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Behavioral/Cognitive

Parsing the Phonological Loop: Activation Timing in the
Dorsal Speech Stream Determines Accuracy in Speech
Reproduction

Alexander B. Herman,1 John F. Houde,2 Sophia Vinogradov,3 and Srikantan S. Nagarajan1

1Biomagnetic Imaging Laboratory, Department of Radiology and Biomedical Imaging, and Departments of 2Otolaryngology–Head and Neck Surgery and
3Psychiatry, University of California, San Francisco, San Francisco, California 94143

Despite significant research and important clinical correlates, direct neural evidence for a phonological loop linking speech
perception, short-term memory and production remains elusive. To investigate these processes, we acquired whole-head magne-
toencephalographic (MEG) recordings from human subjects performing a variable-length syllable sequence reproduction task.
The MEG sensor data were source localized using a time–frequency optimized spatially adaptive filter, and we examined the time
courses of cortical oscillatory power and the correlations of oscillatory power with behavior between onset of the audio stimulus
and the overt speech response. We found dissociations between time courses of behaviorally relevant activations in a network of
regions falling primarily within the dorsal speech stream. In particular, verbal working memory load modulated high gamma
power in both Sylvian–parietal–temporal and Broca’s areas. The time courses of the correlations between high gamma power and
subject performance clearly alternated between these two regions throughout the task. Our results provide the first evidence of a
reverberating input– output buffer system in the dorsal stream underlying speech sensorimotor integration, consistent with
recent phonological loop, competitive queuing, and speech–motor control models. These findings also shed new light on potential
sources of speech dysfunction in aphasia and neuropsychiatric disorders, identifying anatomically and behaviorally dissociable
activation time windows critical for successful speech reproduction.

Introduction
Verbal reproduction of heard speech sequences requires the co-
ordination of the perceptual, short-term memory, and motor
systems for speech. Dysfunction in verbal reproduction of speech
sequences is observed in various aphasias, in stuttering, and in
neuropsychiatric disorders such as schizophrenia (Barch, 2005;
Baldo and Dronkers, 2006), but the neural substrates of these
dysfunctions remain poorly understood. Although significant ev-
idence supports our understanding of the components of speech
reproduction individually, their dynamic integration at the level
of large-scale neural circuits remains elusive. Speech perception,
encompassing the spectrotemporal analysis and subsequent
mapping of speech sounds onto stored sublexical (i.e., syllabic)
representations, occurs in bilateral superior temporal gyrus

(STG) and superior temporal sulcus (STS). These sensory repre-
sentations are mapped onto articulatory counterparts in Broca’s
region/ventral premotor cortex (PMv), putatively via sensorimo-
tor transformation in a functional area known as area Sylvian–
parietal–temporal (Spt) in the left posterior planum temporale
(PTp)/supramarginal gyrus (SMG) region, along a pathway
known as the “dorsal stream” (Hickok and Poeppel, 2007; Saur et
al., 2008). The dorsal stream also features prominently in current
models of verbal working memory, which posit the existence of
two buffers for the representation of speech sounds between per-
ception and production—a perceptual buffer and a motor buf-
fer—and identify an articulatory rehearsal process operating
between the two for memory maintenance (Monsell, 1987; Vallar,
2006; Jacquemot et al., 2007; Baddeley, 2010). fMRI and lesion
studies suggest an area located in the left inferior parietal lobe
(IPL)/posterior STG as the most likely site for the perceptual
phonological buffer, with Broca’s area/PMv the most likely loca-
tion for the motor buffer for production (Bohland and Guenther,
2006; Jacquemot et al., 2007; Papoutsi et al., 2009; Rauschecker
and Scott, 2009; Hickok et al., 2011). Once a verbal response is
initiated, the brain maps the articulatory representation main-
tained in Broca’s area/PMv onto effectors via primary motor
cortex.

Our understanding of the interactions among the seemingly
separate neural processes that comprise heard speech reproduc-
tion has suffered from an inability to reconstruct cortical activity
continuously through speech perception, maintenance, and re-
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sponse with high temporal and spatial resolution. In particular,
the degree to which specific functions, such as input and output
buffering or perceptual and motor image formation, dissociate
between regions and across time remains unresolved. We utilized
the millisecond time resolution and whole-brain cortical cov-
erage of magnetoencepholography (MEG), combined with the
subcentimeter spatial resolution offered by recent improve-
ments in source localization algorithms, to examine the power
fluctuations of neural oscillations during a variable-length syl-
lable sequence reproduction task (Dalal et al., 2008). We hy-
pothesized that syllable encoding and speech preparation
would result in spectral changes consistent with known sen-
sory and motor-related oscillatory processes, such as � power
decreases coupled with more focal high gamma power (H�P)
increases, localized within the speech motor control network
(Fukuda et al., 2010). Specifically, we predicted that H�P fluc-
tuations in Spt and Broca’s area/PMv would show the greatest
syllabic load effect and would be correlated with behavioral
performance in speech repetition, consistent with their roles
as phonological and articulatory buffers within the speech
motor control network.

Materials and Methods
Subjects. Seventeen right-handed healthy volunteers, 12 males and five
females, participated in a verbal repetition task while undergoing mag-
netoencephalograpy recordings. Two of these subjects were subsequently
excluded from our analysis because of inadequate performance. A high-
resolution structural magnetic resonance image (MRI) was also obtained
for each subject in a separate session. Subjects were screened for neuro-
logical conditions as well as contraindications for MEG and MRI. Writ-
ten consent was obtained from each subject before the experiment. All
experimental procedures were approved by the Institutional Review
Board at the University of California, San Francisco.

Tasks. We designed a task similar to previous word-length effect tasks
but with less of an explicit emphasis on rehearsal memory, in which
subjects listened to and then repeated vocalized two- or four-syllable
utterances after a brief delay. This task design minimized the confound-
ing effects of lexical and syntactic processes and allowed us to elucidate
the time course of neural circuit activation in natural speech repetition
and the neural– behavioral correlates of syllable cognitive load as a test
for phonological working memory-buffer functionality (Bohland and
Guenther, 2006; Papoutsi et al., 2009; McGettigan et al., 2011). Subjects
completed a verbal repetition task consisting of 80 two-syllable target
trials and 80 four-syllable target trials pseudorandomly ordered, while
lying supine undergoing MEG recording (Fig. 1A). Stimuli were prere-
corded from a single female speaker and consisted of permutations of the
syllables /ba/, /da/, and /pa/ (e.g., /ba da/ or /ba da pa ba/). On each trial
of the experiment, subjects listened to either a two- or four-syllable target
presentation, waited for a visual cue presented at a jittered delay uni-
formly distributed between 2050 and 2150 ms poststimulus onset, and
then vocally repeated the stimulus pattern. Subjects had no previous
knowledge or cues about the contents of the upcoming trial. Syllables
lasted 470 ms on average and were separated within a trial by 50 ms.
Within two-syllable trials, no syllable was repeated, and within four-
syllable trials, no syllable pair was repeated. After the go cue, subjects had
up to 3 s to complete their response, after which the experiment pro-
ceeded to the next trial. Correct and incorrect syllable repetition was
manually recorded by the experimenters. Trials were labeled correct if
subjects repeated the correct syllables in the correct order, within 3 s of
the go cue.

Recordings. Tasks were administered while subjects underwent whole-
head MEG recording in a 278-channel CTF Omega 2000 Biomagnetome-
tor with third-order gradient correction (VSM MedTech), at a 1200 Hz
sampling rate. Signals from radio-emitting coils, placed at the nasion and
on both left and right sides of the head 1 cm rostral to the periauricular
point, were triangulated to determine the position of the head relative to

the sensor array. These head-location points were then coregistered to
high-resolution anatomical MRIs of the subjects’ brains through a
multiple-sphere head model. MRI scan sessions in which head move-
ment exceeded 2 mm were discarded and repeated. Experiments and
imaging were performed entirely at the University of California, San
Francisco.

Analyses. Data were epoched into �1 to 7 s trials relative to onset of the
first syllable. Channels and trials with high-frequency activity consis-

Figure 1. Experimental schematic and behavioral results. A, Digitized patterns of sample
syllable stimulus and subject vocal response. B, Subjects responded correctly on an average of
73 � 2 of 80 two-syllable trials (91%; 2 SYL) and 50 � 6 of 80 four-syllable trials (63%; 4 SYL),
and accuracy rates were significantly different between the two conditions ( p � 0.05). C,
Average response latencies for two- and four-syllable conditions differed significantly ( p �
0.05), at 640 � 50 and 830 � 60 ms, respectively.

Table 1. Activations during syllable encoding: encoding phase

MNI coordinates

Time (ms) Band (Hz) Area MNI x y z t value p value

38 4 –13 L STSp BA22 �60 �38 8 5.0 0.001
38 50 –120 L PMv BA6 �53 �10 25 2.4 0.001
63 30 –50 L STGm BA22 �45 �18 0 �4.9 0.002
113 4 –13 R TTG BA41 65 �20 13 5.4 0.001
163 50 –120 R SPL BA7 10 �70 63 3.8 0.001
213 30 –50 R PsCG BA2 60 �25 38 �3 0.002
213 50 –120 L CSm BA6 �30 �5 50 3.6 0.001
263 13–30 L PMd BA6 �52 13 52 �6.78 0.002
263 13–30 L STGa BA21 �45 8 �8 �6.6 0.002
263 13–30 R ITL BA20 68 �30 28 �3.8 0.002
263 13–30 R IFG BA44 63 15 0 �3.8 0.002
338 30 –50 R SMA BA6 5 5 55 �6.8 0.001
338 50 –120 R MCngt BA31 18 �23 45 �5.1 0.002
463 50 –120 R SMA BA6 20 15 73 �4.2 0.002
488 30 –50 L PMm BA9/6 �45 5 43 �5.2 0.002
688 30 –50 R SMA BA6 �8 5 70 �6 0.001
838 13–30 R CSm BA4 65 �28 43 �4.5 0.002
838 30 –50 R PMd BA4 50 �15 65 �5.1 0.002
863 4 –13 R PTp BA40 60 �65 28 4.5 0.001
863 13–30 L PMd BA8 �33 18 53 �6.1 0.002
863 30 –50 L PMm BA6 �40 3 43 �6.6 0.002
963 50 –120 L PMm BA6 �43 �15 38 3.3 0.001

Time points, frequency bands, region label, Brodmann’s areas, MNI coordinates, t values, and uncorrected p
values are listed chronologically for peak voxels and time-window center points for statistically significant
activations (FDR corrected, p � 0.05). Times are given relative to stimulus. R, Right hemisphere; L, left
hemisphere.
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Figure 2. Oscillatory modulations during syllable encoding. All brain-rendering/spectrogram pairs follow the pattern detailed in the example in the top left corner. Each brain rendering depicts
statistically significant activations for a single time point in a particular frequency band, indicatedbyanasteriskontheaccompanyingspectrogram.Thespectrogram,inturn,displaysthepowertimecourses
across frequency bands for the peak voxel in the brain rendering, indicated by a white line. Time 0 marks the onset of the first syllable, which ends at�470 ms. The second syllable begins at�520 ms and ends
at �990 ms. �/� power peaked over bilateral auditory areas early, followed by � and L�P decreases over bilateral auditory and premotor areas and H�P increases over left premotor cortex. For details, see
Results and Table 1.
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tently �1.5 pT or in which the participant spoke during this interval were
discarded. Only correct trials were analyzed. To enable neural-source
localization, high-resolution anatomical MRIs were obtained for each
subject and spatially normalized to a standard MNI template brain using
SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). Tomographic vol-
umes of potential dipolar source locations (voxels) were generated from
these normalized MRIs and coregistered to the MEG sensor arrays. To

avoid mislocalizations attributable to temporally correlated sources be-
tween the two hemispheres, data from sensors covering each hemisphere
were analyzed both separately and together (Dalal et al., 2008, 2011). We
did not subdivide sensor groups within hemisphere to avoid weakening
signal-to-noise and therefore correlated sources could hypothetically still
affect our results, but we did not see any evidence of correlated source
artifacts. After notch filtering �60 Hz, we filtered the data into four

Figure 3. Oscillatory modulations during syllable speech preparation. Figure layout follows Figure 2. Time 0 marks voice onset. � power decreased and H�P increased over PTr and SMA early in
the pre-response period, followed by H�P in POs, and as voice onset approached bilateral � power decreased and H�P increased in PM. For details, see Results and Table 2.
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Figure 4. Effects of increased syllable load during encoding: oscillatory power contrast between second and first set of syllables on four-syllable trials. Figure layout follows Figure 2. Time 0 marks
third/first syllable onset; fourth/second syllable onset occurs at �520 ms. Low frequency (�, �, and �) power was attenuated from the first to third syllable and the second to fourth syllable
bilaterally over auditory and premotor areas. H�P increased over premotor and prefrontal areas from the second to the fourth syllable. For details, see Results and Table 3.
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bands [4 –13 Hz (�/�), 13–30 Hz (�), 30 –50 Hz (low gamma [L�]), and
50 –120 Hz (high gamma [H�])] with a 60 and 120 Hz 1.5-Hz notch
filter. For the load-effect analyses, we subdivided the lowest frequency
band into � (4 – 8 Hz) and � (8 –13 Hz). Induced, phase-independent
activity in each band was localized to subjects spatially normalized MRIs
using the NUTMEG time–frequency beam-forming spatially adaptive
filter algorithm, which has been described in detail previously (Dalal et al.
2011). In brief, for each 5 mm voxel, we computed a lead field describing
the magnetic field strength at each sensor arising from a dipole source at
the voxel. A time–frequency optimized beam-forming inverse solution
for the dipole moment depending on the lead field and sensor covariance
was then computed for each voxel for each frequency band at every time
window, averaged across overlapping time windows. Localizations were
computed using the shared computing cluster at the California Institute
for Quantitative Biomedical Research (www.qb3.org). For activations,
noise-corrected pseudo-F ratios were computed between active windows
(i.e., subjects verbal response) and a prestimulus control baseline. For
contrasts between the four- and two-syllable conditions, noise-corrected
pseudo-F ratios were computed for sliding windows covering the time
periods of interest. Window sizes were frequency-band optimized (4 –13
Hz: 400 ms; 4 – 8 Hz: 400 ms; 8 –13 Hz: 300 ms; 13–30 Hz: 200 ms; 30 –50
Hz: 150 ms; 50 –120 Hz: 100 ms) with an overlap of 25 ms. Activations
were computed from averaged single-trial data covariance for each time
window and frequency band. Separate analyses were performed for av-
erages time locked to stimulus, visual go cue and response onset, to
isolate onset latency and peak level of modulations in the activations. We
analyzed only correct trials and balanced the number of two- and four-
syllable trials for the four- versus two-syllable contrasts. For the stimulus,
go cue, and response activation conditions, we grouped together two-
and four-syllable trials to increase power.

Subjects were included/excluded from analysis strictly based on per-
formance, but we applied different performance thresholds for inclusion
in the power averages and the neurobehavioral regressions. The cutoff for
subject inclusion in the power analysis was 90 total trials (50% accuracy),
based on guidelines from previous work on tradeoffs between spatial
resolution and signal detection in adaptive spatial filters (Sekihara et al.,
2004; Brookes et al., 2008) and to ensure that the same group of subjects
were maintained for the analysis of all phases of the experiment, thereby
preventing any subject inclusion bias. For the correlation analysis, we
wanted to use as broad a range of performance as possible and therefore
chose to include more subjects in this analysis, also to ensure that our
sensitivity to detect brain-behavior correlations was not underpowered
as a result of sample size. For this analysis, we used a performance thresh-
old for subject inclusion, namely 40% accuracy, which resulted in the
exclusions of two subjects from the original 17 who completed the
experiment. Although this threshold resulted in a lower amount of
total data, the estimated effect on beam-forming accuracy and signal
strength is of small enough magnitude so as to not change the regres-
sion result. Applying the same threshold for both the power analysis
and the neurobehavioral regressions did not change our results
qualitatively.

Group analyses were performed with statistical nonparametric map-
ping (SnPM) (Singh et al., 2003). The detailed rationale and procedures
of SnPM statistics of beam-former images have been described previ-
ously (Singh et al., 2003; Dalal et al., 2008). In short, time–frequency
beam-former images for each subject were first spatially normalized to
the MNI template brain. The three-dimensional average and variance
maps across subjects were calculated for each time–frequency window,
and variance maps were smoothed with a 20 � 20 � 20 mm 3 Gaussian
kernel. From this image, a pseudo-t statistic was obtained at each voxel,
time window, and frequency band. Nonparametric null distributions
were created by permuting voxel labels (2N permutation, where N is the
number of subjects) to derive p values for the true image that were then
corrected for multiple comparisons across all voxels, frequency bands,
and time points using the false discovery rate (FDR) procedure
(Benjamini and Yekutieli, 2001). To assess neural– behavioral correla-
tions, Pearson’s correlation coefficients were computed for activations/
contrasts for all voxels against reaction time and/or measures of accuracy.
p values were corrected with the FDR procedure, using a threshold of 5%.

Statistical tests of performance were performed on rationalized arcsine
transformed (normalized) data (Studebaker, 1985).

For the input and output buffer analyses, we regressed subjects’ time–
frequency activations and contrasts against behavior. We defined a met-
ric that captures performance changes attributable to increased cognitive
load, SLP � (1 � (C2 � C4)/(C2 � C4)), where C2 is the number of
correct two-syllable trials, and C4 is the number of correct four-syllable
trials. Because subjects always performed better on the two- than four-
syllable trials, a high value for this syllable load performance metric (SLP)
represents maintained performance from the two-syllable to four-
syllable condition, normalized by overall performance. Thus, subjects
that maintained performance on the more difficult four-syllable trials
have similar SLP values, independent of their overall performance.
For the input buffer analysis, we regressed activity during the first two
syllables with total accuracy, because we grouped together correct and
incorrect trials and contrast maps between the fourth and second
syllable with four-syllable accuracy and with SLP (see Fig. 8 A, B).
Contrasting the fourth and second syllable as opposed to the first
syllable allowed us to avoid confounding speech onset effects and
provided a test more comparable with the cognitive load effect differ-
ence between the two- and four-syllable trials. To localize and exam-
ine output/production buffer effects, we regressed H�P in the
response condition with accuracy (see Fig. 8C) and H�P contrast
maps between the four- and two-syllable preproduction phases
against SLP (see Fig. 8D).

Table 2. Activations during pre-response

MNI coordinates

Time (ms) Band (Hz) Area MNI x y z t value p value

�863 4 –13 L PMv BA6 �68 �5 18 �2.3 0.002
�813 50 –120 L Pre-SMA BA6 �3 18 68 2.7 0.001
�688 50 –120 L PTr BA45 �48 20 5 3.1 0.001
�638 13–30 L PMv BA6 �63 3 35 �5.7 0.002
�538 50 –120 L POs BA9/44 �55 15 33 3.8 0.001
�463 13–30 R STSm BA22 53 �48 0 �3.78 0.002
�463 13–30 L POs BA44 �65 8 23 �5.2 0.002
�263 50 –120 L PTr BA45 �45 43 0 5.4 0.001
�213 50 –120 R PMm BA9 35 5 25 5.6 0.002
�213 50 –120 L CSv BA4 �53 �10 25 4.1 0.001
�188 13–30 L PMv BA6 �55 �5 45 �5 0.002
�188 13–30 R CSv BA43 63 �5 18 �3.1 0.002

Format follows Table 1.

Table 3. Encoding syllable load effects

MNI coordinates

Time (ms) Band (Hz) Area MNI x y z t value p value

38 4 – 8 L STGp BA22 50 �33 10 �4.8 0.002
38 8 –13 L STGm BA22 �65 �30 8 �4.3 0.002
38 13–30 L STGa BA22 �55 �3 0 �4.9 0.002
38 13–30 R PMm BA6 35 0 48 �4.1 0.002
188 50 –120 L ITGm BA20 �63 �18 �28 �4.7 0.002
238 50 –120 L PMd BA6 �25 �5 63 �4.5 0.002
388 4 – 8 L PMv BA6 �58 �10 30 �3.5 0.002
488 50 –120 L PMd BA6 �30 �3 63 4 0.001
538 8 –13 L DLPFC BA46 �45 35 20 �5 0.002
538 50 –120 L DLPFC BA9 �45 38 43 4.5 0.001
613 13–30 R TTG BA41 45 �28 3 �5.1 0.002
638 50 –120 L IPL BA40 �59 �33 50 3.4 0.001
713 8 –13 L PTp BA40 �55 �45 23 �5.2 0.001
788 13–30 L PTp BA40 �53 �40 38 �4.9 0.002
788 13–30 R IPL BA7 30 �50 60 �5.5 0.002

Format follows Table 1.
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Figure 5. Effect of increased syllable load during speech preparation: oscillatory power contrast between four and two syllable trials. Figure layout follows Figure 2. Time 0 marks voice onset. �
power contrast decreased and H�P contrast increased over SMA and PTr early in the pre-response period and POs/PMv late in the pre-response period. For details, see Results and Table 4.
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Results
Behavioral responses
Subjects’ accuracy and reaction time varied with task difficulty.
Subjects performed significantly better on the two-syllable than
the four-syllable trials (p � 0.0001) (Fig. 1B). Subjects repeated
the two-syllable pattern correctly an average of 91% of the time

(73 � 1.5 trials of 80) and the four-syllable pattern correctly an
average of 63% of the time (50 � 4.4 trials of 80). Reaction time was
assessed as the average time between go cue and voice onset for each
subject, using correct trials only. Reaction times for the two-syllable
repetition (0.64 � 0.03 s) were significantly lower than for the four-
syllable repetition (0.83 � 0.05 s) (p � 0.001) (Fig. 1C).

Figure 6. Effect of increased syllable load in the peri-go cue period: oscillatory power contrast between four and two syllable trials. Figure layout follows Figure 2. Time 0 marks the go cue. Only
positive power contrasts from the two- to four-syllable condition emerged as significant. During the memory maintenance period preceding the go cue, H�P increased in prefrontal, precentral, and
temporal areas. After the go cue, � and H� power increased over parietal, medial prefrontal, and posterior temporal areas. For details, see Results and Table 6.

5446 • J. Neurosci., March 27, 2013 • 33(13):5439 –5453 Herman et al. • Parsing the Phonological Loop



Neural activity
We first reconstructed oscillatory neural activity during the stim-
ulus and pre-response periods, computing averages with respect
to a prestimulus baseline for both two- and four-syllable trials
together. Subsequently, we contrasted two- and four-syllable tri-
als during the stimulus, peri-go cue, and pre-response periods,
revealing differential activity across time and frequency associ-
ated with increased cognitive load. All peak time windows for
statistically significant main effects and contrasts in our results
are displayed in the figures. Finally, we describe oscillatory
changes that are correlated with task performance across sub-
jects, confirming that spectral power fluctuations represent be-

haviorally relevant cognitive processes.
For all renderings, peak activations have
corrected p � 0.05. Peak activations for
significant activations (corrected p �
0.05) for all areas, time points, and condi-
tions, along with their corresponding t
and uncorrected p values, are listed in
Tables 1-6.

Oscillatory power fluctuations during
syllable encoding
Early auditory cortical responses to the
syllable presentation manifested in tem-
porally and spatially broad low-frequency
(�/�) power increases bilaterally, peaking
at 37.5 ms post-sound onset in the left
posterior STS (STSp) and 112.5 ms in the
right supramarginal gyrus (SMG) (Fig. 2;
Table 1). Accompanying the early audi-
tory evoked field response, H�P increased
over left PMv from 37.5 ms, and L� power
(L�P) decreased over left medial STG
(STGm), peaking at 67.5 ms. After these
early responses, �/� power remained sig-
nificantly elevated over left STG until 250
ms and over right STG until 375 ms and
then peaked again over right posterior
STG (STGp)/PTp at 837.5 ms during the
second syllable. � power decreased bilat-
erally over temporal and frontal areas,
peaking at 262.5 ms in left dorsal premo-
tor cortex (PMd) and left anterior STG
(STGa), right inferior temporal lobe (ITL)
and inferior frontal gyrus (IFG) at 262.5
ms, and again in PMd at 862.5 ms and
right medial central sulcus (CSm) at 837.5
ms. L�P decreased over left medial pre-
motor cortex (PMm), peaking at 487.5 ms
and again at 862.5 ms, and in right post-
central gyrus (PsCG) at 200 –1225 ms and
PMd at 837.5 ms. H�P increased over
right superior parietal lobe (SPL) at 162.5
ms, left CSm at 212.5 ms, right medial cin-
gulate gyrus (MCngt) at 337.5 ms, right
supplementary motor area (SMA) at
462.5 ms, and left PMm at 962.5 ms.

Oscillatory power fluctuations
preceding speech production
Analysis of neural activity time locked
to, but occurring before, voice on-

set (time 0) uncovered a network subserving reaction-time-
independent processes (Fig. 3; Table 2), dominated by power
changes in the � and H� bands. Early in the pre-response phase,
�/� power decreased over left PMv, peaking at 862.5 ms. In the
left hemisphere, � power decreased over motor and premotor
cortex, peaking over left PMv at �637.5 ms (relative to voice
onset), pars opercularis (POs) at �462.5 ms, and again in
PMm at �212.5 ms. H�P increased in pre-SMA/SMA
at �812.5 ms, pars triangularis (PTr) at �687.5 ms, POs at
�537.5 and �263 ms, and ventral central sulcus (CSv) at
�212.5 ms. On the right, � power decreased in medial STS

Figure 7. Summary figure depicting phonological loop network activations across all conditions. Brain renderings depict
all �, �, and � power decreases and H�P increases overlaid as activations, with absolute t values rendered additively.
Activations and load effects oscillated between frontal and posterior regions of the dorsal speech stream. See Results and
Discussion.
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(STSm) at �462.5 ms and CSv at �187.5 ms, and H�P in-
creased over PMm at �212.5 ms.

Oscillatory power fluctuations coding syllable memory load
during stimulus encoding
To analyze the effect of syllable load during encoding, we con-
trasted oscillatory power during the second set of syllables with
the first set of syllables (Fig. 4; Table 3). To fully explore the
cognitive load effect, we subdivided the 4 –13 Hz frequency band
into � (4 – 8 Hz) and � (8 –13 Hz) separately. Times given are
relative to the beginning of the third/first syllable contrast (0 ms)
and extend out to the end of the fourth/second syllable contrast
(1000 ms). Sound onset for the fourth/second syllables occurs at
�520 ms. In the left hemisphere, relative to the start of the third/
first syllable contrast, � power decreased over STGp, peaking at
37.5 ms, and PMv at 387.5 ms. � power reached a negative peak in
STGm at 37.5 ms, dorsolateral prefrontal cortex (DLPFC) at
537.5 ms, and PTp at 712.5 ms. � power decreased over SMG/
PTp at 787.5 ms. H�P increased over medial inferior temporal
gyrus (ITGm) at 187.5 ms, PMd at 237.5 ms, PMd at 487.5 ms,
DLPFC at 537.5 ms, and IPL/PTp at 637.5 ms. This final H�P load
effect during the fourth syllable, arcing from IPL to STG, reflects
an increase from and return to a relatively flat baseline
throughout the first three syllables. In the right hemisphere,
consistent effects were only seen in the � and L� bands. �
power decreased over PMm at 37.5 ms, over TTG (transverse
temporal gyrus) at 612.5 ms, and SPL at 787.5 ms. L�P de-
creased over PTp at 487.5 ms.

Oscillatory power fluctuations coding syllable memory load
during response preparation
To analyze the response-phase syllable cognitive load effect, we
contrasted the 900 ms period before vocal response between the
four- and two-syllable trials, time locked to voice onset (Fig. 5;
Table 4). We did not find any significant � power differences, and
� power differed significantly only at one time point, �387.5 ms
(relative to voice onset) in left DLPFC, in which it was greater
in the four-syllable condition, and L� power differed only at
�812.5 ms in intermediate frontal gyrus (ImFG). � and H�
power showed a variety of differences. In the left hemisphere,
� power decreased over left PTr at �867.5 ms, SMA at �812.5
ms, and CSm at �512.5 ms; H�P increased in PTr, insular
cortex, and SMA at �637.5 ms, PMd at �612.5 ms, and POs at
�212.5 ms. In the right hemisphere, � power decreased in IPL
at �537.5 ms, H�P increased in SMA at �787.5 ms, ITL at
�712 and �487.5 ms, PTp at �487.5 ms, and the lingual gyrus
(LngG) at �512.5 ms.

Oscillatory power fluctuations coding syllable memory load
time locked to go cue
To gain another perspective on the cognitive load effect from
increased syllable memory, we computed four/two-syllable con-
trasts time locked to the go cue and examined oscillatory power
changes before and after the go cue (Fig. 6; Table 5). We exam-
ined from 300 ms after the stimulus and before the go cue until
700 ms after the go cue. Although the � through L� bands showed
primarily decreased power relative to a prestimulus baseline, only
relative power increases from the two- to four-syllable conditions
emerged as statistically significant.

The � and H� bands showed the most syllable load effects. In
the left hemisphere, � power increased in ventromedial prefron-

tal cortex (VMPFC) 212.5 ms before the go cue (�212.5 ms rel-
ative to the go cue), SPL at 12.5 ms, anterior cingulate gyrus
(ACngt) and STSp at 487.5 ms. H�P increased in DLPFC at
�262.5 ms, posterior ITG (ITGp) at �237.5 ms, PMd at �62.5
ms, ITGp at 287.5 ms, and the VMPFC/DLPFC border at 687.5
ms. In the right hemisphere, � power increased in VMPFC at
312.5 ms and ACngt at 362.5 ms. � power exhibited a positive
power peak along the VMPFC/DLPFC border at 512.5 ms, and
L� power increased at 362.5 ms in the ACngt.

As an aid, we summarize the results from the preceding
sections in Figure 7. We treat �, �, and � power decreases and
H� power increases as activations on equal footing by sum-
ming the absolute t value of all statistically significant activa-
tions for each voxel across 250 ms time windows for each
analysis condition. The result depicts the relative activity
changes in each region on a coarse-grained timescale across all
phases of the experiment.

Table 4. Pre-response syllable load effects

MNI coordinates

Time (ms) Band (Hz) Area MNI x y z t value p value

�868 13–30 L PTr BA9/45 �53 13 23 �5.2 0.002
�813 30 –50 L ImFG BA8 �25 35 58 4.2 0.001
�813 13–30 SMA BA6 �13 13 70 �4.8 0.001
�788 50 –120 SMA BA24 �8 0 43 4 0.001
�763 50 –120 SMA BA24 �3 0 50 4.2 0.001
�713 50 –120 R ITL BA19 53 �75 �5 4.6 0.001
�638 50 –120 L PTr BA45 �60 28 25 3.1 0.001
�638 50 –120 SMA BA6 �20 �8 53 4.6 0.001
�613 50 –120 L PMd BA6 �28 5 55 5.7 0.001
�538 13–30 R SPL BA40 63 �43 50 �4.9 0.002
�513 13–30 L CS BA1 �45 �23 38 �3.1 0.002
�488 50 –120 R PTp BA40 58 �45 13 3.5 0.001
�488 50 –120 R ITL BA19 48 �65 5 4 0.002
�388 8 –13 L DLPFC BA10 �35 5 23 4.6 0.001
�213 50 –120 L POs BA45 �60 20 23 4.9 0.001
�163 13–30 R PTr BA45 60 23 5 �5 0.002
�163 8 –13 R ITL BA20 65 �47 �20 5 0.001

Format follows Table 1.

Table 5. Peri-go cue load effects

MNI coordinates

Time (ms) Band (Hz) Area MNI x y z t value p value

�263 50 –120 R Insula BA13 38 �10 8 4 0.002
�263 50 –120 L DLPFC BA9 �38 30 30 3.7 0.002
�238 50 –120 L ITGp BA37 �43 �45 �28 6.2 0.002
�212 8 –13 L VMPFC BA10 �15 65 30 3.8 0.002
�63 50 –120 L PMd BA6 �18 20 60 4.7 0.002
�63 50 –120 L STGp BA22 �60 �48 8 3.5 0.002
�13 30 –50 L PTp/SMG BA40 �58 �55 23 4.3 0.002
13 8 –13 L SPL BA7 �15 �60 68 3.3 0.002
13 50 –120 R PreCUN BA31 2.5 �65 28 4.5 0.002
188 30 –50 L ITGp BA21 �65 �23 �18 5 0.002
288 50 –120 L ITGp BA21 �58 �50 �8 3.6 0.002
288 50 –120 PTm BA43 �53 �18 18 3.2 0.002
313 8 –13 L VMPFC BA32 0 45 5 4.5 0.002
363 8 –13 L ACngt BA32 �5 43 15 4.5 0.002
488 8 –13 L STSp BA22 �63 �30 5 3.7 0.002
513 4 – 8 L VMPFC BA10 �18 65 3 5.2 0.002
513 4 – 8 R SFG BA9 3 55 35 4.2 0.002
688 50 –120 L VMPFC BA1 �38 60 23 5.4 0.002

Format follows Table 1.
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Neural correlates of task performance
To further characterize the speech audiomotor network, we
looked for correlations between subject performance and oscilla-
tory power changes. For each condition (stimulus encoding,
stimulus syllable load, pre-response, and response syllable load),
we regressed the power in all voxels independently against subject
accuracy, as well as the SLP that captures maintained perfor-

mance from two- to four-syllable conditions (see Materials and
Methods). Neurobehavioral correlations emerged primarily
within the dorsal speech stream, were mainly confined to the H�
band, and were primarily left lateralized.

During the encoding period of the four-syllable trials, in the
left hemisphere, H�P relative to the prestimulus baseline in STSp
and posterior middle temporal gyrus (MTGp) exhibited a sus-

Figure 8. Peak H�P performance correlations across stages of speech reproduction. For A–D, each brain rendering depicts the correlation at the time point indicated in the associated scatter plot,
which depicts the individual subject data. In scatter plots, solid lines represent the best least-squares fit, and dotted lines represent the 95% confidence intervals. A, Stimulus period: peaks of
correlation between whole-brain stimulus onset-locked H�P and normalized four-syllable accuracy occur at 190 ms in PCGd, 525 ms in STSp, and 1125 ms after stimulus in PMm. B, Stimulus load
effect: the whole-brain correlation between the four/two-syllable stimulus H� contrast and the load performance metric peaks halfway through the syllable contrast at 262 ms after sound onset in
PTp. C, Pre-response period: peaks of correlations between whole-brain response onset-locked H�P and normalized total accuracy occur at 562 ms in PTp and 525 ms in PMm pre-response. D,
Pre-response load effect: peaks of correlations between whole-brain four/two-syllable H� contrast and load performance occur at 637 ms in left PTr, 312 ms in right DLPFC, and 187 ms in left POs
pre-response.
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tained correlation with accuracy throughout the entire stimulus
(Fig. 8A; Table 6). H�P in STSp also correlated with accuracy
during most of the stimulus, peaking at 512.5 ms after stimulus
onset and again at 1712.5 ms. The H�–accuracy correlation
peaked in PMd at 187.5 ms after stimulus onset and again at 587.5
ms and in PMm at 1112.5 ms after stimulus, during the third

syllable. In the right hemisphere, the early � power increase (cor-
responding to the auditory evoked field/m100) correlated with
total accuracy. To explore the load effect in encoding, we con-
trasted the third and fourth syllable with the first and second,
respectively, on the four phoneme trials and looked for correla-
tion with SLP. A similar network of regions, including PTp and
PMm, emerged as relevant for load-related performance, with
the most significant correlations occurring for maintenance or
increase of H�P from the second to the fourth syllable for both
regions, at 762.5 ms relative to the second-syllable set versus first-
syllable set contrast start point.

During the pre-response period, H�P increases relative to the
prestimulus baseline correlated early on with accuracy in PTp as
well as in SMA (Fig. 8C), peaking at 562.5 ms before voice onset
and in PMm at �537.5 ms. Closer to voice onset, positive H�P–
accuracy correlations in POs trended toward but did not reach
statistical significance after correcting for multiple comparisons.
Examining the load effect during pre-production revealed that
some of the areas exhibiting the most significant cognitive load
effect also independently showed the most significant correlation
with SLP (Fig. 8D). H�P increases from the two- to four-syllable
trials correlated with SLP at left PTr at �637.5 ms and in left POs
at �212.5 ms. H�P correlated highly with SLP in right DLPFC,
peaking at �312.5 ms. Because the average H�P contrast peak in
Broca’s area occurred 300 ms before speech onset but a difference
wave extended until speech onset, this finding suggests that cor-
rect representation of a longer syllable pattern reflects in both
persistent H�P and increased peak power. SLP also correlated
with the shifted H� syllable load contrast time course in PMv and
Broca’s area, confirming that earlier onset of H� modulation,

Figure 9. Reverberation in neurobehavioral correlation between area Spt and Broca’s area. Time courses of the correlations between H�P modulation and articulatory load-related performance
(SLP) in area Spt/PTp (blue) and PMv/Broca’s area (red). Asterisks indicate statistically significant (FDR corrected, *p � 0.05) time points. Correlation time courses were computed separately for the
stimulus and response periods and concatenated together for visualization. The stimulus contrast period begins at 0 ms, and the response period begins at �800 ms, with a 100 ms average time
gap between the stimulus end and response period beginning (the variable gap represented by slanted lines). Whole-brain cortical localizations with accompanying scatter plots for Broca’s area and
area Spt are shown for two time points, one during the stimulus period (the 4th syllable contrasted with the 2nd) and one during the response period (4-syllable trials contrasted with 2-syllable
trials). Filled circles in scatter plots depict the individual data, solid lines the best linear fit, and dotted lines the 95% confidence intervals.

Table 6. H�P behavioral correlations

MNI coordinates

R 2Analysis Time Band Area BA x y z

Stimulus
encoding

188 50 –120 L PCGd BA4 �32 �32 64 0.65
513 50 –120 LSTSp/SMG BA40 �56 �40 24 0.64

1113 50 –120 L PMm BA6 �45 5 55 0.61
1213 50 –120 L STSp BA22 �56 �40 8 0.58
1713 50 –120 L PTp BA22 �45 �32 10 0.7

Stimulus
load

288 50 –120 L MTGp BA21 37 �55 �65 0.58
338 50 –120 R SPL BA7 28 �65 53 0.79
763 50 –120 L PTp BA22 �52 �38 17 0.57

Pre-response
�563 50 –120 L PTp/SMG BA40 �55 �45 30 0.62
�538 50 –120 L PMm BA6 �45 0 55 0.62

Response
load

�637 50 –120 L PTr BA45 �60 20 25 0.58
�560 50 –120 PreSMA BA6 �11 10 53 0.63
�187 50 –120 L POs BA44 �60 10 25 0.58
�312 50 –120 R DLPFC BA8 40 30 50 0.84

Format follows Table 1.
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higher peak power, and a persistent upmodulation reflected in a
smaller difference in the two- and four-syllable error rates.

Concatenating the stimulus and response-locked load effect
correlation time courses reveals that articulatory-load-related ac-
tivity alternates between Spt and Broca’s area (Fig. 9). During the
encoding period, the peak H�P–SLP correlation localized to Spt,
whereas in the pre-response phase the peak correlation localized
to Broca’s area. However, after the initial Broca’s area R value
peak, Spt again becomes important transiently for load-related
performance at 300 ms before voice onset, only to trade off again
with Broca’s area at �200 ms.

Akin to the summary for the oscillatory power alone condi-
tions depicted in Figure 7, in Figure 10, we summarize the results
from all neurobehavioral correlation analyses.

Discussion
Our study revealed that speech reproduction success varies with
the precise timing and frequency of oscillatory power shifts
throughout the dorsal speech stream. We found that perceived
speech target formation and motor plan development couple to-
gether in a reverberant process looping through frontal and pos-
terior regions of the dorsal stream. While the lack of temporal
resolution in previous studies has limited the dissociation of pho-
nological loop functional components among brain regions, we
show in detail how the pattern and behavioral relevance of corti-
cal activations evolves throughout speech perception, working
memory, and leading up to reproduction.

A left-lateralized subset of this overall speech–motor network
responds to increased cognitive load, particularly in the H� band.
The activation levels of left STGp and IPL, including Spt, re-
mained consistent during encoding of the first three syllables of
the longer four-syllable stimulus, suggesting that the developing
memory trace requires persistent but not increasing levels of
activation. However, the marked increase in the left IPL and
STGp H�P from the second to the fourth syllable (Fig. 4, 638
ms), tapering off toward the end of the stimulus, suggests the
performance of an additional computation, possibly an au-
diomotor transformation of the signal, as the entire sequence
registers.

In addition to the more salient H� effects, increased syllable-
load induced changes across the entire frequency range. Consis-
tent with the recent working memory literature, we found that
increasing the number of syllables to be repeated resulted in a

complex picture of �, �, �, and L� band modulation. In seeming
contrast with recent results on visual working memory (Palva et
al., 2011), increased syllable load resulted in greater power de-
creases in putative task-relevant areas during ongoing encoding
as well as response preparation. However, our experiment con-
tained only a brief pure maintenance phase comparable with
working memory studies, and during this period, only relative
power increases emerged as significant, consistent with Palva et
al. (2011). The pattern of relative low-frequency power decreases
and increases during active encoding and response preparation,
coupled with the more localized high-frequency power increases
we found likely represents greater resource shifting from task-
irrelevant to task-relevant areas in compensation for increasing
cognitive load. This interpretation motivates Figure 7, in which
H�P increases and �, �, and � decreases are overlaid with equal
weight as activations. Our results suggest further, as seen in STG/
IPL in our study, that areas may be alternatively activated and
deactivated on a timescale too fast for evoked and temporally
coarse induced reconstructions. We saw trending evidence in
auditory and frontal/motor areas of alternation in relative power
between low- and high-frequency bands, suggesting that both
activating and deactivating processes play roles in speech au-
diomotor transformation.

We found two H� load-effect peaks in the pre-response phase,
indicating the possibility of two levels of representation of the
speech target. The earlier more rostral peak in PTr and left insular
cortex, synchronous with SMA activation, corresponds to the
longer reaction time for four-syllable trials and could reflect the
more complicated action selection required for framing and or-
dering the four-syllable utterance; the later more caudal load
effect in POs likely results from the simultaneous representation of
syllables in an output buffer, consistent with competitive queuing mod-
els, such as GODIVA (Bohland et al., 2010). This gradient reflects
the overall rostral– caudal hierarchical organization of frontal ar-
eas and Broca’s area in particular (Gelfand and Bookheimer,
2003; Badre and D’Esposito, 2009; Sahin et al., 2009) and sug-
gests that auditory areas may communicate different features
of speech sequences to rostral Broca’s area and caudal Broca’s
area/PMv, respectively, consistent with evidence of differen-
tial white matter connectivity and possibly reflecting the divi-
sion between the ventral and dorsal speech streams (Brauer et
al., 2011; Ueno et al., 2011). However, greater spatial resolu-

Figure 10. Combined overlays of peak H� performance correlations for all analyses. Overlays thresholded above R 2 � 0.6. Red, Stimulus locked correlations; blue, stimulus load effect
correlations; green, response locked correlations; dark gray, response load effect correlations; yellow, overlap between stimulus and response locked; magenta, overlap between stimulus-locked and
stimulus load effect; cyan, overlap between stimulus load effect and response locked; black with red dots, overlap between stimulus-locked and response load effect; white, overlap between all
conditions.
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tion is required to definitively distinguish these subdivisions
of Broca’s area.

The time courses of both activations and correlations between
oscillatory power and performance suggest that the dorsal stream
phonological loop network operates dynamically during both en-
coding and pre-production. Information about the speech target
to be repeated cycles through the dorsal stream, and representa-
tions are formed as part of an interactive process between frontal/
premotor and temporal/inferior–parietal areas. During the
encoding phase of our experiment, medial and superior tempo-
ral, PTp/IPL activation, motor, dorsal premotor, and inferior
frontal areas all became engaged; however, the posterior areas
dominated the behavioral correlations. The frontal and central
sulcal activations possibly reflect the priming of the speech motor
system and the initialization of a motor representation and also
correlate significantly with performance (Yuen et al., 2010).
Based on the activation timing and behavioral relevance, the PTp
localization likely represents an average of the individual Spt lo-
cations, which are known to vary (Buchsbaum et al., 2011). The
MTG and STS correlations likely correspond to phoneme map-
ping, whereas the PTp/IPL correlations correspond to phoneme
storage and audiomotor transformation (Hickok et al., 2011).
However, the spatial resolution of the present work does not
allow us to rule out the possibility that audiomotor transforma-
tion and perceptual buffering occur at distinct loci within the
STGp/IPL region. During the pre-production phase, Broca’s ar-
ea/PMv and pre-SMA trade off with Spt initially; however, within
250 ms of voice onset, frontal regions dominate the performance
correlations, suggesting that by that time a motor representation
of the entire syllable sequence has formed.

The dissociations that we observe between the neurobehav-
ioral correlation time courses in Spt and Broca’s area coupled
with the time courses of activations add significant support to
the notion that these areas act as buffers for storing syllable
representations within the phonological loop and further-
more demonstrate how the developing speech target represen-
tations reverberate between these buffers. This cycling
through the phonological loop suggests a more dynamic effer-
ence copy registration process than commonly believed, with
the Broca’s area buffer updating its representations in real
time as it synchronizes with the short-term verbal memory
representation in Spt, extending current state–space models of
speech motor control (Houde and Nagarajan, 2011).

This bidirectional nature of the interaction between Spt and
Broca’s area implies that, in addition to fulfilling their functions
as input and output buffers, at least one cycle of an internal feed-
back loop between the two must complete after stimulus encod-
ing for successful production to occur. Such a feedback loop,
possibly involving an efference copy of the upcoming speech out-
put as suggested above, would represent a generalized version of
Baddeley’s articulatory rehearsal process (Baddeley, 2000). If the
model our results suggest proves correct, then interfering with
Spt at the end of an auditory stimulus should disproportionately
affect the reproduction of longer utterances, whereas interfering
after the go cue but before voice onset would affect short and long
sequences equally. Similarly, targeting STS during early stimulus
encoding should affect performance more than Spt, whereas de-
activating Spt toward the end of encoding should disrupt repeti-
tion more than deactivating STS. Frontally, inhibiting Broca’s
area before speech onset would affect longer utterances before
shorter ones, whereas deactivating Broca’s area during the stim-
ulus presentation should minimally affect performance of either

long or short sequences, consistent with the symptoms of expres-
sive aphasias.

Collapsing across all frequency bands and task phases, the
neuroanatomical network we found reproduces the function
sparing in the rare clinical syndrome known as mixed
transcortical aphasia (MTA) (Grossi et al., 1991; Yankovsky
and Treves, 2002) and unifies and extends past functional
imaging results (Dronkers, 1996; Hillis et al., 2005; Bohland
and Guenther, 2006; Buchsbaum and D’Esposito, 2008; Towle
et al., 2008; Papoutsi et al., 2009; Sahin et al., 2009; Edwards et
al., 2010) (Figs. 2-4, 8). The speech abilities preserved in MTA
map almost one-to-one onto the functions of the phonologi-
cal loop and correspond closely with our putative phonologi-
cal loop sites, including IPL, STG, PTp, PMd and PsCG, PMv,
and Broca’s area.

Furthermore, our results suggest that disruption in the timing of
activation of Spt and its interaction with Broca’s area and pre-SMA
in this automatic pre-production feedback loop may contribute to
the phonemic paraphasias observed in conduction aphasia and cog-
nitive disorders, such as schizophrenia, Alzheimer’s disease, and
primary progressive aphasia (Wherrett, 2008). For instance, accu-
mulating evidence points to Spt damage as the sine-qua-non of con-
duction aphasia (Buchsbaum et al., 2011). If this feedback loop
after target perception/identification but before speech onset
becomes disrupted, or the representation in Spt decays before
the corresponding one in Broca’s area solidifies, then spoken
outputs would likely become “noisy,” leading to the kind of
error-prone paraphasic speech, coupled with the inability to
correct speech errors, observed in conduction aphasia and
some cases of schizophrenia (Gerson et al., 1977; Heinks-
Maldonado et al., 2007; Ardila, 2010; Hickok et al., 2011; Lane
et al., 2011).

In conclusion, we present a high-resolution spatiotemporal
description of the brain network that supports the functions of
the phonological loop; we demonstrate that Spt and Broca’s
area act as dissociable input and output buffers in a reverber-
ating bidirectional dorsal stream for phoneme perception and
production. These buffers interact in time along a tightly con-
trolled schedule as part of a speech–motor feedback loop that
operates before speech onset. Our results further indicate that
treatments for clinical conditions that include symptoms of
paraphasia should include a focus on the connectivity and
timing of interaction between frontal and posterior areas, to
facilitate the critical reinforcement of correct motor represen-
tations that occurs through input and output buffer internal
model feedback.
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