/premotor activity at post-treatment fMRI, demonstrated all his activity in pars
opercularis, just anterior to motor/premotor cortex but posterior to pars triangularis in the
inferior frontal gyrus. Thus, for the patients who improved in treatment, activity was
concentrated in the posterior portions of the right lateral frontal lobe after treatment. The
patient (03-004) who did not show improvement from treatment also showed lateral frontal
activity concentrated in right motor/premotor cortex, though she showed a decrease in the
percent of frontal activity concentrated in right motor/premotor cortex from pre- to post-
intention treatment. Unlike any other patient, she also showed large increases in lateral
frontal activity bilaterally from pre- to post-treatment, suggesting that her activity became
less focused or less efficient as a result of treatment.

DISCUSSION

Five patients with chronic nonfluent aphasia participated in functional MRI of category-
member generation immediately before and after a treatment designed to shift word
production from left to right frontal cortex using picture naming and an intention
manipulation. The intention treatment involved initiating picture naming trials with a
complex left-hand movement (opening a box and pushing the correct button on a device
inside the box). This movement was easily performed by all subjects, requiring little or no
learning. The movement was required to initiate picture-naming trials, and it required some
attention to select the correct button to press. However, the movement did not require
extended use of cognitive resources. This movement (opening the box and pressing the
correct button with the left hand) was replaced by a nonsymbolic, left-hand gesture in Phase
3 of treatment and during correction procedures. It is worth noting that this treatment is
different from both (a) constraint induced language therapy which prohibits gesture (e.g.,
Meinzer et al., 2005) and (b) treatments that use symbolic gesture paired with picture
naming (e.g., Raymer et al., 2006). This intention treatment produces faster reacquisition of
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words than a comparable comparison treatment in moderately to severely impaired
nonfluent patients (Crosson et al., 2007b), but a shift in frontal activity to the right
hemisphere had previously been established only for a single subject (00-008) using only a
response-locked analysis (Crosson et al., 2005). Hence, the main purpose of the current
study was to determine whether frontal activity shifted rightward from pre- to post-
treatment. Statistical thresholds for fMRI images were set high to reduce interpretation of
false positives as activity, and spatial smoothing of images was avoided to maintain
anatomical precision.

Even though patients who improved during treatment had moderate to large left-hemisphere
lesions, their pre-treatment lateralization indices for the lateral frontal lobes, for the medial
frontal lobes, and for the posterior perisylvian region did not differ significantly from those
of neurologically normal age-, education-, and gender-matched controls in lateralization of
activity. Thus, significant right-hemisphere activity on this task in patients with aphasia,
particularly in the right frontal lobe, need not necessarily be interpreted as a result of left-
hemisphere lesion and aphasia. Even though the role of this increased right-hemisphere
activity in old adults is still under debate, right-hemisphere lesion rarely causes frank
aphasia in right-handed persons. Hence, in neurologically normal controls, this right-
hemisphere activity probably is not involved in basic language functions. It is possible that
this conclusion applies to those of our patients with aphasia who did not show complete
right-hemisphere lateralization of word production in the frontal lobes prior to the intention
treatment. On the other hand, lateral frontal activity completely lateralized to the right
frontal lobe provides strong evidence of right frontal participation in word production, since
there is no left frontal activity to support it. None of our controls showed frontal activity
completely lateralized to the right, which would be consistent with left-hemisphere
participation in category-member generation for the controls. These conclusions should be
borne in mind as we interpret the pre- to post-intention treatment comparisons for our
nonfluent patients.

Four of the five chronically nonfluent patients improved during the intention treatment, and
one did not. The central hypothesis was that patients who improved in treatment would
demonstrate a shift in lateralization of lateral frontal activity toward the right hemisphere as
a result of treatment. This hypothesis was confirmed. As a group, the four patients who
improved in the intention treatment did demonstrate a significant shift in lateral frontal
laterality indices for category-member generation toward the right hemisphere. Further,
although the pre-treatment lateral frontal laterality indices of these patients did not differ
from those of matched neurologically normal controls, by the end of treatment, patients
demonstrated significantly greater right-hemisphere lateralization of lateral frontal activity
than did controls. At the end of treatment, three of the four patients who improved in
treatment showed total lateralization of lateral frontal activity to the right hemisphere. In
contrast, no normal control demonstrated complete lateralization of frontal activity to the
right hemisphere. Although the one patient who did not benefit from treatment did not differ
in laterality from the other patients at pre-treatment scans, by the end of treatment, she
demonstrated a leftward as opposed to a rightward shift in lateral frontal activity, resulting in
a significantly greater leftward lateralization of her lateral frontal activity than in the 4
patients who improved. We note that the patient who did not improve and showed a leftward
rather than a rightward shift in lateral frontal activity was profoundly impaired in naming.
This finding is consistent with the study of 34 patients who received the intention treatment
(Crosson et al., 2007) in that the profoundly impaired patients were less likely to improve
than moderately to severely impaired patients. Possibly, more profoundly impaired patients
are not good candidates for relateralization of language using the intention treatment.
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Although it was not possible to conduct group statistics on laterality shifts in medial frontal
or posterior perisylvian activity, two facets of laterality effects of the intention treatment
became clear. First, a rightward shift in medial frontal activity was not a prerequisite either
for improvement in treatment or for a rightward shift in the lateral frontal laterality index.
One of the patients who demonstrated both improvement in treatment and a rightward shift
in lateral frontal activity demonstrated a large leftward shift in medial frontal activity. Since
this patient was the only patient to demonstrate a leftward shift in posterior perisylvian
activity, it is possible that these two leftward shifts are functionally related.

The second additional facet of lateralization is that patients who improved in treatment do
not show a shift in lateralization of posterior perisylvian activity toward the right hemisphere
even though they do show such a shift in lateral frontal activity. Generally, the patients who
improved in treatment demonstrated stable laterality or leftward shifts in posterior
perisylvian activity. Of the three patients who improved and in whom posterior perisylvian
activity could be measured at post-treatment fMRI, all maintained equal or greater amounts
of left-hemisphere posterior perisylvian activity as compared to right-hemisphere posterior
perisylvian activity. This is consistent with the conclusion drawn from a review of
functional imaging of language in aphasia that both hemispheres are involved in recovery of
language in aphasia patients (Crosson et al., 2007a). Hence, it may be necessary to maintain
some repository of language code from the left hemisphere to leverage rehabilitation gains.
Such a mechanism would be consistent with the fact that patients with more severe deficits
are less likely to benefit from the intention treatment than more moderately impaired
patients (Crosson et al., 2007b). We hypothesize that their language systems are more
globally compromised, leaving less language code on which to build.

Thus, based on our data, it would be a mistake to conclude that the intention treatment
causes wholesale shift in language functions toward the right hemisphere. Generally, in
patients who improved in treatment, there was less frontal activity in both frontal lobes post-
than pre-treatment, and the activity became increasingly concentrated in right motor/
premotor cortex, or in right pars opercularis just anterior to motor/premotor cortex. This
finding is consistent with Naeser et al.’s (2005) data indicating that using rTMS to reduce
activity in right pars triangularis during naming is beneficial. Based on the preliminary data
of these authors showing that rTMS of right pars opercularis hampered naming, it appears
likely that suppression of right pars triangularis with 1 Hz rTMS permitted pars opercularis
and nearby cortex to participate in word production free from any interference by activity
from right pars triangularis. It is also important to note the continued or increased activity in
left posterior perisylvian cortex in three of the four patients who improved during our
treatment, suggesting that left- as well as right-hemisphere mechanisms were important for
the treatment gains. It would be of interest to know how activity in right frontal and left
posterior perisylvian cortex changes with the rTMS treatment of Naeser et al. (2005) and
whether there are parallels in activity changes to the current treatment. The one patient who
did improve in treatment but who did not show a reduction in right frontal activity after
treatment (00-008) was the only patient who improved in treatment and did not show
complete lateralization of lateral frontal activity to the right hemisphere by the end of
treatment. Even with this post-treatment increase in right lateral frontal activity, this patient
showed increased concentration of the lateral frontal activity in motor/premotor cortex.

Limitations of this study must be briefly addressed. First, the study involved a small number
of participants. In particular, only one patient failed to improve in treatment, making it
difficult to evaluate how typical her brain activity is for patients who fail to improve. Thus,
the current data should be considered preliminary and caution is urged in generalizing to
other samples. Future replication of the current findings or group studies of the phenomena
would enhance confidence in generaliziation. Second, it is difficult to assess the effects of

Brain Lang. Author manuscript; available in PMC 2011 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crosson et al.

Page 17

repeating the word generation paradigm in aphasic patients. Repeated practice of a word
generation paradigm with the same items (nine times) in young normal subjects changes the
topography of activity as responses become automatic (Petersen et al., 1998). Fundamental
word-finding difficulties should prevent responses from becoming automatic in aphasia
patients after a single repetition of the same items. Nonetheless, a control condition in which
aphasia patients repeat the fMRI task without treatment or with a control condition would
increase confidence in findings. Finally, the lack of a systematic rightward shift in medial
frontal laterality from pre- to post-treatment calls into question whether medial frontal
intention mechanisms mediate the shift in lateral frontal laterality, as originally
hypothesized. Arbib (2006) suggested that human language functions evolved from frontal
mirror neuron systems involved in hand movements. If such a linkage between hand
movements and language exists, that linkage offers an alternative explanation for
relateralization of lateral frontal activity instead of mediation of the change by medial frontal
mechanisms.

To summarize, when the intention treatment was successful, activity post-treatment was
concentrated in the posterior right frontal lobe and was reduced in other frontal areas of both
hemispheres from pre-treatment scans, with three of the four successful patients showing no
left frontal activity post-treatment. On the other hand, maintenance of left posterior
perisylvian activity post-treatment may indicate that language code surviving in this region
acts as a platform for relearning word production during the shift in lateral frontal activity.
Continued studies will be necessary to replicate and extend current findings and to
determine the mechanism leading to rightward shifts in frontal activity from the intention
treatment. Finally, findings from this study, while preliminary, suggest that it may be
possible to design behavioral treatments to engage specific neural mechanisms and, in
parallel, to use fMRI to confirm whether the treatment successfully engages the desired
mechanisms.

Appendix A
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Figure 1.

Axial slices and left-hemisphere sagittal cuts from T1-weighted MRI images, after
deformation to the Talairach atlas. For each subject, the top row of images (a) contains eight
Imm-thick axial slices with a separation of 8mm from center to center. Images proceed from
inferior on the left side to superior on the right side. Axial coordinates vary from patient to
patient to best illustrate their lesion. The bottom row of images for each subject (b) shows a
lateral view of the left hemisphere from a whole brain image (left-most image), with each
successive image from left to right incrementally cutting away 5 mm in the sagittal plane.
The purpose of the images is to demonstrate damage to left perisylvian regions, including
cortex within sulci and underlying white matter. 02-030’s lesion, at 8 months post-stroke,
occupies the inferior two thirds of the left sensory-motor region, extending forward
inferiorly to encompass pars opercularis and especially its underlying white matter and
undercutting white matter for premotor cortex above the inferior frontal gyrus and in the
posterior half of the middle frontal gyrus. Medially, the lesion damaged most of the insula,
but left the basal ganglia and thalamus are virtually untouched. 03-031’s lesion, at 83
months post-stroke, is primarily subcortical. It centers on the insula, extending laterally to
encompass white matter underlying the operculum and extending medially to border of the
lateral ventricle (sparing most of the medial subcallosal fasciculus deep to Broca’s area, but
including periventricular white matter deep to sensorimotor cortex area for mouth, at body
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of the lateral ventricle). Most of the basal ganglia are subsumed by the lesion, but most of
the head of the caudate nucleus and the posterior and the superior thalamus are largely
intact. White matter underlying the entire frontal lobe and the inferior parietal lobule (deep
to the angular and supramarginal gyri), and the superior temporal lobe are compromised.
There is also some high, fronto-parietal supraventricular white matter damage. There is
small degree of white matter compromise in portions of the superior temporal lobe. 00-008
(48 months post-stroke) has a large subcortical lesion with some cortical compromise. The
lesion damaged white matter underlying pars opercularis, but also to some degree beneath
pars orbitalis and pars triangularis. Patchy lesion is present in the medial subcallosal
fasciculus, antero-lateral to the left frontal horn (deep to Broca’s area). White matter beneath
both the inferior parietal lobule and to some degree in the superior temporal lobe is
compromised. Medially, the lesion destroyed the insula and basal ganglia. Portions of the
thalamus were spared. Wernicke’s area (region of the posterior, superior temporal gyrus) is
largely spared. 02-036°s lesion, at15 months post-stroke, destroyed the posterior two thirds
of the temporal lobe, including all of Wernicke’s area, sparing only the anterior temporal
lobe and those medial structures supplied by the PCA. The entire inferior parietal lobule,
most of the superior parietal lobule, and the entire lateral occipital cortex were damaged.
Lesion is present in the posterior thalamus, including the pulvinar. The lesion extends
minimally into pars opercularis and its underlying white matter. The lesion impinges on the
posterior putamen and caudate tail, but the basal ganglia and thalamus are otherwise spared.
At the level of the body of the lateral ventricle, lesion of the sensorimotor cortex (most
likely at the level of the mouth representation) extends toward the periventricular white
matter. The extent of lesion in periventricular white matter adjacent to the body of the lateral
ventricle is difficult to assess, however, due to large ventricular dilation in the body of the
lateral ventricle, especially in the posterior portion. The deep white matter lesion,
immediately posterolateral to the body of the lateral ventricle likely interrupts posterior
interhemispheric connections, including auditory pathways which may in part account for
the patient’s poor auditory comprehension. 03-004 had two lesions. The anterior, subcortical
component of hemorrhagic origin is centered in the putamen, with a posterior white matter
extension that may interrupt auditory geniculocortical fibers in the region of the temporal
isthmus. The posterior, ischemic component in the area of the supramarginal gyrus extends
medially and variably to the posterolateral body of the lateral ventricle. The location of the
medial extension, in combination with the temporal isthmus lesion, may account for the
auditory comprehension deficit.

Brain Lang. Author manuscript; available in PMC 2011 December 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Crosson et al.

02-030

——Hamsirn
| ~m Phase 1
Phase 2
Phase 3
—— —=—BL Means 2550
| —8—Trends 2550
| | L, [Basetine)

_¥=50881Lnix} + #4118
L EThES

00-008

== Basslre
- —e—Fram 1
Pruse 2
Prace 3
SN | —=— B Means 2550
== Teerds 2580
|| ——Linear {Baseine}

03-004

—+—Basaline
~a—Prase |
FPhase I
Prase 3
| —=—BL Mears 2550
== Trerd » 2550
= Linear (Baselne

Figure 2.

Page 23

——Log (Bassine]
¥ = 75N + 47 637

— | —#—Gasohn
& Prase |
Prase T

Prase 3

i Meane 2550
8= Tiwrd+ 2550
|| |[=——Linear {Baseine )

Daily Probes for Baseline
and Intention Treatment

Plus Line for Mean+.25 SD, Trend Line,
and Trend Line+.25 SD for modified
Conservative Dual Criteria Test

Treatment response is shown for all five patients. Data points represent percent correct for
daily probe items (see text for explanation of probes). Phases are color coded. Also
represented are trend lines for baseline projected into treatment days (see text for details)
and, for the modified Conservative Dual Criterion test (MCDC), a line indicating the mean
baseline percent correct + .25 SD and the trend line + .25 SD for phase 3. The equations for
the trend lines (linear or natural log) are included. Results of Tryon’s C statistic, effect size,
and the mCDC are included in Table 2. All patients except for 03-004 showed a significant
response to treatment by all three criteria; 03-004 did not show significant improvement by

any of the criteria.
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03-031 00-008
Pre Post Pre Post

Figure 3.
Pre- and post-intention treatment whole-brain images are shown for each of the five patients

in the study. A conservative statistical threshold was used to ensure that false positive
activity would be excluded. For purposes of anatomic localization of activity at the
boundaries of regions of interest, no spatial smoothing was performed on images. For each
image set, the frontal lobes are facing the viewer (thus, the left side of the image represents
the right side of the brain), and the whole-brain image is sliced axially into three slabs and
tilted toward the viewer to best visualize frontal activity in the axial cut. Slice levels may
vary between pre- and post-treatment images of an individual patient dependent upon
location of frontal activity.
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