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Abstract

Patients with large left-hemisphere lesions and post-stroke aphasia often remain nonfluent.
Melodic Intonation Therapy (MIT) may be an effective alternative to traditional speech therapy
for facilitating recovery of fluency in those patients. In an open-label, proof-of-concept study, 14
subjects with nonfluent aphasia with large left-hemisphere lesions (17176 cc) underwent two
speech/language assessments before, one at midpoint, and two after the end of 75 sessions (1.5
hrs/session) of MIT. Functional MR imaging was done before and after therapy asking subjects

to vocalize the same set of 10 bi-syllabic words. We found significant improvements in speech
output after a period of intensive MIT (75 sessions for a total of 112.5 hrs) compared to two pre-
therapy assessments. Therapy-induced gains were maintained four weeks post-treatment. Imaging
changes were seen in a right-hemisphere network that included the posterior superior temporal
and inferior frontal gyri, inferior pre- and postcentral gyri, pre-supplementary motor area, and
supramarginal gyrus. Functional changes in the posterior right inferior frontal gyri significantly
correlated with changes in a measure of fluency. Intense training of intonation-supported auditory-
motor coupling and engaging feedforward/feedback control regions in the unaffected hemisphere
improves speech-motor functions in subjects with nonfluent aphasia and large left-hemisphere
lesions.

Graphical Abstract

Patients with left-hemisphere lesions and post-stroke aphasia often remain nonfluent. Melodic
Intonation Therapy (MIT) may be an effective alternative to traditional speech therapy. Subjects
with nonfluent aphasia and large left-hemisphere lesions demonstrated long-lasting, significant
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improvements in speech output and changes in a right-hemisphere network after a period of
intensive MIT. Intonation-supported changes in auditory-motor coupling improves speech-mator
functions in subjects with nonfluent aphasia and large left-hemisphere lesions.
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INTRODUCTION

Stroke survivors with moderate to severe nonfluent aphasia often receive poor prognoses
for natural recovery and may not improve with traditional speech therapy2-5. To date, there
are no universally-accepted interventions for nonfluent aphasia, nor is there agreement in
the literature on criteria for treatment efficacy, though Thompson’ proposed that a treatment
should be considered effective when improvements in speech output generalize to untrained
language structures or contexts.

In the past two decades, neuroimaging research has done much to increase our knowledge
of post-stroke language reorganization by examining both natural recovery and the effects
of traditional speech therapy, however the results have been mixed. Some studies have
emphasized the role of preserved left-hemisphere language function 819, other studies have
suggested that improvement occurs when right-hemisphere regions compensate for damaged
left-hemisphere structures 1115 while a third group of studies reported evidence for either
bi-hemispheric language processing or transient right-hemisphere activation after a stroke
16-18 Only a few studies have aimed to identify neural correlates of treatment effects by
contrasting post- versus pre-therapy functional imaging assessments % 19-22, Despite the
heterogeneity in patient groups and findings, the general consensus among these studies

is that there are two possible routes to recovering language functions. While patients with
small left-hemisphere lesions and milder aphasia may recruit perilesional cortex on the left
with varying degrees of right-hemispheric involvement 4 8 23. 24 the only path available to
patients with /arge left-hemisphere lesions may be through recruitment of right-hemisphere
regions that might have the ability to subserve speech-motor functions 4 8 25-30, For such
patients, therapies that engage those right-hemisphere regions may hold particular promise
for increasing speech output beyond the expectations of natural recovery 2% 27,28, 31-33,

One such treatment, Melodic Intonation Therapy (MIT) 34 35 was designed specifically

to facilitate recovery from severe nonfluent aphasia. Developed in response to the clinical
observation that severely aphasic patients can often produce well-articulated, linguistically
accurate words while singing, but not while speaking 2% 36-40, the original MIT description
uses intoned (sung) patterns to emphasize the natural rise and fall of prosodic speech by
translating it into simple, two-pitch “melodies” (higher pitch for accented syllables). We
are aware that there are other approaches out there that have used more than two pitches

or entire melodies. Our aim was to adhere to the original description and to make the
intonation as simple as possible. The two primary elements that distinguish MIT from
non-intonation-based therapies are melodic intonation with its inherent continuous voicing,
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and rhythmic tapping of the patient’s left hand as phrases are intoned and repeated (for
details, see 41). The sung repetition or unison singing as well as the left-hand tapping

have the same rhythmic component to it. An early MIT study by Belin and colleagues 42
contrasted patients’ production of intoned vs. non-intoned words only after treatment was
done with an adapted form of the therapy. More recent imaging studies have examined
MIT’s effects in single case studies33 4344 small case series3® 4%, and small heterogeneous
groups*2: 4647 as well as pilot randomized trials 48: 49, mostly using a wait-list design.
However, MIT’s efficacy is still questionable and the neural mechanism of the therapy-
induced effects have not been thoroughly investigated. Thus, the main aim of this study
was to examine behavioral outcomes of an intense MIT regimen (more than 100 hours

of treatment) as originally suggested by the developers with a pre-post design while also
controlling for test-retest effects at baseline and maintenance effects after the intervention
in outcome variables. Furthermore, imaging was used as an exploratory aim to examine the
neural correlates of the treatment effects. Our hypotheses were that significant effects in a
pragmatic speech fluency outcome would be seen and that imaging would show functional
changes in a right hemisphere homotop vocal-motor network.

METHODS

Participants

Fourteen chronic stroke patients (13 males, one female, mean * standard deviation age
(54.0£14.2) with persistent, moderate to severe nonfluent aphasia (e.g., mean ClUs/min
was 1.9) and relatively unimpaired comprehension were enrolled in our study (see Table

1). The protocol was approved by the local institutional review board, and all patients

gave written informed consent. In order to determine eligibility, classify aphasic syndrome,
and assess baseline levels of fluency and comprehension, patients were interviewed and
then underwent selected subtests of the Boston Diagnostic Aphasia Examination (BDAE
2"d edition; 50). All participants met the following inclusion criteria: (1) age: 21 — 80

years, (2) at least 6 months post-onset of a single, ischemic, left-hemisphere stroke when
MIT commenced, (3) moderately to severely restricted verbal output, and (4) moderately
well-preserved auditory comprehension (i.e., at minimum, able to understand one-step
commands and repeat at least 10 two-syllable words). Exclusion criteria included: (1)
cognitive and/or auditory comprehension deficits severe enough to impair patients’ ability to
competently participate in the study (i.e., if participant performed <50% correct on Raven’s
Coloured Progressive Matrices, a measure of nonverbal 1Q 51 and if participant performed
<20% correct on Auditory Comprehension subtests of the BDAE 34), (2) an active medical
condition that would prevent participation in intensive treatment or follow-up assessments,
(3) MRI risk factors, (4) right-hemispheric, bi-hemispheric, or brainstem stroke, (5) fluent
aphasia, (6) evidence of neurological disease or psychiatric condition other than a stroke, (7)
having received a course of formal MIT prior to screening for this study. Having relatively
preserved comprehension, at least for simple commands, ensured that patients were able to
participate in the therapy sessions and understand what was asked of them. For participants’
demographic and lesion data as well as their behavioral outcomes, see Table 1.

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2023 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marchina et al.

Page 4

Language assessments and therapy

Our primary outcome measure is a measure of spontaneous speech which can also be
regarded as a measure of speech fluency: The number of Correct Information Units (CIUs)
(defined as words that are not only intelligible, but also accurate, relevant, and informative
in the context of the stimulus) 32 uttered over a minute during the production of spontaneous
speech fulfill the requirement that a treatment’s efficacy is assessed by examining its
generalizability to untrained language structures or contexts’. For this investigation we used
two different tasks to obtain the spontaneous speech samples from which the CIUs/min were
extracted: (1) Conversational Interviews >3 comprised of questions that elicited information
related to patients’ biographical data, medical history, daily activities, asnd stroke recovery,
and (2) Picture Descriptions for which patients were shown complex pictures (e.g., the
BDAE 52 “Cookie Theft” picture and Western Aphasia Battery (WAB)>*“Picnic” picture),
and asked to describe what was happening in the picture. Video recordings were made of

all patient assessments and used offline for the transcription, timing, and scoring of patients’
speech samples which was done by a single experienced coder blind to the timepoint of
assessment. Furthermore, a blinded reliability study was also conducted on both outcome
measures for all patients at two of the five time points (prel and post75). For the reliability
study, video clips of patients’ pre- and post-treatment speech samples were made, assigned a
code number, then randomized with regard to time point and given to the blinded coders for
transcription and scoring. The intra- and inter-observer reliabilities for CIUs were =0.9.

As a secondary outcome measure, we assessed performance on confrontation naming using
the Boston Naming Test (BNT) °. We used a standard scoring (one point for each item
named correctly without cueing).

To ensure baseline stability in this group of chronic aphasic patients, patients were tested
and scanned twice, separated by two to four weeks (prel and pre2) before any therapy was
done. The same tests were then administered after 40 (post40) and 75 treatment sessions
(post75), and again at four weeks post-treatment (post75+4) to assess maintenance effects
after cessation of daily treatment with MIT. All patients underwent 75 treatment sessions
(1.5hrs/day; 5 days/week; total treatment time: 112.5hrs), administered with an intensity
similar to that of previous case series 34 35 41,56, 57 \We acknowledge that the time intervals
between prel and pre2 as well as between pre2 and post75 and then between post75 and
post75+4 are not equal, but this was a pragmatic, real-world clinical trial. We did not want
to loose adherence to this trial by asking for excessively long no-treatment periods and not
having too long of a maintenance period. This would allow subjects to pursue other standard
or experimental interventions after an intervention period that lasted four to five months.

Experimental stimuli and fMRI paradigm

Based on words that patients were able to produce at baseline, a set of 16 bi-syllabic
words/phrases for all subjects was recorded for the fMRI experimental task by a native
English speaker using Adobe Audition v1.5 (Adobe, San Jose, CA, USA). From this

set of 16 bi-syllabic words/phrases, 10 were chosen for each individual subject’s fMRI
studies. The same list of words/phrases used at baseline was used for all follow-up imaging
sessions. In the “Overt Speaking” condition, patients were instructed to repeat the words
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and phrases exactly as they heard them (rate = 1 syllable/sec) after an auditory cue. In the
“Silence Control” condition, patients were instructed to take a deep breath after the ding, but
otherwise not to vocalize (see Ozdemir and colleagues®8 for further details on this and other
fMRI tasks done, which cannot all be reported here due to space restrictions).

MR data acquisition

Functional magnetic resonance imaging (fMRI) was performed on a 3.0 Tesla GE Discovery
MR 750 scanner (GE Medical Systems, Wilwaukee, WI, USA). A gradient-echo EPI-
sequence with an effective repetition time (TR) of 15s, echo time (TE) of 25ms, acquisition
time (TA) of 1.75s, and matrix of 64*64 was used for functional imaging. Using a
midsagittal scout image, a total of 28 axial slices with a voxel size of 3.75%3.75*5mm

were acquired over a period of 1.75 s after each trial. Each acquisition was followed by
13.25s of MR acquisition silence (part of the sparse-temporal fMRI design) during which
stimuli were presented and subjects’ responses could be clearly heard and recorded prior to
the next acquisition. Initiation of the first image in the set of 28 slices was synchronized with
stimulus onset using Presentation software version 7.2.6 (Neurobehavioral Systems, Albany,
CA, USA). The fMRI experiment consisted of eight runs, 20 trials per run (four trials for
each of five conditions) plus two dummy scans at the beginning of each run. To verify that
patients responded to each trial, responses were recorded.

fMRI data analysis

fMRI data were analyzed using the SPM8 software package (Wellcome Trust Centre

for Neuroimaging, University College, London, UK) including realignment, spatial
normalization, and smoothing using an isotropic Gaussian kernel of 8mm full-width at
half-maximum. Condition and subject effects were estimated according to the general
linear model 9. Because of the sparse temporal sampling design, there was no temporal
auto correlation between the images. Therefore, we did not convolve our data with

the hemodynamic response function but used the flexible finite impulse response which
averages the blood-oxygen-level-dependent (BOLD) response at each post-stimulus jitter
time point. See our previous publications for further details on the analysis of sparse
temporal data sets 8: 60,

A design matrix was modeled by combining all jittered image acquisitions for each subject
in order to look at condition effects for each subject individually. The two fMRI conditions
presented here are “Overt Speaking” (i.e., the active condition) and “Silence Control” (i.e.,
the silence control condition). All subjects’ prel and post75 timepoints were entered into a
fixed effects group analysis using the group lesion map (see Figure 1) as an explicit mask.
We then created an Overt Speaking > Silence Control pre- and post-therapy contrasts (both
family wise error [FWE] p<0.05 corrected) as well as a Overt Speaking post>pre therapy
contrast (false discovery rate [FDR] p<0.05). In addition to the fixed effects model, we
entered the contrasts from all timepoints (prel, pre2, post40, post75) into a random effects
full factorial design. The fixed-effects analysis takes into account the degree of variability in
lesion characteristics and patient outcomes at baseline and allows us only to make inferences
about the group of subjects studied. Fixed effects analyses might be appropriate when

the inference is about some aspect of a response in the group studies 1. Random-effects
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analysis allows for broader, more generalizable inferences to be made with regard to the
underlying population as well as when making comparisons between groups, such as a
patient group and a control group 61 62, For the full-factorial model, we used a mask to
restrict the search volume to intact and unaffected regions of the left and right hemisphere
in order to reduce variability caused by variations in left-hemisphere lesion volumes that
could create spurious activation effects. The mask image was generated by adding temporal,
parietal, and frontal lobes from the WFU PickAtlas toolbox (version 1.04) and multiplying
this binary mask with a gray matter mask. The resulting mask was then inserted as an
explicit mask into the full factorial model. We focused on differences between the two
baseline scans (pre2>prel), and post therapy effects (post75 vs. prel). Analyses of other
fMRI tasks will be reported elsewhere.

Using MarsBaR 83, we extracted mean regional beta-values of active (i.e., Overt Speaking)
vs. control (i.e., Silence Control) conditions using the center coordinates of all clusters in
both the fixed effects post75>prel contrast (FDR-corrected) and random effects post75>prel
contrast (uncorrected p<0.05) and created a sphere of 10mm diameter around the center
coordinates diameter. The regional beta-values representing the strength of the activation
were then correlated with the ClUs/min change scores.

Lesion Map analysis

RESULTS

To include a measure of left-hemisphere lesion severity 64, lesion masks were first drawn
manually on normalized T1-weighted images by an experienced investigator who was
blinded to any other aspects of each subject’s assessment (see Figure 1 for lesion overlays).
Then, for each spatially normalized lesion, an overlap volume was calculate by overlaying
the lesion map onto a probabilistic, canonical fiber tract of the Arcuate Fasciculus (AF;

see Table 1 for lesion size and lesion load). This caonical, probabilistic, left hemisphere
tract was reconstructed fro high-resolution diffusion tenor images of 12 right-handed healthy
elderly subjects 6°.

Effects of MIT on measures of spontaneous speech and picture naming outcomes

A repeated measures ANOVA revealed significant overall differences (see Figure 2) in our
primary outcome measure, ClUs/min, across the five timepoints (prel, pre2, post40, post75,
and post75+4weeks) (Greenhouse-Geisser corrected F(1.913, 24.87) = 17.428, p<0.001).
Post-hoc pairwise comparisons (Bonferroni corrected), showed no difference between the
two pre-therapy assessments (1.9 vs. 2.23, p=1.0) suggesting stability of the impairment
prior to an intervention, but significant differences were found between the first baseline
assessment and all other timepoints (post40 1.9 vs. 3.64, p=0.042, post75 1.9 vs. 5.05,
p=0.006, post75+4wks 1.9 vs. 4.86, p=0.002). Assessments done at post75 and post75+4 did
not show a significant difference (5.05 vs. 4.86, p=1.0) (Figure 2a). Across the 14 patients,
the percent change in ClUs/min was 91.5% after 40 sessions of MIT, 165.9% after 75
sessions, and 155.8% at 4 weeks post-treatment (Figure 2b).
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Our secondary outcome measure was the change in picture naming performance using the
BNT. We report here the results of the conservative rating of the BNT (i.e., subjects received
one point for naming the picture correctly. The repeated measures ANOVA was overall
significant F(4, 52) = 8.283, p<001). The comparison between the two pre-therapy baselines
was not significant (5.0 vs. 5.43, p=0.451). There was a significant difference between the
baseline (prel) and all remaining timepoints (post40 5.0 vs. 7.43, p=0.006; post75 5.0 vs.
7.71, p<0.001; post75+4 5.0 vs.7.64, p=0.006), but no significant difference between post75
and post75+4 (7.71 vs. 7.64, p=0.922) suggesting maintenance of the effect after the end of
the therapy (Figure 2c¢). The percent change in naming across all patients was 48.6% after 40
sessions of MIT, 54.2% after 75 sessions, and 52.9% four weeks post-treatment (Figure 2d).

Effects of MIT on neural activation patterns for speaking.

Activation pattern before and after therapy—Significant activations (FWE p<0.05
whole brain, extent threshold 10 voxels) were found in the “ Overt Speaking”vs. “ Silence
Control” contrast prior to MIT treatment (prel) in a right-hemispheric network that

included the pre- and postcentral gyrus (MNI coordinates: 52 —6 30), posterior superior
temporal gyrus (STG) expanding into the superior temporal sulcus (STS) (60 —4 -4),
pre-supplementary and supplementary motor areas (pre-SMA and SMA) (0 -2 64), and the
caudate nucleus (—16 22 0). Activated left-hemisphere regions included the cerebellum (-2
—76 16; —6 —46 32), pre-SMA and SMA (0 -2 64), superior parietal lobule (-32 -60 54) and
the caudate nucleus (=16 22 0) (Figure 3a).

The post-treatment “Overt Speaking”vs. “Silence Control” contrast (FWE p<0.05) showed
an activation pattern that included largely the same right-hemisphere regions (pre- and
postcentral gyrus [58 —8 38], STG/STS [62 —20 6], pars triangularis of the inferior frontal
gyrus (IFGtri) (50 32 0), pre-SMA and SMA (0 0 60), cerebellum (8 =76 —16), middle
cingulate cortex (10 20 30), and caudate nucleus (12 —4 18). Activated structures in the left
hemisphere included pre-SMA and SMA (0 0 60), thalamus (-2 —28 6) and the cerebellum
(—24 —-64 -26) (Figure 3b).

Functional changes over time—Functional changes on a voxel-by-voxel basis were
assessed in two ways, first in a fixed-effects analysis and then in a random-effects analysis.

Functional changes over time (fixed effects analysis)—The post- vs. pre-treatment
contrasts (FDR p<0.05 whole brain, extent threshold 10 voxels) revealed changes in a right
perisylvian network that included the posterior superior temporal gyrus (STG) (62 —22 8),
inferior pre- and postcentral gyri (58 —8 40), supramarginal gyrus (SMG) (50 —32 40) and
pars opercularis in the IFG (IFGop) (54 10 10), as well as the caudate nucleus (16 -2 24)
and thalamus (10 —32 16). The only left-hemisphere structure showing a significant change
over time was a small region within the calcarine sulcus (-8 —=72 6) (Figure 3c)

Functional changes over time (random effects analysis)—The comparison of
the two baseline scans (ore2>prel) did not reveal any significant voxel-by-voxel changes
(Figure 4a). However, in the post>pre-treatment comparison, significant activation changes
were seen, but only when results were not corrected for whole brain analysis (p<0.05,
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uncorrected for whole brain). These changes were in the same overall regions as those seen
in the fixed-effects analysis: (1) the posterior IFG (44 22 34), (2) the upper portion of the
SMG (52 -34 46), and (3) the right pre-SMA (4 16 52). Smaller clusters were seen in the
right STG (46 —34 12), middle temporal gyrus (48 —70 -2), temporal pole (38 4 —24), and
precentral gyrus (48 —10 56) (Figure 4b; Table 2).

Linking behavioral improvements with imaging changes—In order to assess
whether the post75>prel activity changes correlated with behavioral improvements, we
extracted mean beta values (as a measure of change in activation strength) in the pars
opercularis of the right posterior IFG (which showed task-induced changes in the fixed

and random-effects analysis) and correlated them with post>pre-treatment speech-fluency
changes. We found a significant positive correlation between improvement in patients’
fluency (as measured by ClUs/min) and an activation’s increase (r=0.849, p<0.001) (Figure
5).

DISCUSSION

In this proof-of-concept study, we found significant improvements in speech output and
fluency in response to intensive treatment with MIT, as well as functional imaging changes
in a right-hemisphere network that included the posterior IFG, SMG, pre-SMA, and

STG. Furthermore, changes seen in the right posterior IFG correlated significantly with
improvements in speech fluency.

Our imaging data revealed changes in a right hemisphere network of brain regions that

has been shown in general to play a critical role in (1) the mapping of sounds to

articulatory actions (e.g., posterior IFG 66, (2) the feedforward/feedback control of vocal
output subserved by a network of fronto-temporal regions reciprocally connected by a

white matter fiber tract called the arcuate fasciculus (AF) 8770, and (3) the initiation

of vocal output via the anterior frontomedial region 71 72 and its connection with the
posterior inferior frontal gyrus through the Frontal Aslant Tract (FAT) 73 74, This speech-
motor network has been shown to be bi-hemispheric in healthy individuals when the rate

of production is reduced and controlled 8. Thus, it appears that there is some degree

of built-in redundancy in both hemispheres for vocal output 33 75 that might allow the

right hemisphere to facilitate language and speech-maotor recovery in patients with large
left-hemisphere lesions!®. However, our findings also suggest that the speech-motor network
in the undamaged right hemisphere must be both engaged and trained intensely over a longer
period of time in order to perform the speech-motor functions typically handled by the left
hemisphere. The strong behavioral effects seen in our group of patients might be directly
related to the intense treatment received by our study patients and might also be one of the
explanations why other well-designed waitlist or cross-over studies testing the efficacy of
MIT have found smaller or transient effects or have seen effects mainly in trained items, but
no generalization effects 46:48.49. 76 There are, however, studies that have found positive
effects in communication skill assessments using a subject’s own assessment 46 49. 76,
Zumbansen and colleagues compared the effects of rhythm with a combination of rhythm
and pitch such as in MIT and found stronger effects in the MIT intervention compared to the
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rhythm intervention in three patients who received these two interventions as well as speech
therapy 47.

The right posterior IFG appears to play a particularly important role in language and
speech-motor recovery as it is the only region that showed a significant correlation between
imaging signal changes over time and behavioral measures of speech output and fluency.
The IFG has been implicated in numerous speech-related functions such as the mapping

of sounds to speech-motor actions and the sequencing of those actions 6 66. 77-79_patjents
with severe nonfluent aphasia are often unable to make appropriate sounds for target words
and find it difficult to either segment (deconstruct) longer words and phrases or string
together multiple syllables to form words and phrases. Engaging the right IFG (which is
often the only viable alternative for patients with large left-hemisphere lesions), re-mapping
sounds to articulatory motor actions, and increasing patients’ awareness of their auditory
feedback are not only critical aspects of recovery from nonfluent aphasia that are specifically
addressed by MIT, but are likely of key importance for improving speech output. In a

large meta-analysis, Turkeltaub and colleagues 26 found that activation in the right IFG was
reliably observed in language production tasks in patients with aphasia and that the location
of that activation was homologous to the left-hemisphere site activated in healthy individuals
while performing the same tasks.

In contrast to the right IFG, the right SMG facilitates both short-term storage and retrieval of
phonological information/material 8 81 as well as the sensorimotor integration of auditory
information that is important for speech motor learning 82 83, The SMG is also a nodal point
of the AF, connecting the temporal and frontal regions either directly or indirectly through a
relay in the SMG 84 85,

Changes in the frontomedial region were mainly observed in the borderzone region of

the posterior pre-SMA and SMA-proper 8687 — a region which is involved in motor
planning and preparation 8@ as well as maintaining readiness for action 88. Furthermore,

the pre-SMA/SMA-proper has been shown to be involved in a wide variety of simple and
complex overt language production tasks 7! and has connections to the inferior frontal gyrus
through a known fiber tract (i.e., FAT)73 74. Some studies have shown that lesions to the
SMA/pre-SMA often lead to a deficit in volitional and/or spontaneous action and speech
fluency 89 90,

At first glance, our imaging findings appear inconsistent with those of Belin and colleagues
42 whose PET study reported significant post-therapy activation of the left prefrontal cortex
(anterior to Broca’s region) after an infonedwords vs. non-intoned words contrast in a group
of patients with widely varying amounts of MIT. While our study differs from theirs in that
we used a strict pre-vs-post-therapy design, their post-therapy only image analysis did show
that the results of their repeating words vs. hearing words contrast were associated with right
fronto-central activation. This particular imaging contrast — which is somewhat closer to
the main contrast used in our study — also suggests an involvement of right-hemisphere
structures during expressive language tasks in MIT-treated patients with severe nonfluent
aphasia.
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While strong right-lateralized imaging changes may initially seem surprising, the four
possible mechanisms by which MIT achieves its therapeutic effect (for details, see 2°
actually all have a tendency to engage the right hemisphere more than the left. The first
three mechanisms, (i) reduction of speed'to approximately one syllable/second, (ii) sy/lable
lengthening that isolates/emphasizes individual phonemes even as they remain part of the
continuously-voiced words/phrases, and (iii) “chunking”that combines prosodic information
with meaningful content to facilitate production of longer phrases, have all been shown to
lead to more right- than left-hemisphere activation in healthy subjects 58 91. 92, Furthermore,
since studies have found that patients with right-hemisphere lesions have greater difficulty
with global processing tasks (e.g., melody and contour processing) than those with left-
hemisphere lesions 93 94, it is likely that the melodic element of MIT does indeed engage
the right hemisphere, particularly the right temporal lobe, more than therapies that do not
include the use of melodic contour. The fourth (iv) mechanism— Left hand-tapping (one
tap/syllable, one syllable/sec.)—engages a right-hemispheric, sensorimotor network capable
of providing an impulse for verbal production in much the same way that a metronome

has been shown to serve as a “pacemaker” when rhythmic motor activities prime and/or
entrain sensorimotor networks 9% 9. |n addition, research suggesting that hand movements
and articulatory movements may share neural correlates 97100 fyrther supports the notion
that hand-tapping is critically important for facilitating the coupling of sounds to orofacial
and articulatory actions 86. Since concurrent speech and hand movements occur in daily
life, and gestures are frequently used to emphasize/accompany important and/or elusive
concepts in speech, rhythmic hand movements synchronized with articulatory movements
may have similarly beneficial effects on speech production. Although there is data from a
cross-sectional study suggesting that the rhythmic and melodic aspects of singing may elicit
different responses in individual aphasic patients 191, it is also possible that the combination
of melodic intonation with left-hand tapping creates an additive effect.

As with every study, this, too, has its limitations, the most obvious being the results of

the random effects functional imaging analysis which was not significant when whole-brain
level corrections were applied. While the finding itself appears somewhat surprising given
the strength of the behavioral changes, there are some possible explanations for this— the
main one being the sample size. Despite the fact that this is, to our knowledge, the largest
homogeneous group of moderate to severely nonfluent aphasic patients to be treated with
intensive MIT and imaged before and after treatment, our group of just 14 subjects might
be too small for a random effects analysis. Another possibility is that activation tends to

be more variable as each patient’s brain must reorganize depending on the lesion size and
location, and such variability on the first level makes a second level analysis much more
challenging. This is why some have argued that a fixed effects analysis might be more
appropriate for a patient data set with variable lesion effects when the inference is about

an induced response in the group studied; while a random effects analysis allows one to
make more general inferences and might be appropriate when two groups (patient group vs.
control group) are compared with each other 61. 62,

In summary, our study showed that MIT may indeed, have significant therapeutic potential
and lead to changes in a right-hemispheric speech-motor network; however, further
investigation of its efficacy by comparing MIT to a control intervention in a randomized
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controlled trial are already underway in our group. An optimal control might control for
the intensity of the intervention, the 1:1 interaction with the therapist, the presentation
and repetition of phrases as well as isolate unique components of MIT such as the
melodic intonation and left hand rhythmic hand tapping. We have referred to such a
control intervention as Speech-Repetition Therapy (SRT) in other publications30: 102,
Optimizing the intervention, combining it with other treatment modalities to enhance its
effect 43103 and determining optimal dosage and optimal timing when to administer this
treatment post-stroke are still needed for this severely nonfluent patient population. The
remarkable ability of the injured brain to re-route speech-motor function to homotopic
right-hemisphere regions/networks when left-hemisphere pathways are no longer viable,
triggered by interventions that might specifically engage these right hemisphere regions,
reveals more options for facilitating recovery after an injury’®.
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FIGURE 1.
Composite lesion map. After spatial normalization to MNI space, the individual lesion maps

of all 14 patients were overlaid and superimposed on a canonical T1-weighted image. The
color spectrum bar indicates the number of patients with lesioned tissue in a given voxel
or region (e.g., purple represents the lesioned voxels/regions of a single patient; bright red
indicates that all 14 patients have lesioned tissue in that voxel or region).
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FIGURE 2.

Behavioral outcomes over time. Each pair of graphs shows the absolute performance (Figure
2a and 2c) and percent change (Figure 2b and 2d) in Correct Information Units (CIUs/min)
and the Boston Naming Test (BNT). Percent change is always compared to the first baseline
(prel). Assessments were done after 40 and 75 treatment sessions as well as four weeks after
the last treatment sessions to assess maintenance effects.
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FIGURE 3.
Functional imaging changes using a fixed effects analysis. Activation pattern of the “Over

Speaking vs Silence Control Condition” contrast in a group of 14 nonfluent aphasia patients
pre- (Fig. 3a) and post-treatment (Fig. 3b) with Melodic Intonation Therapy (Figure 3a and
3b are p<0.05, FWE whole brain corrected, voxel extent threshold=10). The third row (Fig.
3c¢) is the direct voxel-by-voxel contrast of the pre- and post-therapy studies revealing a
pattern of activation changes involving the middle to posterior superior temporal, inferior
parietal lobule (supramarginal gyrus), inferior precentral gyrus, and the inferior frontal gyrus
(p<0.05, FDR corrected, voxel extent threshold=10).
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a (Pre2 vs Pre1)

FIGURE 4.
Functional imaging changes using a random effects analysis. Results of image analysis are

derived from a random effects analysis using a full factorial model. The Post>Pre-therapy
contrast of the Overt Speaking vs Silence Control condition. Fig. 4a — shows prominent
changes in a right hemisphere network involving the inferior parietal region (supramarginal
gyrus) and the inferior frontal region (Broca’s homotop) with smaller changes in the pre-
SMA and the posterior superior temporal gyrus region (p<0.05, uncorr.). The comparison
of both baselines (pre2>prel). Fig. 4b - reveals a scatter of small changes in various
regions, but most importantly, no overlap with the post>pre-therapy comparison (p<0.05,
uncorrected).
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FIGURE 5.

Correlations between speech output improvements and imaging changes. The scatter plot
(left) shows a significant correlation between the strength of activation changes (beta-values)
in the posterior IFG and improvements in patients’ propositional speech as measured by
ClUs/min. The graph on the right shows the resulting non-significant, but similarly positive

trend after excluding the subject with the highest correlation score.
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Table 1.
Demographic, Lesion Characteristics and Baseline Data on non-verb. 1Q, Comprehension, Repetition, Fluency,
and Naming
) Lesion Non- Auditory Comprehension Repetition Fluency [prel] Naming
Demographics Characteristics Velr(gal [pre1]
8 | o | o | 2| ot | T || (20
treat LL minute
yrs] [ [mo] fec] | fecl [ (%] [ [ 1] " ] "
1 29 120 1917 | 97 88.9 S - - 2.1 0.88 0
2 47 13 169.2 | 4.4 91.7 93.8 80 50.0 17.9 379 12
3 74 6 1238 | 43 66.7 - 66.7 222 116 0.85 1
4 80 9 70.7 25 55.6 64.3 100 30.0 16 0.22 1
5 55 61 1983 | 9.1 83.3 54.6 455 30.0 48 0.57 1
6 58 55 1232 | 71 778 - 83.3 63.6 33 0.28 4
7 62 30 421 43 88.9 60.0 60.0 40.0 35 1.47 9
8 56 29 1529 | 95 9.4 727 75 20.0 85 0.64 4
9 71 14 73.4 33 80.6 100 86.7 10.0 8.2 2.25 1
10 35 9 1988 | 52 97.2 9% 100 125 11.0 0.63 4
11% | 48 12 2688 | 83 83.3 60 58.3 10.0 25 0.38 0
12 44 44 2595 | 107 [ 972 83.8 87.7 35.0 245 9.00 14
13 49 32 2385 | 94 75.0 73.0 75.0 40.0 16.7 3.67 4
14 55 8 2498 | 108 | 86.1 91.9 26.7 30.0 73 2.02 5
Mean i::jz o0t 186+ z_r;) 833+ | 71x163 r27e211 | 03 38+ %ZZ 50+4.7

*

: only female patient, all others were male;

*ok

: missing values;

#
: absolute number;

0,

%,
. percent of correct responses,

AF-LL = Arcuate Fasciculus Lesion Load; overlap of lesion on a canonical Arcuate Fasciculus tract derived from an elderly healthy control group;

Time from stroke to baseline assessment (time post-stroke) is expressed in months.
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Table 2:

Clusters for Overt Speaking-vs-Silence Control, Post75>Prel

cluster

p(cor)
1.000

0.995

1.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

cluster
equivk
104
202

48

18

e L

cluster  voxel

p(unc)  p(FWE-cor)

0.486

0.325

0.650

0.799
0.921
0.691
0.968
0.950
0.968
0.968
0.968

0.956
1.000
0.965
0.998
0.965
0.982
0.990
0.995
1.000
1.000
1.000
1.000
1.000
1.000

voxel
p(FDR-cor)
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903
0.903

voxel
T
2.73
1.95
2.69
2.37
2.69
2.60
2.53
2.44
1.98
1.76
1.75
1.72
1.69
1.68

voxel
equivZ
2.63
191
2.59
2.30
2.59
251
2.44
2.36
1.94
1.74
1.72
1.70
1.67
1.66

voxel
p(unc)
0.004
0.028
0.005
0.011
0.005
0.006
0.007
0.009
0.026
0.041
0.042
0.045
0.047
0.049

x,y,z {mm}
44 22 34
3818 26
52 —34 46
46 -44 52
384 -24
328-20
46 -34 12
48 -70 -2
41652
46 -36 8
56 -10 46
448 -26
48 -10 56
50 -20 6

Anatomical
Region

RIFG

R SMG

R ant. MTG

R post. STG

R inf.Temp-Occ

R pre-SMA

R inf. M1

Page 23

Legend: Table shows 3 local maxima more than 8.00 mm apart; Height threshold: T=1.67, p=0.049 (1.000) {p<0.05 (unc.)}; Extent threshold:
k=0 voxels, p=1.000 (1.000); Expected voxels per cluster, <k>=225.420; Expected number of clusters, <c>=16.11; Expected false discovery rate,
<=0.90; Degrees of freedom=[1.0. 52.0]; FWHM=12.8 x 11.9 x 12.7mm; 6.4 x 5.9 x 6.4 (voxels); Volume: 82320=10290 voxels=22.3 resels;
\Voxel size: 2.0 x 2.0 x 2.0mm (resel=241.79 voxels)
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