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Abstract
This review of our research with rTMS to treat aphasia contains four parts: Part 1 reviews
functional brain imaging studies related to recovery of language in aphasia with emphasis on
nonfluent aphasia. Part 2 presents the rationale for using rTMS to treat nonfluent aphasia patients
(based on results from functional imaging studies). Part 2 also reviews our current rTMS treatment
protocol used with nonfluent aphasia patients, and our functional imaging results from overt
naming fMRI scans, obtained pre- and post- a series of rTMS treatments. Part 3 presents results
from a pilot study where rTMS treatments were followed immediately by constraint-induced
language therapy (CILT). Part 4 reviews our diffusion tensor imaging (DTI) study that examined
white matter connections between the horizontal, midportion of the arcuate fasciculus (hAF) to
different parts within Broca’s area (pars triangularis, PTr; pars opercularis, POp), and the ventral
premotor cortex (vPMC) in the RH and in the LH. Part 4 also addresses some of the possible
mechanisms involved with improved naming and speech, following rTMS with nonfluent aphasia
patients.

1. Brief Overview of TMS
Repetitive transcranial magnetic stimulation (rTMS) has been used in a growing number of
research laboratories worldwide, since 1985 (Barker, Jalinous, and Freeston, 1985). It is
investigated as a novel intervention to treat disorders associated with stroke including
paralysis or hemispatial visual neglect; and to treat other disorders such as depression and
epilepsy (Lefaucheur, 2006). Our ongoing research explores whether rTMS can be applied
to improve naming and speech in stroke patients with chronic, nonfluent aphasia.

TMS is a noninvasive procedure that utilizes magnetic fields to create electric currents in
discrete brain areas (Pascual-Leone et al., 2002; Wagner, Valero-Cabre and Pascual-Leone,
2007). TMS involves discharging a current through a coil of copper wire that is held over
the subject’s scalp. The current pulse flowing through the coil generates a rapidly fluctuating
magnetic field that penetrates the scalp and skull unimpeded, and induces a changing
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electrical field in the cerebral cortex below the coil. The physiologic response appears to be
caused by current flow in the cortical tissue, which leads to neuronal depolarization
(exciting or inhibiting the cortex) (Wagner, Valero-Cabre and Pascual-Leone, 2007;
Wasserman et al., 2008). The participant feels a “light tap” on the scalp, may feel a twitch of
the face muscles, and hears a brief, loud click as the current passing through the coil tightens
the copper wire. Most participants find this not unpleasant. The stimulation of the brain
itself is painless.

Multiple stimuli (called “trains”) of rTMS of appropriate frequency, intensity, and duration
can lead to transient increases or decreases in excitability of the affected cortex that last
beyond the duration of the train itself (Pascual-Leone et al., 1998). Slow rTMS, where one
magnetic pulse is applied every second (1 Hz), delivered to the motor cortex can give rise to
a lasting decrease in corticospinal excitability (Chen et al., 1997; Maeda et al., 2000;
Pascual-Leone, Walsh, and Rothwell, 2000). Conversely, fast rTMS (5, 10, or 20 Hz) can
induce a transient increase in cortical excitability (Pascual-Leone et al., 1994). The
maximum output of a TMS device is usually in the range of 2 Tesla (e.g., Magstim Rapid
Magnetic Stimulator Unit, Magstim Corporation, New York, NY).

2. Review of Research with TMS to Treat Aphasia
2.1. Part 1, Functional Imaging Studies with Aphasia Patients

Brain re-organization supporting recovery of language in stroke patients with aphasia is still
unknown. Both the left hemisphere (LH) and the right hemisphere (RH) are thought to
support language recovery after stroke (Crosson et al., 2007; Gold and Kertesz, 2000; Price
and Crinion, 2005; Thompson, 2000). The relative contribution from each hemisphere is still
debated. Factors including time poststroke when patients are studied (acute or chronic),
lesion location and language tasks examined may affect the mechanisms involved in
recovery (Price and Crinion, 2005; Thiel et al., 2006). The most rapid recovery occurs in the
first 6 months poststroke onset (MPO) (Demeurisse and Capon, 1987); however, 50-60% of
aphasia cases continue to have chronic, communicative impairment (Kertesz, 1984; Kertesz
and McCabe, 1977). Approximately 20% have speech and language problems that include
hesitant, poorly articulated, agrammatic speech with word-finding problems (nonfluent
aphasia) (Pedersen, Vinter, and Olsen, 2004).

Since the 1870’s, some reports have suggested that the RH can support some recovery of
language after LH stroke (Barlow, 1877; Basso et al., 1989; Gowers, 1886; Kinsbourne,
1971). In some recent studies that included a variety of patients with aphasia, RH activation
was considered to be compensatory (Blasi et al., 2002; Musso et al., 1999; Peck et al., 2004;
Thulborn, Carpenter, and Just, 1999; Weiller et al., 1995). When functional imaging studies
have focused on patients with nonfluent aphasia, an increased activation (possible “over-
activation”) in RH language homologues has often been observed (Belin et al., 1996; Martin
et al., 2009; Naeser et al., 2004; Perani et al., 2003; Rosen et al., 2000). It is possible that
unusually high RH activation is related to transcallosal disinhibition leading only to partial,
or incomplete recovery. This increased RH activation may be ‘maladaptive’ and lead to a
‘dead-end’, inefficient strategy for recovery, particularly in nonfluent aphasia patients (Belin
et al., 1996; Lefaucheur, 2006; Naeser et al., 2004; Price and Crinion, 2005; Rosen et al.,
2000).

Heiss and Thiel (2006) have suggested that for long-term recovery, RH recruitment may be
less efficient than restoring the LH network. For example, patients with better recovery have
been observed to have higher activation in L superior temporal gyrus and L supplementary
motor area (SMA) (Karbe et al., 1998; Saur et al., 2006). Recovery of naming has been
associated with reperfusion of L Brodmann area (BA) 37 particularly, in acute stroke cases
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studied with perfusion weighted imaging (Hillis et al., 2006). Winhuisen et al. (2005) also
observed as early as 2 weeks poststroke onset, that better performance on a verbal fluency
test (and better recovery) was associated with the L inferior frontal gyrus (IFG).

After speech-language therapy with some chronic stroke patients, new LH activation has
been associated with improvement in language (Breier et al., 2009; Cornelissen et al., 2003;
Leger et al., 2002; Small, Flores, and Noll, 1998). Therapeutic success following treatment
with constraint-induced language therapy (CILT) has been correlated with relative decrease
of activation in RH areas, including the IFG/insular cortex (Richter, Miltner, and Straube,
2008) and with new activation in the L temporal lobe (Breier et al., 2009).

New RH activation has also been observed following speech-language therapy in some
patients with aphasia (Cherney and Small, 2006; Crosson et al., 2005; Peck et al., 2004;
Raboyeau et al., 2008). Fernandez et al. (2004) suggested that RH participation in the acute
recovery stage of LH stroke may be followed later, by LH activation corresponding to
further recovery, and that the RH may play a larger role in supporting recovery when there is
greater damage to LH language areas.

Whether recovery in aphasia is mediated primarily from LH undamaged language or
perilesional regions, or from RH language homologues (or both), the above-mentioned
studies suggest there is potential for brain re-organization and improved language in chronic,
post-stroke aphasia (Price and Crinion, 2005).

2.2. Part 2, Rationale for rTMS to Treat Nonfluent Aphasia
As reviewed in Part 1, several functional imaging studies with chronic, nonfluent aphasia
patients have observed high activation, possibly “over-activation” during language tasks, in
parts of R Broca’s area and other R perisylvian language homologues which may be
‘maladaptive’ (Belin et al., 1996; Martin et al., 2009; Naeser et al., 2004; Perani et al., 2003;
Rosen et al., 2000). When applied to a specific ROI in the undamaged hemisphere, low-
frequency (1 Hz) rTMS may suppress activity in that ROI. This may permit reactivation of
some areas within the damaged hemisphere, promoting some functional recovery
(Lefaucheur, 2006). This is similar to the phenomenon of ‘Paradoxical Functional
Facilitation’ or PFF (Kapur, 1996). The phenomenon of PFF suggests that direct or indirect
neural ‘damage’ to a specific area in the central nervous system may result in facilitation of
behavior. Thus, suppressing a cortical ROI in the RH of a nonfluent aphasia patient using 1
Hz rTMS may result in a decrease of “over-activation” in that ROI, resulting in an overall
modulation of the bilateral neural network for naming.

2.2.1 Review of rTMS Treatment Protocol with Nonfluent Aphasia Patients
Inclusion Criteria: Our studies include chronic aphasia patients who are at least 6 months
post- single, unilateral LH stroke. They are R-handed, native English speakers, ranging in
age from 40-80. If there is a history of seizures, the seizures are well controlled with
medication, and the patient has not had a seizure for at least one year, prior to entry. [Note,
slow, 1 Hz rTMS has been used to help reduce seizures (Tassinari et al., 2003) and has never
been found to induce seizures when appropriate safety guidelines are followed (Rossi et al.,
2009).] Patients have nonfluent speech, with a 1-4 word phrase length as measured with
elicited propositional speech on the Cookie Theft Picture, Boston Diagnostic Aphasia Exam
(BDAE) (Goodglass and Kaplan, 1983; Goodglass, Kaplan, and Barresi, 2001). Patients
name at least 3 pictures from the first 20 pictures on the Boston Naming Test (BNT)
(Kaplan, Goodglass, and Weintraub, 2001). Patients are requested not to receive any
individualized speech therapy throughout their participation in our rTMS studies. Our
primary language outcome measures are the BNT and selected subtests on the BDAE.
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Our rTMS treatment protocol consists of first establishing an entry baseline naming ability
for Snodgrass and Vanderwart pictures (Snodgrass and Vanderwart, 1980) for each patient.
Then, each patient is entered into a Phase 1 of rTMS, followed by a Phase 2 of rTMS, as
described below.

Baseline Snodgrass and Vanderwart Naming Ability: Prior to any rTMS sessions, a
baseline naming ability for Snodgrass and Vanderwart (SandV) pictures is established. This
baseline SandV naming score is later used during Phase 1 TMS sessions (explained below),
to help establish the best RH cortical ROI to suppress with rTMS, in order to improve
picture naming (e.g., the “best response” cortical ROI). During the baseline SandV naming
testing, ten, 20-item SandV picture lists are administered across three separate testing
sessions. Across the ten SandV lists, the baseline, mean number of SandV pictures named
correctly is calculated, as well as the baseline, mean response time (RT).

Phase 1 of rTMS: During Phase 1 of rTMS, a “best-response” RH cortical ROI is located,
which will later become the targeted location for rTMS during Phase 2. The effect of slow, 1
Hz rTMS for 10 min to suppress activity in each of at least four different RH frontal regions
is examined, in separate rTMS treatment sessions. (Note, in our initial studies, the effect of
rTMS suppression of the R Wernicke’s area was also studied.) See Fig. 1. These visits
usually take place within a few weeks prior to the first Phase 2 rTMS treatment.

During Phase 1, a total of 600 magnetic pulses at 90% of motor threshold for the L first
dorsal interosseus muscle (L FDI) are delivered to each RH ROI using the Super-Rapid
High Frequency MagStim Magnetic Stimulator (MagStim, NY). The motor threshold (MT)
is defined as the intensity of magnetic stimulation needed to elicit a muscle twitch in the
thumb (L FDI), in 5 out of 10 trials when using single-pulse TMS applied to the primary
motor cortex of the contralateral (R) hemisphere. Published guidelines for safety parameters
of rTMS are based on stimulation intensities expressed as a percent of the individual’s MT
(Wassermann, 1998). A figure-8 shaped rTMS coil with a 7 cm outside diameter on each
wing is used. This allows direct stimulation of an area that is about one cubic centimeter.
The RH cortical ROIs that are examined with slow rTMS, include the R M1, mouth
(orbicularis oris muscle, as verified with MEP), and at least three subregions within R
Broca’s area.

The subregions within the R Broca’s area homologue are labeled according to sulcal and
gyral boundaries as defined by Amunts et al. (1999; 2004). Broca’s area is classically
defined as the PTr and POp portions of the IFG. Although PTr and POp are sometimes
considered to represent BA 45 and BA 44, respectively, only cytoarchitectonic studies from
postmortem brain examination can determine the borders that define these Brodmann areas.
The location of subregions within R Broca’s area are estimated from each patient’s 3D
MPRAGE MRI scan. The three basic subregions within R Broca’s area (each about 1 cm
apart) are defined as follows: 1) POp: gyrus that is rostral to the inferior precentral sulcus
and caudal to the vertical ascending ramus; 2) PTr posterior: gyrus that is rostral to the
vertical ascending ramus and caudal to the triangular sulcus; 3) PTr anterior: gyrus that is
rostral to the triangular sulcus and caudal to the horizontal ramus. See Fig. 1.

In some cases, the anatomical landmarks used for delimiting subregions within the R
Broca’s homologue are more complex - i.e., when a diagonal sulcus is present (Naeser et al.,
2010). When present, the diagonal sulcus is located caudal to the vertical ascending ramus,
within the IFG area (Amunts et al., 2004). These authors have observed at post mortem that
a diagonal sulcus was present in only every second hemisphere studied, and they wrote that
it can either mark the border between BA 44 and 45, or it can be inside BA 44. Thus, when a

Naeser et al. Page 4

Restor Neurol Neurosci. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diagonal sulcus is present, without cytoarchitectonics, it is not possible to know whether the
diagonal sulcus is actually a border between BA 44 and 45, or if it is within 44.

Taking this into consideration, when a diagonal sulcus is present in an aphasia patient who is
participating our rTMS studies, we need to carefully examine at least four subregions within
R Broca’s homologue (Naeser et al., 2010). These four subregions, each about 1 cm apart,
are labeled (tentatively, without cytoarchitectonics) as follows: 1) POp: gyrus that is rostral
to the inferior precentral sulcus and caudal to the diagonal sulcus; 2) PTr posterior: gyrus
that is rostral to the diagonal sulcus and caudal to the vertical ascending ramus; 3) PTr
middle: gyrus that is rostral to the vertical ascending ramus and caudal to the triangular
sulcus; 4) PTr anterior: gyrus that is rostral to the triangular sulcus and caudal to the
horizontal ramus.

The exact location of the “best response” RH ROI to suppress with 1 Hz rTMS can vary
somewhat, from patient to patient, and it needs to be firmly established for each case.
Surprisingly, the “best response” area is usually the gyrus that is located immediately rostral
to the POp. In fact, the POp is usually a “poor response” area, where suppression of POp
often transiently impairs naming (Naeser et al., 2002 and submitted). Suppression of the
gyrus immediately rostral to this “poor response” area, e.g., suppression of a portion of the
PTr, is usually the “best response” area. This differential/opposite effect is discussed further
in Part 2.4.

During each rTMS session, the frameless stereotaxic system (Brainsight, Rogue Industries,
Montreal) is used in combination with the patient’s 3D MPRAGE MRI scan, in order to
guide the rTMS coil placement onto the targeted ROI. Before and after each 10-min rTMS
application to a specific RH ROI, one of the SandV lists of pictures is presented for the
patient to name. Each of the four or five RH ROIs is suppressed with ten min of rTMS,
once, during separate rTMS sessions. If two ROIs are examined on one day, at least a 45 to
60 minute break is taken, before suppression of the second ROI, to establish a return to
baseline SandV naming level.

The “best response” RH ROI is defined as that ROI which is associated with a SandV
naming score that is at least 2 SD above the baseline, mean number of SandV pictures
named correctly. This “best response” ROI will be suppressed for more minutes, and for
more rTMS sessions during Phase 2.

Phase 2 of rTMS: During Phase 2, the “best response” RH ROI from Phase 1 is suppressed
for 20 min, once a day, five days a week, for two weeks. On each day of treatment, the
rTMS is applied at 1 Hz frequency (1200 pulses) at 90% of motor threshold (L FDI), using
the same MagStim device as in Phase 1 (MagStim, NY). The frameless stereotaxic system
(Brainsight, Rogue Industries, Montreal) is again used to guide the position of the rTMS coil
on the patient’s scalp. On-line monitoring allows documentation of accurate targeting of the
“best response” cortical ROI throughout the rTMS session, and from day-to-day. Coil
orientation is held constant across sessions, at approximately 45 degrees. Our rTMS
parameters are similar to those used in various studies where multiple rTMS treatments were
given over time, to help treat depression (Kauffmann, Cheema, and Miller, 2004; Klein et
al., 1999; Padberg et al., 1999). No negative side effects have been reported with these
parameters.

Language testing is performed at approximately 2 and 6 months post-Phase 2 TMS.

Results, Language Outcome Measures: We have observed that for patients who have
participated in both Phase 1 and Phase 2, at 2 months post-ten rTMS treatments to suppress
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the R PTr, significant improvement was present on three naming tests: 1) the BNT, first 20
items (p=.003); 2) the BDAE subtest, Animals (p=.02); and 3) the BDAE subtest, Tools/
Implements (p=.04) (Naeser et al., 2005a). At 8 months post-TMS, all three naming test
scores continued to improve relative to pre-TMS testing, but only Tools/Implements was
significant (p=.003). BNT and naming Animals failed to reach significance because of one
patient. See Fig. 2. Improvement was also observed in number of words per longest phrase
length in elicited, propositional speech for two of the patients when tested with the BDAE at
2 months post-rTMS. A mild nonfluent patient increased from a three-word phrase length, to
a five-word phrase length when describing the BDAE cookie theft picture; and a moderate
nonfluent patient increased from a one-word phrase length, to a three-word phrase length.

Improvement in spontaneous speech has also been observed in a recent case report,
following Phase 1 and Phase 2 rTMS (Hamilton et al., 2010). A 61 Yr., R-handed, chronic
nonfluent aphasia patient had showed stable deficits in elicited propositional speech over the
course of five years. At 7 years poststroke, he entered the study. Consistent with our prior
rTMS studies, there was improvement on the BDAE naming subtest Tools/Implements,
increasing from 7 pictures named, to 9. There was significant improvement in Action
naming, increasing from 5, to 10/12 pictures named (p=.035). Significant improvement was
also demonstrated on the BDAE cookie theft picture description at 2, 6, and 10 months after
rTMS with respect to the number of narrative words (p=.045) and nouns (p=.027), mean
sentence length over time (p=.017), and use of closed class words (p=.054). At 10 mo. after
rTMS, compared to baseline performance, the patient showed significant improvement on
the Western Aphasia Battery subscale for spontaneous speech (p=.032), with improvements
on both the information content and fluency scales. These findings suggest that manipulation
of the intact contralesional cortex in patients with nonfluent aphasia may result in language
benefits that generalize beyond naming to include other aspects of language production.

Overt Naming Functional MRI Pre- and Post-rTMS in Two Nonfluent Aphasia
Patients: We have used functional MRI to examine brain activation during overt naming,
pre- and post- ten, 20-minute, 1 Hz rTMS treatments to suppress part of R PTr, in two
chronic nonfluent aphasia patients (Martin et al., 2009). One patient was a ‘good responder’
(P1) with improved naming and phrase length in propositional speech, lasting out to almost
4 years post-TMS. The other patient was a ‘poor responder’ (P2) with no change in naming
or propositional speech post-TMS.

Language Data (P1, Good Responder): For P1, language was tested at 2, 6, 16, and 43
mo. post-Phase 2 rTMS. The BNT score increased from 11 pictures named (pre-TMS) to 14,
18, 15 and 15 (at the four testing times, post-TMS). The number of words for longest phrase
(Cookie Theft picture description, BDAE) increased from 3 words (pre-TMS) to 5, 5, 5, and
6 words, respectively (post-TMS). Auditory comprehension was largely unchanged.

Language Data (P2, Poor Responder): Pre-TMS, language testing was performed three
times with P2 (1.5 yr. poststroke). At that time, his BNT scores were 1, 3, and 1
(mean=1.67; SD=1.15), and his longest phrase length was 1 word (Cookie Theft picture
description, BDAE). His spontaneous speech consisted primarily of only stereotypies. Pre-
TMS, his auditory comprehension for Commands was 8, 10, and 8 (mean=8.67; SD=1.15).
At 2 and 6 mo. post-Phase 2 rTMS, his BNT score was only 1 picture named; his longest
phrase length remained at 1 word, and spontaneous speech still consisted largely of
stereotypies. Auditory comprehension for Commands improved by 2 SD, from a pre-TMS
mean of 8.67, to 11, at 2 and 6 months post-rTMS. Auditory comprehension for Complex
Ideational Material also improved by 2 SD, from pre-TMS mean, 2.33 (SD=0.58) to 4, at 6
mo. post-TMS.
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Overt Naming fMRI Block Design Paradigm: Overt naming fMRIs were obtained in the
same manner as Martin et al. (2005). A continuous sample, block design, overt naming
fMRI paradigm was utilized that took advantage of the hemodynamic response delay where
increased bloodflow remains for 4-8 seconds after the task (Friston, Jezzard, and Turner,
1994). Therefore, by obtaining the task-related information after the task, motion artifact
was minimized (Barch et al., 1999; Birn, Cox, and Bandettini, 2004; Eden et al., 1999).

Images were modeled using a box-car reference function for the block design which
consisted of two alternating conditions: silent viewing of black and white patterns (control
condition) and overt picture naming. Sixty pictures were presented from the SandV database
of black and white line drawings (Snodgrass and Vanderwart, 1980). Each pattern or picture
was presented for 5 sec and was preceded by a 1-sec fixation dot for a total trial time of 6
sec. There were two runs (30 different pictures, each run) with 104 image volumes. Each run
lasted 5 min 12 sec, with a short break between runs.

Functional Imaging Results for the ‘Good Responder’: We hypothesized that in chronic
nonfluent aphasia, after rTMS treatment to suppress R PTr, a shift in activation from RH
frontal areas to new activation in LH perilesional, perisylvian areas and L SMA would
occur, if there was good response with improved naming. Pre-TMS, P1 who was a ‘good
responder’, showed activation in R and L sensorimotor cortex (mouth area), R IFG, and in R
and L SMA. He continued to show this general activation pattern at 3 months and at 16
months post-TMS.

At 16 mo. post-TMS, however, there was a significant change in SMA activation, where P1
showed significant increase in activation in the L SMA, compared to the pre-TMS, and to
the 3 mo. post-TMS fMRI scan (p<.02; p<.05, respectively). See Fig. 3. There was also a
trend towards significantly greater activation in L SMA versus R SMA at 16 mo. and at 46
mo. post-TMS (p<.08; p<.09, respectively). Pre-TMS there had been no difference between
L and R SMA activation.

It is unknown exactly when, post-TMS, the shift to the stronger L SMA activation occurred
for this patient during overt naming, however, it was first observed at 16 mo. post-TMS (his
highest accuracy rate; 58% named). There were no intervening overt speech fMRI scans
between 3 and 16 mo. post-TMS. The new LH activation remained present, even at 46 mo.
post-TMS (nearly 4 years post-TMS) when the patient was 13 yr. 11 mo. poststroke. On the
language outcome measures, P1 improved on the BNT from 11 pictures named pre-TMS, to
scores ranging from 14-18 pictures, post-TMS (2 mo. to 43 mo. post-TMS). His longest
phrase length improved from 3 words pre-TMS, to 5-6 words post-TMS.

Functional Imaging Results for the ‘Poor Responder’: Pre-TMS (1.5 yr. poststroke), P2
had significant activation in R IFG (3% pictures named). At 3 and 6 mo. post-TMS, there
was no longer significant activation in R IFG, but significant activation was present in R
sensorimotor cortex. Although P2 had significant activation in both the L and R SMA on all
three fMRI scans (pre-TMS, and at 3 and 6 mo. post-TMS), ROI analyses showed no
difference across sessions in the L or R SMA activation.

For P2, who was a ‘poor responder’, suppression of R PTr with rTMS resulted in no new,
lasting perilesional LH activation across sessions. His naming remained only at 1-2 pictures
during all three fMRI scans. His BNT score and longest phrase length remained at 1 word,
post-TMS.

Lesion Location: Lesion location may play a role in each patient’s fMRI activation pattern
and response to TMS treatment. P2 had an atypical frontal lesion in the L motor and
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premotor cortex that extended high, near brain vertex, with deep white matter lesion near L
SMA. P2 also had frontal lesion in the posterior middle frontal gyrus at the junction of the
premotor cortex, an area important for naming (Duffau et al., 2003). Additionally, P2 had
lesion inferior and posterior to Wernicke’s area, in parts of BA 21 and 37. P1 had no lesion
in these three areas.

P2 did not meet the inclusion criterion for entry regarding minimum number of pictures
named on the BNT (3 pictures named on the first 20 items). In addition, his longest phrase
length was 1 word (Cookie Theft picture) but consisted primarily of only stereotypies.
Another severe nonfluent aphasia patient with a 1-word phrase length, who did not produce
stereotypies, was, however, a good responder. She named 4 pictures on the BNT pre-TMS; 7
pictures, 2 mo. post-TMS; and 12 pictures, 8 mo. post-TMS (Naeser et al., 2005b).

Our results showing a significant increase in activation of the L SMA post-rTMS in the
patient who improved in naming (P1), are compatible with previous fMRI studies that have
also observed new L SMA activation to be present in aphasia patients with better outcome
(Karbe et al., 1998; Saur et al., 2006). This improved LH activation is also compatible with
previous studies that have observed better outcome following language therapy to be
associated with new, LH activation (Breier et al., 2009; Cornelissen et al., 2003; Leger et al.,
2002; Richter et al., 2008; Small et al., 1998).

2.3. Part 3, Pilot Study: TMS plus Constraint-Induced Language Therapy (CILT)
Our TMS studies with aphasia have shown that rTMS can induce long-term, language
improvement in chronic stroke patients with aphasia (Naeser et al., 2005a,b; Martin et al.,
2009; Naeser et al., 2010; Hamilton et al., 2010). These long-term rTMS effects are believed
to engage mechanisms of neural plasticity, thus likely rendering this technique especially
suitable for improving behavior when combined with appropriate behavioral intervention
(Rossi and Rossini, 2004; Talelli and Rothwell, 2006). Along these lines, we have recently
undertaken a pilot study to examine the effect of rTMS coupled with speech/language
therapy in chronic aphasia patients. Our design, to combine rTMS plus speech/language
therapy is similar to other recently published studies where improved behavior was
associated with a combination of treatment modalities – e.g., pharmacological intervention
plus speech therapy (Berthier et al., 2009; Kessler et al., 2010); or rTMS/tDCS plus physical
therapy (Bolognini, Pascual-Leone and Fregni, 2009). Thus, our hypothesis is that a series of
rTMS treatments to the appropriate cortical region, could prime a neural network that is
appropriate for a specific task (e.g., naming pictures), and that neural network could then be
reinforced immediately post-rTMS, by further practice of the task. It is expected that their
mutual use can optimize the plastic changes induced by each, resulting in increased clinical
gains, even in chronic stroke patients with stable language deficits.

Constraint-Induced Language Therapy—CILT has been observed to significantly
improve naming, following a series of 10 CILT treatments (Maher et al., 2006; Meinzer et
al., 2005; Pulvermuller et al., 2001). With CILT, a reinforcement strategy termed shaping is
used (Taub, 2004; Taub et al., 1994). This strategy is based on operant training, and refers to
the gradual successive approximation of behavior in small steps toward the desired goal.
The response required from the patient is gradually increased from single words, up to
phrases and even sentences. In our protocol, each CILT treatment lasts for 3 hours, and the
patient is only allowed to respond with a spoken name for a stimulus picture (no gestures or
writing or sound effects). An opaque screen is placed on a table where the Speech-Language
Pathologist (SLP) is seated on one side, and the patient, on the other. There is eye contact
above the screen.
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Results from the Maher et al. (2006) study were striking in that although general
improvement in language was observed immediately after the two weeks of CILT treatment,
improvement in naming (BNT) was also apparent in 3 of the 4 patients, on the one-month
follow-up testing. Maher et al. (2006) wrote that “…the impact of CILT may continue to be
active beyond the direct treatment period.” This is also a pattern we have observed in our 2-
month (and later) follow-up testing in our aphasia patients treated with rTMS (Naeser et al.,
2005a,b; Martin et al., 2009; Naeser et al., 2010; Hamilton et al., 2010). Thus, rTMS plus
CILT may promote maximum potential gains in naming for chronic aphasia patients.

rTMS plus CILT with Two Nonfluent Aphasia Patients—This is a pilot study to
examine the feasibility of combining rTMS followed immediately by CILT. At this time,
only patients who have completed Phase 1 and Phase 2 rTMS (including all follow-up
testing at 2 and 6-8 months post-rTMS) are entered into our rTMS plus CILT study. The
“best response” RH ROI that was suppressed with rTMS during Phase 2 (explained above,
under 2.2.1) is also suppressed in the same manner in this pilot study - i.e., 1 Hz rTMS for
20 min, 90% MT for 10 sessions over a two-week period (weekdays only). A 3-hour CILT
session immediately follows each 20-min rTMS session. Two nonfluent patients have
completed our rTMS plus CILT protocol, a severe nonfluent patient and a mild nonfluent
patient.

Severe Nonfluent Aphasia Patient—The severe nonfluent aphasia patient who had
participated in our Phase 1 and Phase 2 rTMS protocol at 6.5 years poststroke also
participated in the rTMS plus CILT protocol at 12.5 yr. poststroke. During the first series of
rTMS treatments (Phase 1 and Phase 2 rTMS), she improved at 2 and 8 months post-Phase
2, on the BNT where her score increased from 4 pictures named pre-TMS, to 7 and 12
pictures, respectively, post- rTMS (Naeser et al., 2005b).

At 5 years, 10 months after the first rTMS series she participated in our rTMS plus CILT
protocol (Naeser, Martin, Treglia et al., 2009). Prior to CILT, her object naming was tested
on a set of 500 color pictures, 3 times, as a Baseline. During each CILT session, 6 pictures
were presented at a time (2 pictures had been always named at entry Baseline testing; 2
pictures, sometimes; 2 pictures, never). A total of 18 pictures was presented each day (3 sets
of 6 pictures each).

Naming Probe Testing—To examine changes that might occur during the CILT
intervention, BDAE naming subtests (Actions, Animals, Tools/Implements), the BNT, and
action naming pictures from the Object and Action Naming Battery (Druks and Masterson,
2000) were each administered 12 times pre-TMS; and daily, at the end of the 3-hour CILT
treatment; and 10 times post-TMS. In addition, a R-hemisphere control-task, the Benton
Line Orientation test was administered (Benton et al., 1994). The time-series data for each
test were later analyzed using a double bootstrap method (McKnight, McKean, and
Huitema, 2000; http://www.stat.wmich.edu/slab/Software/Timeseries.html).

The Language Outcome Measures utilized to examine long-term effects, included the
following tests: subtests on the BDAE and the BNT (examined 3 times at entry Baseline);
and at 1 and 6 months post- the 10th treatment. Significant improvement was defined as >2
SD above entry Baseline.

On the time-series analysis (Naming Probe Testing), there was significant improvement on
BDAE Action Naming (p=.035) (Fig. 4); and Tools/Implements (p=.010). There was no
significant change on the Benton Line Orientation (RH control task).
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On Language Outcome Measures, there was >2 SD improvement on BDAE verb Action
Naming; Tools/Implements and Single Word Repetition. Her improvement in BDAE verb
Action Naming was only observed following the rTMS plus CILT protocol, not during the
first series of Phase 1 and Phase 2 rTMS treatments alone. See Fig. 4.

Mild Nonfluent Aphasia Patient—The second patient who has completed our rTMS
plus CILT protocol was a mild nonfluent aphasia patient. He had suffered a L MCA embolic
stroke at age 43. This patient received three types of treatments - e.g., 1) continuous positive
airway pressure (CPAP) at night; 2) Phase 1 and Phase 2 rTMS; and 3) rTMS plus CILT. At
6 MPO, the patient had been diagnosed with obstructive sleep apnea (OSA). At 12.5 MPO,
he began treatment for the OSA, using CPAP at night. He had received speech-language
therapy only during the first year poststroke, and not during or after CPAP or rTMS.

Following 2-5 months of CPAP use, there was improvement in phrase length, auditory
comprehension and some picture naming (BDAE) (Naeser et al., 2010). The patient used
CPAP throughout the remainder of the study, and continues with CPAP. The best-response
RH ROI in this case was the gyrus located rostral to the diagonal sulcus and caudal to the
vertical ascending ramus - e.g., R PTr posterior.

Significant improvements at 3 and 6 mo. post- Phase 2 rTMS alone, were observed on
phrase length for the BDAE cookie theft picture description, and on the BNT. Pre-TMS, the
baseline mean for longest phrase length was 5 words; and at 3 and 6 months post-TMS, it
was 11 and 7 words, respectively. The 11-word phrase length at 3 months post-TMS was,
“his mother wash the dish up and the water fall down.” At 2.4 years post-TMS, the longest
phrase length was 12 words: “she was getting her cookie jars and she started to fall back.”

At 3 and 6 months post- Phase 2 TMS, the BNT score improved from a mean of 8.67
pictures named at baseline, to 12 and 13. These gains in naming were stable at 2.4 years
post- TMS, with scores of 15, 13 and 15.

At 4 yr. 8 months poststroke onset, this mild nonfluent aphasia patient entered the rTMS
plus CILT protocol. At 2 months post- rTMS plus CILT, there was significant improvement
(>2 SD) on the BNT where he named 17 pictures, compared to a mean of 14.33 (SD 1.15)
pre-treatment. See Fig. 5. There was also significant improvement in naming Tools/
Implements (pre-treatment, 5.67, SD 0.58; post-treatment, 8).

On the BDAE cookie theft picture description, the pre-TMS plus CILT baseline mean for
longest phrase length was 10.67 (SD 4.16), and at 2 mo. post-TMS plus CILT the longest
phrase length was also 10. Further analyses, however, showed qualitative differences in
those utterances. He had a significant increase (>2 SD) in number of narrative words
(Baseline mean, 46 words and 2 mo. post-TMS plus CILT, 59 words). He also showed a
significant increase (>2 SD) in the number of different nouns produced (Baseline mean, 8,
SD 1.73 and 2 mo. post-TMS plus CILT, 12).

In summary, when rTMS was combined with CILT in these first two cases, significant
improvement was observed in naming, as well as in aspects of propositional speech, beyond
what was present post- rTMS alone. However, in the second patient (mild nonfluent
aphasia), there were other medical factors that may have contributed to the observed effects
(e.g., treatment of OSA with CPAP). A carefully controlled clinical trial is needed to assess
these case study findings further.
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2.4. Part 4, Diffusion Tensor Imaging (DTI) Study, and Possible Mechanisms Associated
with Improvement post- rTMS

2.4.1. Diffusion Tensor Imaging Study—As reviewed above, our rTMS studies have
observed long-term, improved naming in chronic nonfluent aphasia patients following a
series of rTMS treatments to suppress the R PTr (Naeser et al., 2005a; Naeser et al., 2005b;
Martin et al., 2009; Naeser et al., 2010; Hamilton et al., 2010). We have not observed the R
POp to be a “best response” ROI to improve naming during Phase 1 in our nonfluent aphasia
patients. In fact, suppression of the R POp was observed to impair naming (Naeser et al.,
2002 and submitted). The differential/opposite effect observed on naming post- rTMS
suppression of the R PTr versus the R POp prompted us, to conduct a DTI study where we
could examine possible differences in white matter pathway connections of the POp and the
PTr with the arcuate fasciculus (AF).

The AF is a white matter pathway traditionally considered to connect L Broca’s area with
the posterior language zones (Catani and Mesulam, 2008, for review). We utilized DTI in
eight healthy subjects (5M) to track the horizontal mid-portion of the AF (hAF) to parts of
Broca’s area (PTr, POp), and the ventral premotor cortex (vPMC) in the RH and in the LH
(Kaplan et al., under revision). White matter pathways from the specific parts of the R
Broca’s homologue to the R AF have not previously been studied. Note, our designated AF
is likely to have included some of the superior longitudinal fasciculus (SLF) III, because it is
difficult to separate the two fiber bundles. The SLF III has been observed to connect the L
supramarginal gyrus (SMG, BA 40) with POp (BA 44) and vPMC (ventral BA 6) (Croxson
et al., 2005; Makris et al., 2005; Rushworth, Behrens, and Johansen-Berg, 2006).

Our DTI results showed that within R Broca’s homologue, only 1/8 subjects had direct R
PTr connections with the hAF. However, 5/8 subjects had R POp connections with the hAF.
Almost all subjects (7/8) had R vPMC connections with the hAF. Within L Broca’s area, our
results also showed that only 1/8 subjects had L PTr connections with the hAF. However, all
8 subjects had L POp connections with the hAF. Also, all 8 subjects had L vPMC
connections with the hAF. Thus, our DTI study showed robust connections between POp
and/or vPMC with the hAF, in both the RH and in the LH, but almost no direct connections
between PTr with the hAF in either hemisphere.

Our DTI results in the LH are similar to those reported by Frey et al. (2008) and Saur et al.
(2008). Each of these DTI studies observed connections from L posterior Broca’s area (not
L anterior Broca’s area) to the SMG via AF (and likely SLF III). Frey et al., 2008 observed
L anterior Broca’s area connections to superior temporal gyrus to be via the extreme
capsule, not via the AF. Thus, major connections from premotor cortices in the LH have
been observed to follow a more dorsal route via the AF/SLF III to SMG (Crosxon et al.,
2005; Frey et al., 2008; Saur et al., 2008); whereas major connections from ventrolateral
prefrontal cortex (including PTr) follow a more ventral route via extreme capsule, to part of
the superior temporal gyrus, or middle temporal gyrus (Frey et al., 2008; Saur et al., 2008).
Other studies have also suggested separate dorsal and ventral pathways connecting parts of
Broca’s area with posterior language zones in the LH (Parker et al., 2005; Rushworth et al.,
2006).

The dorsal route in the LH, as recently summarized by Frey et al. (2008), is mainly restricted
to sensory-motor mapping of sound to articulation and higher-order articulatory control of
speech, where the POp is connected directly with premotor area 6 (involved with orofacial
musculature) (Petrides, 2006; Petrides, Cadoret, and Mackey, 2005). This latter area, vPMC,
was observed in our DTI study to have connections with the hAF in both the RH and the
LH, similar to the POp. Thus, both the POp and vPMC are likely connecting with the SMG
via the dorsal route in each hemisphere.
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The ventral route in the LH, however, likely performs linguistic processing of sound to
meaning, requiring temporo-frontal interaction and top-down regulation of linguistic
processing such as that involved in verbal retrieval (Petrides, 2006), and lexical/semantic
aspects of language processing (Devlin, Matthews, and Rushworth, 2003; Gold and
Buckner, 2002; Nixon et al., 2004; Poldrack et al., 1999; Price et al., 1996; Saur et al.,
2008). Heim et al. (2008) have suggested that the PTr may be more related to verbal fluency
in general (including syntactic), and not restricted to semantic fluency. A dissociation
between the roles of L PTr versus L POp in semantic versus phonological tasks has also
been supported by TMS application to these two areas in normals, with differential/opposite
effects observed (Gough, Nobre, and Devlin, 2005).

Our DTI results showed that fiber tracts from the R hAF connected primarily with R vPMC
and R POp, but not R PTr. Thus, there may be a similar, dorsal route in the RH, which
includes connections from the R POp and R vPMC to the R hAF (likely connecting with R
SMG, although this posterior connection with SMG was not directly examined in our DTI
study). A strong role for the R POp and R vPMC in promoting recovery of speech in
nonfluent aphasia has been suggested since 1877 when Barlow reported his detailed
anatomical study (Barlow, 1877). A 10 year-old boy lost speech for only 10 days following
a first stroke restricted to L POp and L vPMC. One month later, however, a second stroke
occurred, located in the same, RH homologous areas (R POp and R vPMC). Following the
second stroke, he lost all speech again, and there was “loss of voluntary motor power over
the muscles concerned in articulation and the first part of deglutition.” The boy died two
months later, without any recovery of speech. Possible roles of R POp and vPMC in aphasia
recovery are reviewed below.

Results from this DTI study suggest that pathways from the R POp to parieto-temporal areas
likely follow a different route (via the hAF), from those for the R PTr. Thus, this difference
may, in part, help to explain the differential/opposite effect following suppression of each of
these two areas in chronic stroke patients with nonfluent aphasia.

2.4.2 Possible Mechanisms for Improved Naming and Speech, post- rTMS in
Aphasia—The mechanisms associated with the long-term improvement in naming and
narrative speech following rTMS suppression of the R PTr in chronic, nonfluent aphasia
patients are unknown. Some possible mechanisms are reviewed here, including 1) release of
remaining language areas in the LH, from overactivation of homologous areas in the RH
(interhemispheric interactions); 2) role of R POp and vPMC in aphasia recovery; and 3)
relationship between suppression of R PTr, and its effect on premotor and prefrontal areas
associated with verb action naming.

Interhemispheric Interactions: We have observed that suppression of the R PTr with
rTMS improved naming in nonfluent aphasia. Although the mechanism for this beneficial
effect is unknown, we would posit the following: In cases with nonfluent aphasia where LH
lesion is present in L inferior frontal cortex, and/or subcortical white matter deep to it
(adjacent to ventricle), hyperactivity of neurons in R PTr may be present, due to
interhemispheric disinhibition from the damaged L frontal lobe. This R PTr hyperactivity
could excessively suppress the R POp, via their shared U-fibers, which could possibly
hinder recovery from aphasia. U-fibers are short association fibers that link adjacent gyri
(Schmahmann and Pandya, 2006).

As part of our DTI study (reviewed above), we examined the possible presence of U-fibers
in the POp and the PTr. We observed that when one seed point was placed in the R PTr, and
a second seed point was placed in the R POp, direct U-fibers were mapped. See Fig. 6. Thus,
it is possible that suppression of R PTr with rTMS may promote less inhibition of R POp
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from R PTr (via U-fibers), directly permitting better modulation of R POp. Modulation of R
POp may also indirectly support better modulation of R vPMC. Both the R POp and vPMC
connect with the hAF/SLF, likely connecting with the anterior SMG. Modulation of R POp
and R vPMC could, in turn, promote better modulation of the overall, remaining bilateral
temporo-parietal neural network for naming (Price et al., 2001; Gold and Buckner 2002;
Damasio et al. 2004).

The observation of improved function in chronic stroke patients following rTMS
suppression of a target ROI in the undamaged hemisphere has now been reported across
three domains of poststroke behavior - e.g., 1) motor deficits (Fregni et al., 2006); 2)
visuospatial neglect following RH stroke (Brighina et al., 2003; Koch et al., 2008); and 3)
aphasia as reviewed in this paper. A basic principle supporting these improvements
poststroke is that rTMS may be used to modulate abnormal interhemispheric inhibition in
chronic stroke where imbalanced excitability of the healthy hemisphere is present, due to
release of inhibition from the damaged hemisphere.

All of these studies across the behavioral domains of motor impairment, visual neglect and
language impairment suggest that following unilateral stroke, an imbalance in
interhemispheric inhibition develops. Slow, 1 Hz rTMS may be used to suppress the
disinhibition (hyperexcitability) of the undamaged hemisphere in these stroke patients,
which in turn promotes better modulation of both hemispheres. Better modulation results in
improved function and behavior, including language behavior, as reviewed here, following
suppression of only one specific 1 cc target area in the RH - e.g., usually the R PTr. These
studies support the notion of improvement for chronic stroke patients through
neuromodulation based on noninvasive brain stimulation with rTMS.

Roles of R POp and R vPMC in Aphasia Recovery: The results from our rTMS studies in
nonfluent aphasia patients support a role for the R POp in recovery of speech following L
frontal lesion, because suppression of R POp with rTMS impaired naming (Naeser et al.,
2002, and submitted). These rTMS results support data from a PET study by Blank et al.
(2003), where it was observed that after lesion of the L POp, the R POp “contributed to
processes involved in the assembly of the sound structure of speech.”

The POp (BA 44) and PMC (BA 6) in the human brain are thought to be analogous to the
monkey’s F5 region, a locus of mirror neurons (Rizzolatti and Craighero, 2004). The mirror
neuron system is bilateral, and these neurons fire during both production and perception of
similar actions (Wilson et al., 2004; Iacoboni, 2008 for review). They are important in child
language acquisition (Rizzolatti and Craighero, 2004). An rTMS study by Meister et al.
(2007) has supported the role of vPMC as necessary for phonemic categorization in speech
perception, where there is a functional interplay between vPMC and the L STG. The role of
the R vPMC might be related more to the movement of the orofacial musculature (Petrides
et al 2005; Petrides 2006); and the role of the R POp, related more to articulation.

The potential contribution of parts of the mirror neuron system to recovery in aphasia is
unknown. The significant improvement we observed in relationship to “tools/implements” in
all of our rTMS studies, including in our most recent pilot study with rTMS plus CILT, may
be related to the mirror neuron system. The POp (BA 44, an area with mirror neurons)
“mediates observation-execution matching for the goals of arm/hand actions” (Kemmerer &
Gonzalez-Castille, 2010, for review); and the neural network for “tool use” is widely
distributed, including temporal, parietal and frontal regions in the LH (Kemmerer, Gonzalez
Castillo, Talavage, Patterson, Wiley, 2008). Thus, modulation of R POp and vPMC with
rTMS may have permitted access to this uniquely, widespread neural network for tools/
implements.
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Our overall results suggest that both the R POp and the R vPMC may play a role in recovery
of speech in nonfluent aphasia. This role was initially observed by Barlow (1877) in the
childhood aphasia case, where there was no recovery of speech, following bilateral lesion in
these two areas. The notion that the mirror neuron component within these two areas (R POp
and R PTr) plays a role in aphasia recovery is hypothetical and remains to be established.

Premotor and prefrontal areas associated with verb action naming: Another area of
language behavior where marked recovery has recently been observed in patients following
rTMS suppression of the R PTr is in verb action naming (Hamilton et al., 2010; Naeser et
al., 2009). See Fig. 4. For example, Hamilton and colleagues observed their chronic aphasia
patient to have significant improvement in naming actions (but less so, for tools/implements
or animals) at 6 months post-rTMS. The authors suggest that this preferential improvement
in action naming following suppression of R PTr may be related to neural networks for
naming in premotor/prefrontal areas. A previous lesion study has observed an association
between action naming impairment, and lesions involving the L premotor and prefrontal
areas (Tranel et al., 2001). In addition, rTMS to the L dorsolateral prefrontal cortex in
nonaphasic individuals has been shown to affect both action naming (Cappa et al., 2002),
and processing of verbs (Cappelletti et al., 2008). Thus, suppression of R PTr may have
played a unique role in mediating action naming, a behavior associated with premotor/
prefrontal areas of the LH (Hamilton et al., 2010; Naeser et al., 2009). Improvement of
action naming following suppression of R PTr requires further study.

Other Transcranial Stimulation Studies: Another physiological intervention that holds
promise for improvement in chronic aphasia patients includes transcranial direct current
stimulation (tDCS) (Monti et al., 2008). Although the effect of only one session was
examined (using cathodal tDCS to L Broca’s area), improved naming was observed with an
increase of 33.6% (SEM 13.8%) immediately post-tDCS treatment, in eight chronic
nonfluent aphasia patients.

3. Conclusion
Transcranial stimulation with either slow or fast rTMS, or tDCS, when placed on the proper
cortical target area with specific treatment parameters, can induce changes in language
behavior. Our studies with nonfluent aphasia demonstrate the critical importance of the
focality of the rTMS target area in the undamaged RH. Future studies are needed to
investigate the focality for rTMS target areas to promote language recovery in additional
types of aphasia and lesion site patterns.

With the exception of our rTMS studies with nonfluent aphasia patients, studies with
transcranial electrical stimulation (e.g., tDCS) have applied only a single session of
treatment. It is suggested that more treatment sessions be applied over longer periods of
time. Functional imaging studies pre- and post-TMS contribute information toward
understanding of the plasticity of neural networks for language and recovery. The overt
speech fMRI data with our nonfluent patient with good response to TMS support the
hypothesis that restoration of parts of the LH language network is linked, at least in part, to
better recovery of naming and phrase length in nonfluent aphasia. Additional fMRI studies
pre- and post- rTMS are warranted. Also, the combination of rTMS or tDCS with speech
therapy sessions provided immediately afterwards, might promote further language
improvement in a variety of chronic aphasia patients.
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Fig. 1.
Schematic diagram showing the location of four RH cortical ROIs that were suppressed with
10 mins rTMS in separate sessions (Phase 1), to find the ‘best response’ cortical ROI for
each patient. Abbreviations: rTMS = repetitive Transcranial Magnetic Stimulation; ROI =
Region of Interest.
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Fig. 2.
Graphs showing naming scores on three standardized naming tests administered pre- rTMS,
and at 2 weeks, 2 months and 8 months after 10 rTMS treatments. Reprinted with author’s
permission and Brain and Language (Naeser et al., 2005a).
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Fig. 3.
Overt naming fMRI results for ROI analyses, pre- and post- Phase 2 rTMS for P1, good
responder. Bargraph displays the mean effect size for the L and R SMA activation for fMRI
scans pre-TMS and 3, 16, and 46 mo. post-TMS. There was a significant shift to greater L
SMA activation at 16 mo. post-TMS, compared to pre-TMS, and to 3 mo. post-TMS.
Greater L SMA activation remained at 46 mo. post-TMS, relative to pre-TMS and 3 mo.
post-TMS. Abbreviations: fMRI = functional Magnetic Resonance Imaging; rTMS =
repetitive Transcranial Magnetic Stimulation; SMA = Supplementary Motor Area. Reprinted
with authors’ and Brain and Language (Martin et al., 2009).
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Fig. 4.
Significant improvement in Action naming test scores post- Intervention (TMS plus CILT)
for a severe nonfluent, global aphasia patient. a) Time Series graph shows significant
increase in pictures named over time (pre- Intervention, during Daily Intervention and post-
Intervention; p=.035); b) Bargraph shows significant improvement (>2 SD) in BDAE Action
Naming at 1 and 6 mo. post- Intervention, compared to Baseline testing pre- Intervention.
Bargraph also displays scores pre- and post-TMS alone, without speech therapy.
Abbreviations: TMS = transcranial magnetic stimulation; CILT = constraint-induced
language therapy; BDAE = Boston Diagnostic Aphasia Exam.
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Fig. 5.
Significant improvement in Boston Naming Test (BNT) scores post- Intervention (TMS plus
CILT) for a mild nonfluent aphasia patient. Bargraph shows significant improvement (>2
SD) at 2 mo. post- Intervention, compared to Baseline testing pre- Intervention. Bargraph
also displays previous BNT scores pre- and post-TMS treatment alone (without speech
therapy); and pre- and post- CPAP scores. Abbreviations: TMS = transcranial magnetic
stimulation; CILT = constraint-induced language therapy; CPAP = Continuous Positive
Airway Pressure.
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Fig. 6.
a) Schematic diagram showing U-fibers, short association fibers (blue arrow) (Schmahmann
and Pandya, 2006). Reprinted with permission from Oxford University Press. b) DTI
tractography showing U-fibers (dark blue) between R PTr and R POp in two normal
controls.

Naeser et al. Page 27

Restor Neurol Neurosci. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


