
BRAIN
A JOURNAL OF NEUROLOGY

Speech entrainment enables patients with Broca’s
aphasia to produce fluent speech
Julius Fridriksson,1 H. Isabel Hubbard,1 Sarah Grace Hudspeth,1 Audrey L. Holland,2

Leonardo Bonilha,3 Davida Fromm4 and Chris Rorden5

1 Department of Communication Sciences and Disorders, University of South Carolina, Columbia, SC 29208, USA

2 Department of Speech and Hearing Sciences, University of Arizona, Tucson, AZ, USA

3 Department of Neurosciences, Medical University of South Carolina, Charleston, SC, USA

4 Department of Psychology, Carnegie Mellon University, Pittsburgh, PA, USA

5 Department of Psychology, University of South Carolina, Columbia, SC, USA

Correspondence to: Julius Fridriksson,

Department of Communication Sciences and Disorders,

University of South Carolina,

Columbia, SC 29208, USA

E-mail: jfridrik@sc.edu

A distinguishing feature of Broca’s aphasia is non-fluent halting speech typically involving one to three words per utterance. Yet,

despite such profound impairments, some patients can mimic audio-visual speech stimuli enabling them to produce fluent speech in

real time. We call this effect ‘speech entrainment’ and reveal its neural mechanism as well as explore its usefulness as a treatment for

speech production in Broca’s aphasia. In Experiment 1, 13 patients with Broca’s aphasia were tested in three conditions: (i) speech

entrainment with audio-visual feedback where they attempted to mimic a speaker whose mouth was seen on an iPod screen;

(ii) speech entrainment with audio-only feedback where patients mimicked heard speech; and (iii) spontaneous speech where

patients spoke freely about assigned topics. The patients produced a greater variety of words using audio-visual feedback compared

with audio-only feedback and spontaneous speech. No difference was found between audio-only feedback and spontaneous speech.

In Experiment 2, 10 of the 13 patients included in Experiment 1 and 20 control subjects underwent functional magnetic resonance

imaging to determine the neural mechanism that supports speech entrainment. Group results with patients and controls revealed

greater bilateral cortical activation for speech produced during speech entrainment compared with spontaneous speech at the

junction of the anterior insula and Brodmann area 47, in Brodmann area 37, and unilaterally in the left middle temporal gyrus and

the dorsal portion of Broca’s area. Probabilistic white matter tracts constructed for these regions in the normal subjects revealed a

structural network connected via the corpus callosum and ventral fibres through the extreme capsule. Unilateral areas were connected

via the arcuate fasciculus. In Experiment 3, all patients included in Experiment 1 participated in a 6-week treatment phase using

speech entrainment to improve speech production. Behavioural and functional magnetic resonance imaging data were collected

before and after the treatment phase. Patients were able to produce a greater variety of words with and without speech entrainment at

1 and 6 weeks after training. Treatment-related decrease in cortical activation associated with speech entrainment was found in areas

of the left posterior-inferior parietal lobe. We conclude that speech entrainment allows patients with Broca’s aphasia to double their

speech output compared with spontaneous speech. Neuroimaging results suggest that speech entrainment allows patients to

produce fluent speech by providing an external gating mechanism that yokes a ventral language network that encodes conceptual

aspects of speech. Preliminary results suggest that training with speech entrainment improves speech production in Broca’s aphasia

providing a potential therapeutic method for a disorder that has been shown to be particularly resistant to treatment.
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Introduction
Broca’s aphasia is a common condition resulting from damage to

the anterior speech areas in the left hemisphere (Broca, 1861;

Geschwind, 1965; Dronkers, 1996). It is characterized by non-

fluent spontaneous speech comprising short utterances involving

mostly substantive words (Brookshire, 2003). Although speech pro-

duction in patients with Broca’s aphasia may improve following

behavioural treatment (Kendall et al., 2008; Edmonds et al., 2009;

Fridriksson et al., 2009, 2012; Kiran et al., 2011), most chronic

patients never fully recover from this condition and remain non-

fluent. Several treatment options have been suggested to improve

non-fluent speech in Broca’s aphasia (Albert et al., 1973; Rosenbek

et al., 1973; Sparks and Holland, 1976; Wambaugh, 2006a, b;

Schlaug et al., 2008; Stahl et al., 2011). Typically, treatment of

non-fluent speech focuses on speech production—a task that is

inherently difficult for these patients. Based on studies in normal

subjects that suggest increased activity in the anterior cortical

speech areas associated with speech perception, especially when it

involves audio-visual speech stimuli (Hall et al., 2005; Bernstein

et al., 2008; Fridriksson et al., 2008; Kotz et al., 2010; Vander

Wyk et al., 2010), we examined whether a treatment that focused

on speech perception tasks involving hearing speech and seeing the

mouth of the speaker would result in greater improvement in speech

production (picture naming) compared with auditory-only speech

stimuli in a group of non-fluent speakers (Fridriksson et al., 2009).

The rationale for this work was as follows: audio-visual speech per-

ception is associated with greater Broca’s area activity compared with

auditory-only speech (Fridriksson et al., 2008; Vander Wyk et al.,

2010). Further, brain stimulation in healthy adults suggests that this

region is involved in the perception of auditory (Meister et al., 2007)

and visual aspects of speech (Rorden et al., 2008). A treatment that

focuses on audio-visual speech perception may stimulate the residual

left frontal speech areas in patients with non-fluent speech, and

thereby improve their speech production. In short, our study

revealed treatment involving audio-visual speech perception resulted

in greater improvement in speech production compared with treat-

ment that only relied on auditory speech stimulation (Fridriksson

et al., 2009). Although this study did not examine changes in

speech fluency, it did motivate us to further examine the use of

audio-visual speech feedback as a means of treating non-fluent

aphasia. Others have used similar methods that emphasize audio-

visual speech perception in aphasic patients (Lee et al., 2010). One

interesting aspect of audio-visual speech perception in subjects with

non-fluent aphasia is that some patients can actually mimic the

speech of others in real-time even though their ability to repeat

speech is severely impaired (Rosenbek et al., 1973). A similar

effect, usually referred to as choral reading or choral speech, has

been shown to induce fluent speech in stuttering, although this

effect does not seem to generalize to connected speech (Max

et al., 1997; Kiefte and Armson, 2008). For demonstration of this

effect, we have included a video of a patient with severe Broca’s

aphasia, G.B., speaking with and without audio-visual speech feed-

back (Supplementary Video 1). As demonstrated, G.B. struggles to

produce spontaneous speech but is able to mimic fluent speech using

audio-visual feedback. We describe this effect as ‘speech entrain-

ment’, meaning ‘drawing or pulling along’. G.B.’s articulation is not

perfect, but he can produce only two spontaneous phrases (‘I know’

and ‘yeah sir/boy’) and has been aphasic for 22 years. Although in

G.B.’s case the effect is powerful, it is unclear whether speech

entrainment is something that would work for most patients with

Broca’s aphasia.

We suggest that speech entrainment has potential importance

for two reasons. First, it could be used as a mechanism for speech

rehabilitation in patients with non-fluent speech by practicing

speech production, even without the aid of a trained clinician.

Second, even if speech entrainment is not effective for improving

spontaneous speech, it is possible that patients could rely on

speech entrainment in conversation with others. For example,

patients could store typical utterances and communication scripts

on a portable electronic device (e.g. an iPod) and use it to com-

municate in appropriate situations. We used one such iPod appli-

cation, Visually Assisted Speech Technology (VAST)TM (http://

www.speakinmotion.com/), in the research described here.

Whereas speech entrainment may represent a novel treatment

approach for patients with non-fluent aphasia, it should also con-

tribute to understanding the normal mechanism that supports

speech production. Patients with non-fluent aphasia typically have

damage to Broca’s area and the left anterior insula (Broca, 1861;

Dronkers, 1996; Richardson et al., 2012). Accordingly, these areas

are thought to play a crucial role in speech fluency. If patients with

non-fluent speech can speak more fluently with the aid of speech

entrainment, it suggests that the speech entrainment is replacing or

enhancing some natural mechanism that is necessary for normal

speech fluency. One way to investigate this issue would be to com-

pare brain activation during typical speech production with that of

speech entrainment in both normal and aphasic participants. Such

an investigation could not only shed light on the mechanism that

supports fluent speech production using speech entrainment but

might also inform theories of normal speech production. The find-

ings could then be related to current neurocognitive models of

speech processing—the ‘Directions into Velocities of the

Articulators’ model and the ‘Hierarchical State Feedback Control’

model (Guenther et al., 2006; Hickok, 2012), which emphasize

the role of distributed feed-forward and feedback mechanisms in

fluent speech production.

The purpose of this research was to conduct three experiments:

the first examined the effect of speech entrainment on speech

fluency in patients with Broca’s aphasia. A group of patients

with chronic Broca’s aphasia completed spoken discourse tasks

in three conditions: (i) speech entrainment with audio-visual feed-

back; (ii) speech entrainment with audio-only feedback; and

(iii) spontaneous speech. The second experiment used functional

MRI to examine the neural mechanism that supports fluent speech

production with speech entrainment in patients and age-matched

control subjects. Unlike most neuroimaging studies that emphasize

differences in cortical activation among patients and normal sub-

jects (Warren et al., 2009; Fridriksson et al., 2010; Buchsbaum

et al., 2011; Kim et al., 2011; Turkeltaub et al., 2011), we

attempted to identify a neural mechanism that is common

among normal subjects and patients with Broca’s aphasia.

Moreover, we contrasted brain activation in patients with

Broca’s aphasia and their normal counterparts to understand

how speech entrainment enables the patients to produce fluent
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speech in spite of brain damage involving the cortical speech and

language regions. Diffusion tensor imaging (DTI) MRI data were

also collected to highlight the structure of a potential cortical net-

work that supports speech entrainment. The final experiment

tested whether training with speech entrainment improves

speech production among patients with Broca’s aphasia. For this

purpose, a group of patients with Broca’s aphasia completed a

6-week training regimen that emphasized daily speech exercises

with speech entrainment. Functional MRI was used to examine

functional brain changes associated with treatment.

Materials and methods

Experiment 1: Examining the effect of
speech entrainment on speech fluency
in patients with Broca’s aphasia

Participants

Thirteen patients (four females) with stroke-induced Broca’s aphasia

participated in this research. The mean age was 57 years [standard

deviation (SD) = 9.15, range = 45–75], and all participants, except one,

were premorbidly right-handed. Each patient was at least 6 months

post-stroke, and all had incurred a single event stroke (Table 1).

High-resolution imaging (lesion demarcation was done on T2 MRI; see

MRI parameters below) revealed left hemisphere damage in all patients,

and greatest lesion overlap was found in the middle portion of the left

insula where all 13 patients had damage (Fig. 1). A diagnosis of Broca’s

aphasia was made based on aphasia assessment using the Western

Aphasia Battery-Revised (Kertesz, 2007). The mean aphasia quotient,

a measure of aphasia severity where a score 493.8 indicates language

performance within normal limits, was 51.5 (SD = 18.5), with a range of

25.8–74.8. The Boston Naming Test was administered to assess overall

naming ability (Kaplan et al., 2001) and subtest 6 of the second edition

of the Apraxia Battery for Adults (Dabul, 2000) was used to rate severity

of apraxia of speech. The mean number of correctly named pictures on

the Boston Naming Test was 23.23 (SD = 19.69; range = 1–50), whereas

the mean severity rating on the Apraxia Battery for Adults (second edi-

tion) was 11.38 (SD = 2.36; range = 6–15). Each participant included

in this research provided an informed consent for study inclusion. The

institutional review board at the University of South Carolina approved

the study protocol, and all study procedures conformed to principles set

forth in the Declaration of Helsinki.

Behavioural tasks

All 13 patients completed three separate behavioural tasks that were

used to understand the effects of speech entrainment on speech pro-

duction in non-fluent aphasia. During the ‘speech entrainment–audio

visual’ condition, participants attempted to mimic a speaker in real-

time whose mouth was made visible on the 3.5-inch screen of an iPod

Touch and whose speech was heard via headphones. The ‘speech

entrainment–audio only’ condition involved real-time mimicking

speech presented through headphones with the screen of the iPod

being blank. Finally, the spontaneous speech condition required

patients to discuss a given script topic for 1 min. The patients were

not trained to produce the scripts before the actual testing session.

Figure 1 Lesion overlay map showing the distribution of

damage among the patients. The greatest lesion overlap (n = 13)

was found in the middle portion of the left insula. The

numbers above each axial slice designate slice label in standard

anatomical space.

Table 1 Biographical and behavioural testing data including subscores from the Western Aphasia Battery-Revised, Apraxia
Battery for Adults (second edition) and Boston Naming Test

Patient
number

Gender Age Months
post stroke

AQ Fluency Auditory
comprehension

Speech
repetition

Naming AOS BNT

1 M 63 87 68.1 4 9.6 6.6 8.2 13 45

2 M 55 46 70.7 5 7.6 6.8 7.6 9 48

3 F 47 85 43.4 4 6.35 2.8 4.1 10 14

4 M 45 18 25.7 1 6.3 2 2.1 14 2

5 M 75 261 20.9 1 4.25 3.6 2.5 12 3

6 F 57 47 44.8 2 8.5 1.9 4.2 13 17

7 M 60 56 47.6 4 5.4 6.2 2.7 9 9

8 M 53 24 72.7 4 8.25 8.1 9 6 50

9 M 69 31 25.7 0 10 0.9 2 15 1

10 M 66 64 73.5 4 9.05 8.2 8.5 11 44

11 M 50 10 32.7 2 8.6 2 4.2 14 14

12 F 50 28 31.3 2 8.25 4.4 5.1 13 10

13 F 50 72 73.5 4 9.25 5.8 8.7 13 45

Range 45–75 10–261 20.9–73.5 0–5 4.25–10 1.9–8.2 2–9 6–15 1–50

Mean 56.92 63.77 48.51 2.85 7.80 4.56 5.30 11.38 23.23

SD 9.15 64.25 20.62 1.57 1.73 2.53 2.72 2.36 19.69

AOS = apraxia of speech; AQ = aphasia quotient; BNT = Boston Naming Test.
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Three different discourse scripts were used and included the following

topics: (i) stroke; (ii) Thanksgiving; and (iii) making a peanut butter

and jelly sandwich. The scripts used in this research varied in length

between 48 and 58 words. Each script took a normal speaker �1 min

to read out loud using a comfortable speaking rate. The content of the

scripts was controlled for number of words, number of different

words, word class and word frequency. All patients first completed

the speech entrainment–audio visual condition, followed by

the spontaneous speech condition, and finished with the speech

entrainment–audio only condition. This order was maintained to mini-

mize the potential priming effect of spontaneous speech and speech

entrainment–audio only for speech entrainment–audio visual; the con-

dition we proposed would result in the most fluent speech. Therefore,

any learning effects across conditions should diminish our predicted

benefits for speech entrainment. Script topics were randomized

among the three conditions so that only one topic was addressed

per condition by each participant. For the speech entrainment–audio

visual and speech entrainment–audio only conditions, participants

were instructed to mimic the speaker as closely as possible, but

during the spontaneous speech condition, they were asked to speak

in an open-ended manner about a given script topic for 1 min (‘tell me

about how you make a peanut butter and jelly sandwich’). Patients

were videotaped while completing each of the three tasks, and the

speech samples were transcribed and scored offline by two naı̈ve lis-

teners. Transcription was done in the CHAT format and linked to the

digitized audio and video (MacWhinney, 2000). The CHAT format is

designed to operate closely with the CLAN programs (MacWhinney,

2000), which allow for the analysis of a wide range of linguistic and

discourse structures. Each transcript was coded by an experienced

transcriber and then reviewed in its entirety by a speech-language

pathologist with extensive clinical research experience in aphasia and

transcription. The two reached forced choice agreement on all features

of the transcription.

To assess speech fluency, the number of different words was tallied

and recorded as the per cent of correctly produced words per script.

Note that for the spontaneous speech condition, this meant that

4100% of a given script could be produced (i.e. if a script included

50 words but the participant produced 75 words while discussing a

given topic, the recorded percentage for that attempt was 150%).

However, the percentage of words produced per script in the speech

entrainment conditions exceeded 100% only once during the study.

If a target word could be construed from what the patient said (e.g.

‘troke’ for ‘stroke’, ‘tukey’ for ‘turkey’), the production was tran-

scribed as spoken, followed by the intended word and an error

code. In all conditions, the number of different words produced

included these words. The total did not include unintelligible words

and segments, neologisms, repetitions and revisions of words, or extra-

neous comments (e.g. ‘no’, ‘okay’, ‘oh’, ‘let’s see’). We chose to focus

on the number of different words produced per topic instead of the

total number of words because some patients with Broca’s aphasia

repeat the same words without necessarily adding communicative

value. It is worth noting, however, that the number of total words

and different words produced per script was strongly correlated.

Broca’s aphasia frequently co-occurs with some degree of apraxia of

speech, an impairment in planning the articulatory movements of

speech. In fact, all of the patients involved here had been diagnosed

with some degree of apraxia of speech. Although it is not clear what

behavioural factors contributed to speech entrainment–audio visual

success, it would seem that apraxia of speech severity could be espe-

cially important. To understand if the severity of apraxia of speech

influences patients’ ability to speak with speech entrainment, we cal-

culated the proportional benefit of speech entrainment in enhancing

speech production beyond that observed in the spontaneous speech

condition. Specifically, for speech entrainment–audio visual, speech

entrainment–audio only and spontaneous speech, the proportion of dif-

ferent words spoken for a given script topic was subtracted from 1.00

(assuming that 1.00 represented the use of all different words included

in a given script). For a given patient, these calculations yielded scores

representing how much room for improvement was available in each

condition. Then, the proportional improvement in the production of

different words during speech entrainment–audio visual and speech

entrainment–audio only was divided by the potential room for improve-

ment in the spontaneous speech condition. The resulting scores were

qualified as the proportional increase in the production of different

words during speech entrainment–audio visual or speech entrainment–

audio only beyond those produced during spontaneous speech. For

example, if a patient was able to produce 60% of the different words

for a given script during spontaneous speech but improved to 70% with

speech entrainment–audio visual, then the benefit of audio-visual speech

entrainment was calculated in the following manner: for spontaneous

speech (1.00�0.60 = 0.40) and speech entrainment–audio visual

(1.00�0.70 = 0.30). Then, 1.00� (0.30/0.40) = 0.25, suggesting that

the proportional benefit of speech entrainment–audio visual beyond

spontaneous speech was 25%. The same method was used to assess

the proportional increase in word production for speech entrainment–

audio only. We chose to specifically examine the effect of apraxia of

speech (rather than other impairments commonly seen in Broca’s apha-

sic patients) because of a long-standing controversy regarding the dis-

tinction between Broca’s aphasia and apraxia of speech (Darley et al.,

1975; Johns and LaPointe, 1976; McNeil, 1984; McNeil et al., 1990;

Code, 1998; Katz et al., 2001).

Experiment 2: Using functional
magnetic resonance imaging to examine
the neural mechanism that supports
fluent speech production with speech
entrainment

Participants

Ten of the 13 patients included in Experiment 1 also completed this

portion of the research. Among the three aphasic patients who com-

pleted the behavioural aspects of this research, but not its MRI por-

tion, one was excluded, as she had a metal implant that precludes MRI

scanning. The two remaining participants had such severely non-fluent

speech that we anticipated that neither could contribute much beha-

vioural data while in the scanner (e.g. during the spontaneous speech

condition). A control group including 20 normal subjects (14 females)

was included to examine cortical activation associated with normal

speech entrainment. The mean age of the control group was 53

years (SD = 7, range = 40–76).

Neuroimaging

MRI scanning was accomplished using a Siemens 3T scanner equipped

with a 12-channel head coil and audio–video presentation system.

Different functional MRI runs were collected for each of three condi-

tions: (i) speech entrainment–audio visual; (ii) spontaneous speech;

and (iii) audio/visual speech perception (without an overt response).

During the speech entrainment–audio visual condition, patients

mimicked a speaker producing speech entrainment scripts. To empha-

size visual speech perception and simulate the speech entrainment–

audio visual condition in Experiment 1, only the mouth of the speaker

3818 | Brain 2012: 135; 3815–3829 J. Fridriksson et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/135/12/3815/287557 by guest on 23 April 2024



was visible. Functional MRI data collection relied on sparse imaging

where whole brain volumes were acquired with a repetition time of

10 s and acquisition time of 2 s. This allowed for stimulus presentation

whereby each script was segmented in such a way that single sen-

tences and phrases were presented during the 8 s of silent intervals

between actual functional MRI scanning. Participants mimicked the

speech that started immediately after the collection of each volume

and ended at least 1 s before the start of the next volume collection.

Overt speech was recorded using an MRI compatible microphone for

later offline scoring to verify task compliance. During the spontaneous

speech condition, participants spoke about the event of the current

day while watching a speaker’s mouth movements and listening to

backwards speech. This controlled for low-level perceptual information

while minimizing neural activity that would reflect inhibition of real

language activation while patients produced spontaneous speech.

Although audio-visual stimuli were presented during the spontaneous

speech condition to best match it to the speech entrainment–audio

visual condition, it is important to note that brain activation associated

with spontaneous speech occurred in the presence of audio-visual

speech stimuli. The final condition, audio/visual speech perception,

involved the same stimuli used during the speech entrainment–audio

visual condition, but no overt response was permitted. Audio recording

was used to verify that participants were not speaking during audio/

visual speech perception. Specific parameters for the functional MRI

sequence were as follows: repetition time = 10 s; echo time = 35 ms,

attenuation time = 2 s, 64 � 64 axial matrix with 33 3.2-mm-thick

slices (no gap); field of view = 208 � 208 mm; number of volumes =

60; total acquisition time = 10 min.

All participants also underwent high-resolution (voxels = 1 mm3)

T1-MRI and T2-MRI (patients only) to improve normalization of func-

tional MRI images and lesion segmentation in patients. Each of the

structural MRI sequences consisted of 160 sagittal slices. Lesion demar-

cations were accomplished using the T2-MRI in native space, and the

T1-MRI images were used for qualitative reference of lesion boundaries.

A 64-direction DTI scan was acquired to examine structural connectiv-

ity among the normal subjects. The analysis of DTI images relied on raw

images from 17 control subjects (owing to scanner error and time con-

straints during actual scanning, three normal subjects did not receive a

DTI scan) and were transformed into NIfTI format using the software

dcm2nii (http://www.mccauslandcenter.sc.edu/mricro/mricron/) that

adjusts diffusion gradient directions based on image angulation.

Magnetic resonance imaging data analyses

All functional MRI data were analysed using FMRIB’s Software Library

(FSL). The first level analysis of each participant’s data was carried

out using FEAT (FMRI Expert Analysis Tool) Version 5.98, part of

FSL. The following pre-statistics processing was applied: motion cor-

rection using MCFLIRT (Jenkinson et al., 2002); non-brain removal

using BET (Smith, 2002); spatial smoothing using a Gaussian kernel

of full-width at half-maximum 5 mm; grand mean intensity normal-

ization of the entire 4D data set by a single multiplicative factor; high-

pass temporal filtering (Gaussian-weighted least-squares straight line

fitting, with sigma = 30.0 s). Stimulus functions encoding neuronal

responses were convolved with a synthetic haemodynamic response

(gamma) function to produce functional MRI regressors. A second

level analysis was carried out in which activation in different conditions

(speech entrainment–audio visual, spontaneous speech and audio/

visual speech perception) was compared within subjects using a

fixed effects model. This was done by forcing the random effects

variance to zero in FLAME (FMRIB’s Local Analysis of Mixed Effects;

Beckmann et al., 2003; Woolrich et al., 2004; Woolrich, 2008). We

tested for the main effect of conditions (using the above contrasts)

and the condition by group interaction using a mixed effects analysis

(within FSL). This produced statistical parametric maps testing for the

significance of main effects—activations averaged over (common to)

both patients and normal subjects; and interactions—differences in acti-

vations between the groups. To ensure that these effects were consis-

tent in relation to inter-subject variability in activations, we performed

post hoc ANOVAs testing for main effects and interactions using a

random effects analysis (in regions of interest identified by the mixed

effects analysis using SPSS). This allowed us to generalize our findings to

the populations from which our subjects were sampled. Normalization of

T2-MRI images to standard space relied on linear image registration tool

included in FSL (Jenkinson and Smith, 2001; Jenkinson et al., 2002).

Lesion-masked cost function weighting was used to minimize the

effect of frank cortical damage on the normalization procedure (Brett

et al., 2001); functional MRI images were then normalized to each

patient’s T2-MRI in standard space using 12 degrees of freedom.

The Diffusion Toolkit (FDT), part of the software package FSL

(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl), was used to pre-

process the diffusion-weighted images and construct DTI data. All

images first underwent eddy current correction by way of affine trans-

formation of each diffusion weighted image to the base b = 0 T2-

weighted image. This step aimed at removing additional spatial distor-

tion in the diffusion weighted images owing to application of diffusion

gradients in various directions. The pixel-wise calculation of the diffusion

tensor was performed using FDT, with the application of a binary brain

mask that was extracted using FSL’s Brain Extraction Tool (BET), with a

threshold of 0.3 to prevent erroneous DTI calculation in the noise back-

ground outside the brain. Mean diffusivity and fractional anisotropy

maps were generated in the same space as the b = 0 image volume

of the original DTI acquisition. Fractional anisotropy maps were then

non-linearly normalized to the fractional anisotropy template provided

by FSL, FMRIB58_fractional anisotropy (FMRIB’s Linear Image

Registration Tool—http://www.fmrib.ox.ac.uk/fsl/), and the normaliza-

tion matrix was applied to the mean diffusivity maps.

Probabilistic tractography was performed using FSL’s DTIFit on the

DTI data after the pixel-wise calculation of the diffusion tensor.

We used BEDPOST (Bayesian Estimation of Diffusion Parameters

Obtained using Sampling Techniques), which runs Markov Chain

Monte Carlo sampling to build up voxel-wise distributions on diffusion

parameters. Probabilistic tractography was estimated using FSL’s prob-

trackx. Probabilistic tractography was then performed using a seed

mask and a termination mask, in order to generate the probabilistic

distribution of the fibres travelling from the voxels in the seed mask to

the voxels in the termination mask. The masks used in this study were

derived from the functional MRI analysis, as described below. Two

separate tracts were mapped: (i) from left Brodmann area (BA) 37

to the anterior insula and BA 47; and (ii) between the left middle

temporal gyrus and Broca’s area. The resulting probabilistic tractogra-

phy images from each subject were linearly transformed into standard

stereotaxic Montreal Neurological Institute (MNI) space, where aver-

age connectivity maps were constructed.

Experiment 3: Testing whether training
with speech entrainment improves
speech production among patients with
Broca’s aphasia

Participants and functional magnetic resonance imaging

Each patient (n = 13) included in Experiment 1 also completed a

6-week training regimen during which time they practiced producing
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speech with the aid of speech entrainment–audio visual for 30 min per

weekday. The functional MRI sessions described for Experiment 2

were used to establish a pre treatment baseline. Once the speech

entrainment treatment phase was complete, all 10 patients underwent

functional MRI scanning again using the same sequences that were

acquired at baseline. The post-treatment scanning occurred during the

week after the 6-week training period was completed. To analyse

changes in brain activation associated with training, a third level func-

tional MRI analysis was conducted using the same analysis parameters

described in Experiment 2.

Training

Three scripts were targeted for treatment, and one was used to mea-

sure generalization from trained to untrained scripts: (i) aphasia;

(ii) weather in the South-Eastern USA; (iii) making scrambled eggs;

and (iv) explaining speech entrainment. The three scripts used in

Experiment 1 (stroke, Thanksgiving, and making a peanut butter and

jelly sandwich) were used to establish treatment baseline. Different

scripts were selected to establish the baseline and for treatment to

minimize the effect of training in the baseline session.

As in the baseline sessions, the training scripts were presented on an

iPod equipped with monitoring software that made it possible to verify

task compliance (e.g. length of the training session, how many times

the patient completed the trained script during the session, and at

what time of day the training session occurred). Patients were

instructed to complete the training at the same time each day and

attempt to get through each script as often as possible during the

30-min session. Training occurred at the patients’ place of residence,

and a clinician monitored training progress (including downloading

compliance data from the iPods) at least once a week. These sessions

were accomplished ‘in person’ or using the computerized communica-

tion software Skype. Three scripts were practiced during the 6-week

training period—each script was targeted for 2 weeks. The order of

scripts (trained and untrained) was randomized among the patients.

Patients’ performance with each script was assessed within 1 week

after they had completed the 2-week training with that specific

script and again 6 weeks later. Specifically, within a week following

the 2-week treatment period for each specific script, performance for

that trained script was assessed with speech entrainment–audio visual.

This testing was repeated 6 weeks following training completion of

each script. To assess training generalization, patients’ ability to pro-

duce an untrained script with speech entrainment–audio visual, as well

as to produce spontaneous speech about a trained script topic was

tested before and after the 6-week training period and again at

6 weeks after training completion.

Although all the patients had Broca’s aphasia, their baseline perfor-

mance varied considerably. Whereas some patients could only produce

5–10% of a given script at baseline, others were able to produce

as much as 70% of the script correctly. Based on this variability,

we suggest that for someone who can only produce 5 words at base-

line, an increase in 10 words produced after treatment constitutes

greater improvement than someone whose baseline performance

yielded 30 words but also improved by 10 words with training.

To account for such differences, training outcome was calculated as

the number of different words produced after training compared with

the number of different words produced at baseline on a patient-by-

patient basis. Accordingly, change scores at 1 week and 6 weeks after

treatment completion were calculated in the following manner:

number of words produced after treatment divided by number of

words produced at baseline. In cases where patients’ number of

words did not change after training, a score of 1 was assigned.

Similarly, scores5 1 signified regression, whereas scores 41 suggested

improvement. A one-sample t-test (one-tailed) was used to infer treat-

ment outcome where the expected value was 1 (signifying no change

in speech production).

Results

Experiment 1: Examining the
effect of speech entrainment on
speech fluency in patients with
Broca’s aphasia
To understand whether speech entrainment improves speech pro-

duction, the number of different words produced across the three

study conditions (speech entrainment–audio visual, speech

entrainment–audio only and spontaneous speech) was compared.

A one factor repeated-measures ANOVA with three levels

revealed a main effect suggesting that speech performance dif-

fered among at least two conditions, F(2,24) = 11.1, P50.0004,

Greenhouse-Geisser = 0.9557, P50.0005 (Fig. 2). Post hoc ana-

lyses showed that speech entrainment–audio visual [mean

= 66.04%, standard error (SE) = 4.36%] elicited a larger variety

of words compared with both speech entrainment–audio

only [mean = 40.79%, SE = 4.22%, t(12) = 3.62, P50.004] and

spontaneous speech [mean = 29.99%, SE = 5.00%, t(12) = 4.30,

P50.001]. However, the difference between the number of dif-

ferent words produced during speech entrainment–audio only and

spontaneous speech was not significant t(12) = 1.32, P5 0.21.

The patients were able to produce more than twice as many

words during the speech entrainment–audio visual compared

with the spontaneous speech condition.

Severity of apraxia of speech was related to how much patients

benefited from speech entrainment. Specifically, higher ratings on

the Apraxia Battery for Adults (second edition) (suggesting more

severe apraxia of speech) were inversely related to how many

more words patients were able to produce during the speech

entrainment–audio visual condition compared with the spontaneous

speech condition, F(1,11) = 7.97, P = 0.017, R2 = 0.42 (Fig. 3). In

contrast, no relationship was revealed between apraxia of speech

severity and proportional benefit of speech entrainment–audio

only, F(1,11) = 0.49, P = 0.50, R2 = 0.04. One outlier that was

42 SD below the regression line was noted for the relationship

between apraxia of speech severity and speech entrainment–audio

only benefit. This outlier was removed and the same analysis was

rerun, F(1,10) = 0.20, P = 0.66, R2 = 0.02.

Experiment 2: Using functional
magnetic resonance imaging to examine
the neural mechanism that supports
fluent speech production with speech
entrainment
Ten patients and 20 normal age-matched control subjects under-

went functional MRI scanning while completing three conditions:

speech entrainment–audio visual, spontaneous speech and audio/
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visual speech perception. We chose not to include the speech

entrainment–audio only condition used in Experiment 1 in the

functional MRI experiment, as the patients’ speech output did

not improve in this condition (in Experiment 1) and to also

minimize the length of the MRI session in patients for whom we

typically try to keep scanning time to a minimum. All three func-

tional MRI conditions elicited robust bilateral activation in patients

and their normal counterparts. To appreciate cortical activation

associated with speech production, we contrasted spontaneous

speech and speech entrainment–audio visual with audio/visual

speech perception (perception only) for each participant (patients

and normal control subjects) and then combined these individual

statistical parametric maps to create two mean group maps (‘spon-

taneous speech4 audio/visual speech perception’ and ‘speech

entrainment–audio visual4 audio/visual speech perception’).

Note that these maps included data from all 30 participants,

patients and control subjects. The spatial overlap between the

contrasts ‘spontaneous speech4 audio/visual speech perception’

and ‘speech entrainment–audio visual4 audio/visual speech per-

ception’ occurred mostly in the bilateral basal ganglia, motor

cortex and anterior cingulate gyrus (Fig. 4A). Greater activation

for the spontaneous speech condition in comparison with audio/

visual speech perception was found mostly in bilateral medial

areas including the basal ganglia, precentral gyrus and cingulate

gyrus (Table 2, A). The contrast ‘speech entrainment–audio

visual4 audio/visual speech perception’ revealed greater activity

involving mostly the bilateral anterior insula, posterior and inferior

BA 37, and middle temporal gyrus. For each of the aforemen-

tioned contrasts, no greater activation was found for the audio/

visual speech perception condition. To assess neural activity that

supports speech entrainment, we contrasted speech entrainment–

audio visual with spontaneous speech. This comparison revealed

greater bilateral activation for speech entrainment–audio visual at

the junction of the anterior insula and BA 47, in BA 37, as well as

unilaterally in the left middle temporal gyrus, and the most dorsal

portion of Broca’s area (Fig. 4B). The opposite contrast (sponta-

neous speech4 speech entrainment–audio visual) yielded activa-

tion mostly in the bilateral orbitofrontal lobe and precuneus

(Table 2, D).

Although common cortical activation for the contrast ‘speech

entrainment–audio visual4 spontaneous speech’ was found

among the normal and aphasic participants (Fig. 4B), it is possible

that one group contributed disproportionately to this result.

Therefore, a region of interest analysis was conducted where

activation (qualified as voxels with 90th percentile of per cent

signal change) in each cluster seen in Fig. 4B was compared

between the two conditions (speech entrainment–audio visual

versus spontaneous speech) for both groups (patients versus

normal controls). Using a 2 � 2 ANOVA, this analysis focused

on the main effect of group in each region of interest, as the

main effect of condition was already established based on the

whole brain analysis. Out of six regions of interest, main effects

of group were found in two areas: the right anterior insula/BA

47 (this cluster was contiguous including the anterior insula and

extending into BA 47) where patients showed overall greater acti-

vation compared with the normal control group (P = 0.01), and in

the left middle temporal gyrus where patients showed less activa-

tion compared with the normal group (P = 0.005). No interactions

of group by condition were revealed (Fig. 5).

The normal subjects included here were able to mimic speech in

real-time, without much effort. Similarly, the patients produced

Figure 2 Bar graph showing the percentage of correctly

produced different words for each of three conditions: speech

entrainment with audio-visual feedback (SE-AV), speech

entrainment with audio only feedback (SE-AO) and spontaneous

speech (SS) focused on a given script topic. The error bars

denote standard error. Statistically significant differences at

the P50.01 level are denoted by **. NS = not significant.

Figure 3 The relationship between proportional benefit of speech

entrainment–audio visual (SE-AV) and speech entrainment–audio

only (SE-AO) compared with spontaneous speech (y-axis) in rela-

tion to severity of apraxia of speech (AOS, x-axis) as rated using

subtest 6 of the Apraxia Battery for Adults (second edition). Note

that higher scores on the rating scale denote more severe apraxia

of speech. Datapoints for speech entrainment–audio visual are

shown as grey diamonds and speech entrainment–audio only as

black circles (with one speech entrainment–audio only outlier

removed). The linear fit for apraxia of speech–speech entrainment–

audio visual is shown as a solid grey line whereas the fit for apraxia

of speech–speech entrainment–audio only is shown as a solid black

line. The dotted line that intersects the y-axis at 0.00 represents a

level where no proportional improvement in speech production

with speech entrainment was noted compared with the sponta-

neous speech condition.
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relatively fluent speech during speech entrainment–audio visual

compared with spontaneous speech. Notably, the patients were

able to accomplish this despite having non-fluent propositional

speech. To better understand the neural mechanism that allows

these patients to produce relatively fluent speech while mimicking

others, we contrasted the main comparison listed above (‘speech

entrainment–audio visual4 spontaneous speech’) between

patients and control participants. This analysis showed that

patients have relatively higher activation than their normal coun-

terparts in posterior regions, primarily focused around the notch

of the sylvian fissure extending into the supra-marginal gyrus and

the angular gyrus (Fig. 4C). The opposite contrast showed that

normal subjects had greater activation in the left anterior temporal

pole, a region that was damaged in many of the aphasic patients

(Table 2, F).

As shown in Fig. 4B, the contrast ‘speech entrainment–audio

visual4 spontaneous speech’ revealed robust activation most nota-

bly in the bilateral anterior insula and BA 47 as well as in bilateral BA

37. To understand the relationship among these areas at a cortical

network level, we created probabilistic maps of the white matter

connections between each of these areas using DTI data from

17 normal subjects. This analysis revealed white matter connections

between the left and right anterior insula/BA 47 via the body of the

corpus callosum and between the left and right BA 37 through the

splenium of the corpus callosum. The intrahemispheric connections

between the anterior insula/BA 47 and BA 37 almost exclusively

followed a ventral pathway connecting the anterior portion of the

temporal lobe and inferior dorsolateral portion of the frontal lobe

via the extreme capsule. In contrast, the two areas that did

not show bilateral activation, the middle temporal gyrus and

dorsal portion of Broca’s area (only active in the left hemisphere),

were connected via a dorsal pathway that extended from the tem-

poral lobe onto the frontal lobe via the anatomical location of

the arcuate fasciculus (Fig. 6).

Experiment 3: Testing whether training
with speech entrainment improves
speech production among patients
with Broca’s aphasia
All 13 patients completed the 6-week training phase in which they

practiced producing each of three scripts for 2 weeks using speech

entrainment. Their performance on each script was assessed

immediately before the training phase for that specific script

started, during the week after training completion of the script,

and again 6 weeks later. We applied one-tailed statistical tests

because we predicted that training would lead to improved per-

formance. A one-sample t-test revealed a statistically significant

increase in the number of different words produced with speech

entrainment at 1 week after treatment completion but not at 6-

weeks (results from all pre- and post-treatment comparisons are

included in Table 3 and Fig. 7). To test generalization across

scripts, patients’ ability to produce an untrained script with the

aid of speech entrainment was tested before and after treatment.

A significant improvement in producing untrained scripts was

found at 1-week and at 6 weeks after completion of the training

phase. A significant increase in the number of different words was

found at 1-week after training completion for the spontaneous

speech condition (where patients were instructed to speak about

Figure 4 (A) Separate mean cortical activation for the contrasts ‘speech entrainment–audio visual4 audio/visual speech perception’ (red

colour scale) and ‘spontaneous speech4 audio/visual speech perception’ (green colour scale) including both patients and normal control

subjects. (B) Results for the contrast ‘speech entrainment–audio visual4 spontaneous speech’ (multi-coloured scale). (C) Greater cortical

activation was revealed for the aphasic patients in comparison with the normal control group for the contrast ‘speech entrainment–audio

visual4 audio/visual speech perception.’ The colour scales denote Z-scores.
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a trained script topic without the aid of speech entrainment).

There was also an increase in the number of different words for

the spontaneous speech condition at 6 weeks post-training; how-

ever, this change was not statistically significant. Although the

magnitude of increase in different words was the greatest for

the spontaneous speech condition, far greater variance in task

performance was found for this condition compared with the

two conditions where patients produced scripts with the aid of

speech entrainment. Note that the degrees of freedom for trained

scripts with speech entrainment were reduced, as one patient was

unable to produce a single word at baseline making it impossible

to estimate proportional increase in spoken words. This was also

the case for the two remaining conditions where an additional

patient was unable to speak a single word at baseline. To under-

stand whether patients who were able to complete more script

runs in each practice session showed greater improvement in word

production, Spearman correlation coefficients (one-tailed) were

calculated for the relationship between the outcome data (increase

in words produced at 1 and 6 weeks after training completion for

trained scripts with speech entrainment–audio visual, untrained

scripts with speech entrainment–audio visual and spontaneous

speech) and the average number of script runs per day. Out of

Table 2 Functional MRI coordinates for cortical activation

Z-score x y z Hemisphere Location BA

A. ‘Spontaneous speech4watching only’

7.23 �52 �10 14 Left Precentral gyrus 43

7.14 20 14 6 Right Putamen NA

6.62 �20 6 14 Left Putamen NA

6.53 0 16 36 Left Cingulate gyrus 32

B. ‘Speech entrainment4watching only’

6.67 �54 �10 22 Left Insula 43

6.61 34 16 4 Right Insula 13

6.57 6 20 28 Right Cingulate gyrus 32

6.56 12 �10 8 Right Thalamus NA

3.07 �12 �30 72 Left Precentral gyrus 4

C. ‘Speech entrainment4 spontaneous speech’

5.02 50 �66 �6 Right Middle occipital gyrus 37

4.47 �34 24 �4 Left Extranuclear 47

3.95 �50 �68 0 Left Inferior temporal gyrus 37

3.55 �52 26 22 Left Inferior frontal gyrus 45

3.79 34 26 �6 Right Inferior frontal gyrus 47

3.58 34 22 2 Right Insula 13

3.58 �52 �44 0 Left Middle temporal gyrus 22

D. ‘Spontaneous speech4 speech entrainment’

5.26 �12 �64 20 Left Precuneus 31

4.87 �10 60 14 Left Superior frontal gyrus 10

4.71 2 50 �10 Right Medial frontal gyrus 10

4.88 50 �44 32 Right Supramarginal gyrus 40

E. ‘Aphasic patients4 normal control subjects’ for ‘SE-AV4AV-SP’

3.02 �48 �60 30 Left Superior temporal gyrus 39

2.93 �60 �66 18 Left Middle temporal gyrus 19

2.85 �48 �62 36 Left Inferior parietal lobule 39

F. ‘Normal control subjects4 aphasic patients’ for ‘SE-AV4AV-SP’

2.98 �62 8 �8 Left Superior temporal gyrus 38

2.9 �62 �2 �4 Left Middle temporal gyrus 21

G. Aphasic patients—speech entrainment: ‘pretraining4 post-training’

3.56 �66 �34 26 Left Inferior parietal lobule 40

3.46 �62 �52 28 Left Supramarginal gyrus 40

H. Aphasic patients—speech entrainment: ‘pretraining5 post-training’

4.09 16 �62 22 Right Precuneus 31

3.81 20 �58 4 Right Posterior cingulate 30

3.75 0 50 8 Left Medial frontal gyrus 10

3.52 �4 46 4 Left Anterior cingulate 32

3.67 32 �32 �16 Right Parahippocampal gyrus 36

3.52 38 �76 42 Right Precuneus 19

The first four contrasts listed represent group results involving both patients and normal control participants.
AV-SP = audio-visual–speech perception; SE-AV = speech entrainment–audio-visual.
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six correlation coefficients, none reached statistical significance

(range r = 0.05 to r = 0.32).

To understand how changes in speech production abilities with

speech entrainment training related to modulation of brain

activity, we compared brain activation in each of three con-

ditions—speech entrainment–audio visual, spontaneous speech

and audio/visual speech perception—before and after treatment

in 10 patients. No significant differences in cortical activity

were found for the spontaneous speech and audio/visual speech

perception conditions. In contrast, a significant increase in activa-

tion was found after treatment completion for the speech

entrainment–audio visual condition primarily involving the follow-

ing regions: bilateral cingulate gyrus, precuneus and right hippo-

campus (Table 2, H). A significant training-related decrease

in cortical activation was found in areas of the posterior-inferior

parietal lobe, including the supra-marginal gyrus (Fig. 7).

Discussion
We believe this is the first study to show that on-line mimicking

of audio-visual speech allows patients with Broca’s aphasia to

Figure 5 Results from 2 � 2 ANOVA for condition [speech entrainment–audio visual (SE-AV) and spontaneous speech (SS)] by group

(patients and normal control subjects) comparing cortical activation in six different regions of interest: left anterior insula (AI)/BA 47, right

anterior insula/BA 47, Broca’s area, left middle temporal gyrus (MTG), left BA 37 and right BA 37. The solid line denotes data from normal

subjects whereas the dotted line denotes patients’ data. The scale on the y-axis presents signal change in the functional MRI signal in each

condition. NS = not significant **P5 0.01.
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increase their speech output by a factor of 42. Importantly, speech

entrainment that relies only on audition does not have the same

beneficial effect. This suggests that seeing the mouth of the speech

model provides crucial information that allows patients to increase

their own speech output. Speech entrainment that relies only on

visual (and not auditory) speech yields almost no speech production,

even for normal subjects. Therefore, the role of auditory speech in

speech entrainment cannot be understated.

Although the primary outcome factor here was the number

of different words patients could produce in a given condition,

our observations suggested that speech entrainment elicited

much improved speech fluency among the patients (as seen

in Supplementary Video 1). Speech entrainment facilitates

speech production in a way that permits patients with Broca’s

aphasia to produce a greater variety of words and speak at a

rate that may better approximate normal fluency compared with

their spontaneous speech. This suggests that the motor commands

for speech are relatively intact. Unless a mechanism that encodes

the motor commands of speech is at least partially preserved, it

is difficult to imagine that someone like G.B., who has moderate

apraxia of speech, could produce on-line speech with such clarity.

Although his speech articulation is somewhat slurred, it must

be remembered that his stroke occurred more than two decades

ago and that his speech mechanism has been almost quiescent

since then.

Can we identify a mechanism that facilitates speech entrainment?

We suggest that the neuroimaging results provide some insight.

Greater cortical activity associated with spontaneous speech

compared with speech entrainment was found mostly in medial

regions commonly thought to support reminiscing and recall of

events (Burgess et al., 2001; LaBar and Cabeza, 2006). The oppo-

site contrast (speech entrainment–audio visual4 spontaneous

speech) revealed the greatest activation in regions that support

lexical retrieval (left BA 37; Hillis et al., 2001, 2002; Cloutman

et al., 2009) and, perhaps, a mechanism that modifies visceral func-

tions (mostly respiration) for speech production (anterior insula/BA

47; Augustine, 1996; Gracco et al., 2005; Shum et al., 2011;

Tremblay et al., 2012). Our probabilistic tractography analysis

demonstrates that these regions are connected via ventral fibres

and not through the arcuate fasciculus, a tract that is crucial for

speech articulation (Hickok and Poeppel, 2007; Hickok, 2012).

We suggest that this ventral network encodes the conceptual

aspects of speech, at a minimum, the lexicon and aspects of homeo-

static functions during speech production (Craig, 2009), and that it

is enslaved by a dorsal network involving middle temporal gyrus,

superior temporal gyrus and dorsal regions of Broca’s area (con-

nected via the arcuate fasciculus). It is a common complaint of

patients with Broca’s aphasia that they know what they want to

say but just cannot get the words out. Although Broca’s aphasia has

been amply described elsewhere (e.g. Geschwind, 1965; Goodglass

et al., 1976; Goodglass, 1993), it appears that these individuals

suffer from a ‘language inertia’ manifesting as inability to translate

and execute a language code into speech production. Given that

at least some of them can speak using speech entrainment, it would

seem that lexical retrieval and speech articulation are relatively

intact, although, in some cases, not within normal limits. One treat-

ment method that has garnered considerable attention as means

to enable patients with Broca’s aphasia to speak is melodic

Figure 6 Probabilistic tractography images showing the white matter connections between the middle temporal gyrus and Broca’s area

(top) and between the anterior insula/BA 47 and BA 37 (bottom) in normal subjects. The seed regions for these analyses were obtained

from the functional MRI results that showed greater cortical activation for speech entrainment–audio visual compared with spontaneous

speech (Fig. 4B). The colour scale shows the number of probable white matter fibres in a given area.
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intonation therapy (Albert et al., 1973; Sparks and Holland, 1976;

Helm-Estabrooks et al., 1989). Primarily, this method focuses on

patients intoning speech (singing) but also emphasizes speech

rhythm. Recently, Stahl et al. (2011) demonstrated that providing

an external rhythm (using a metronome) promotes greater speech

output compared with actual intoning of speech in patients with

Broca’s aphasia. Based thereon, this group suggested that damage

to the basal ganglia was a crucial predictor of speech production.

The basal ganglia are thought to play a crucial role in the timing

of motor activity and, when damaged, could affect the timing

of motor speech (Fridriksson et al., 2005; Giraud et al., 2008;

Bohland et al., 2010; Lu et al., 2010 a, b; Stahl et al., 2011).

As can be seen in Fig. 4A, the basal ganglia were particularly

active in both the speech entrainment and spontaneous speech

conditions, suggesting that speech entrainment may provide

patients with crucial speech rhythm that was affected by stroke.

However, the basal ganglia were at least partially preserved in all

of the patients included in this research (Fig. 1), suggesting that

speech entrainment probably does not compensate for an impaired

basal ganglia function.

The ‘Directions into Velocities of the Articulators’ model sug-

gests that posterior regions in the left hemisphere provide feed-

forward information during speech production—the supramarginal

gyrus involves somatosensory targets and the superior temporal

gyrus and superior temporal sulcus provide auditory targets for

speech articulation (Guenther et al., 1998; Bohland et al., 2010;

Golfinopolous et al., 2010). In a recent review that integrates the

‘Directions into Velocities of the Articulators’ model with more

conventional psycholinguistic models of speech production,

Hickok (2012) suggests coordination of the motor programs of

speech in Broca’s area (specifically BA 44) and auditory syllable

targets in the superior temporal gyrus and superior temporal sulcus

are supported by an area in the sylvian region at the parietal–

temporal boundary. The crucial lesion location that causes

impaired speech is in Broca’s area (Hillis et al., 2004; Richardson

et al., 2012). Consistent with Hickok’s (2012) account, the

patients studied here are non-fluent because the motor pro-

grammes for speech are impaired. However, speech entrainment

permitted speech fluency in these individuals, raising the possibility

that some other mechanism might be impaired. We suggest that

this crucial mechanism relates to binding and temporal gating (in

Broca’s area) that pulls along (entrains) lexical processing (BA 37)

and on-line modifications of visceral functions for speech produc-

tion (anterior insula/BA 47). Although lexical processing and

on-line visceral modifications for speech production would be

expected in the speech entrainment–audio visual and spontaneous

speech conditions, normal participants who completed the func-

tional MRI portion of this study reported having to rely heavily on

prediction to execute the speech entrainment–audio visual task,

suggesting that greater activity in BA 37 and anterior insula/BA

47 could reflect on-line predictions of the upcoming word and

modifications to respiratory state to reflect utterance length (e.g.

greater inspiration for longer sentences). Furthermore, we propose

that speech entrainment works by providing an external gating

Table 3 One-sample t-tests for training outcomes at 1 week and 6 weeks after training completion

Week 1 Week 6

Speech entrainment—trained t(11) = 2.76, P = 0.009 t(11) = 1.4, P = 0.09
mean = 13%, SD = 1.7% mean = 8%, SD = 2.2%

Speech entrainment—untrained t(10) = 2.65, P = 0.012 t(10) = 2.27, P = 0.02
mean = 17%, SD = 2.1% mean = 10%, SD = 1.6%

Spontaneous speech t(10) = 1.95, P = 0.04 t(10) = 1.5, P = 0.08
mean = 65%, SD = 11.1% mean = 57%, SD = 12.6%

Means and standard deviations denote per cent change in the number of different words spoken before and after treatment. Note that these results correspond to the bar
graph in Fig. 7.

Figure 7 Speech entrainment training results showing per cent

increase in different words at 1 week (W-1) and 6 weeks (W-6)

after training completion compared with baseline. The first two

bars on the left pertain to increase in different words produced

with the aid of speech entrainment for trained scripts (SE-Tr.),

the two bars in the middle denote increase in different words

produced for untrained scripts with the aid of speech entrain-

ment (SE-UTr.), and the two bars on the right refer to increase in

different spontaneous words produced while speaking about a

given script topic without speech entrainment (SS). The error

bars denote standard error. Statistically significant increase in

word production is denoted by *P50.05 or **P50.01. The

brain map shows where significant decrease in cortical activation

was found for the speech entrainment condition (red arrow)

after treatment completion. The colour scale denotes changes in

cortical activation measured as differences in Z-scores.
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mechanism via a visual route (i.e. watching a speech model) that

compensates for damage to Broca’s area. However, as demon-

strated in Fig. 3, speech entrainment does not work for all

patients, especially in some cases of very severe apraxia of

speech. This implies that motor speech processing needs to be

at least partially preserved. Interestingly, the benefit of speech

entrainment that only relies on audition is not related to apraxia

of speech severity, suggesting that visual speech perception pro-

vides crucial feedback that primarily benefits non-fluent patients

with milder forms of apraxia of speech. Although Broca’s area has

been suggested as a crucial area for binding for syntactical proces-

sing (Hagoort, 2003), we suggest it has a role in uniting language

and articulatory processing for speech production. Using neuro-

transmitter receptor mapping, Amunts et al. (2010) suggested

that Broca’s area and surrounding cortex can be further subdivided

beyond the traditional BA 44 and BA 45 into several different

regions including dorsal (44d) and ventral (44v) regions of BA

44. Accordingly, it is pertinent to emphasize that the gating

mechanism that we propose could potentially be attributed to a

sub-region of Broca’s area, perhaps in area 44d (Fig. 4), although

a precise anatomical substrate of this mechanism cannot be deter-

mined based on the current data.

Consistent with the Hierarchical State Feedback Control model,

fluent speech production relies on feed-forward information for

auditory and somatosensory targets. Although speech entrainment

may function to allow patients with Broca’s aphasia to successfully

gait visceral aspects of speech and lexical processing, it is clear that

other regions must compensate for damage to Broca’s area. Based

on our data that showed greater activation at the left temporal–

parietal junction for patients compared with their normal counter-

parts for ‘speech entrainment–audio visual4 spontaneous speech’,

it is possible that this compensation occurs primarily in and around

area the sylvian region at the parietal–temporal boundary. Cortical

activity in approximately the same region was reduced following

speech entrainment training in the patients. This provides further

evidence that this region may play a crucial role in compensation

for impaired gating at the level of Broca’s area. Clearly, more data

are needed to verify our account regarding speech entrainment

and its relation to the importance of Broca’s area in gating for

speech production. However, the present data provide reasonable

evidence to support such an explanation. Furthermore, we would

emphasize that any hypothesis explaining speech entrainment in

Broca’s aphasia would have to account for the fact that in many

such individuals, the motor programmes for speech are at least

relatively intact.

Although speech entrainment in patients may be interesting

from a theoretical point of view as something that could inform

normal speech production, our interest was piqued as we saw this

as a potential mechanism to treat impaired speech production in

non-fluent aphasia. For many patients with Broca’s aphasia,

speech output is severely limited. If speech entrainment promotes

relatively improved speech fluency among patients, it could poten-

tially be used as a way to practice speech over a prolonged period

of time. Our results suggest that speech entrainment training not

only promotes greater speech output while patients rely on speech

entrainment but their ability to speak without it also improves.

During the week after completion of the 6-week training phase,

patients were able to produce a greater variety of words for

trained and untrained scripts while using speech entrainment as

well as during a spontaneous speech condition. Importantly, these

findings suggest that speech entrainment training generalizes to

spontaneous speech. Overall, patients were able to produce

460% more words upon training completion. If this effect is

verified in future studies, speech entrainment will have to be con-

sidered as an important treatment option for this patient popula-

tion. As importantly, more research is needed to understand

factors that relate to treatment outcome with speech entrainment.

Many different aphasia treatment approaches have been tested

with patients with non-fluent aphasia (Rosenbek et al., 1973;

Thompson and McReynolds, 1986; Wambaugh, 2006a, b;

Crosson et al., 2009; Lee et al., 2009, 2010; Kiran et al., 2011;

Hurkmans et al., 2012). Perhaps the most similar approach to

speech entrainment is melodic intonation therapy, a technique

that emphasizes melody and rhythm to produce fluent speech in

non-fluent patients. As reviewed by van der Meulen et al. (2012),

a considerable number of studies have examined the effect of

melodic intonation therapy on speech production in non-fluent

aphasia. A vast majority of these studies relied on single case

examination or small groups of patients. As is often the case

with aphasia treatment research, outcome measures varied

widely across studies. Nevertheless, at least one group study by

Bonakdarpour et al. (2003) did find that melodic intonation ther-

apy training was associated with increased number of correct

information units in seven patients with non-fluent aphasia and

that this increase generalized to spontaneous speech, a finding

that is consistent with our results. Clearly, far more research is

needed to verify the effects of melodic intonation therapy and

speech entrainment to treat non-fluent aphasia. Given the current

results, it would seem that comparisons between these two

approaches in a larger number of patients are warranted.

As we suggested earlier, even for patients whose spontaneous

speech does not improve, it would seem that improvement in

speech production that relies on speech entrainment could also

promote greater quality of life if patients are able to practice

personal scripts that can be used with simple hand-held devices

in highly predictable contexts (e.g. telling one’s own story of

stroke or what it is like to have aphasia) or for short, commu-

nicatively rich personally selected phrases.
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