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Left Dorsal Speech Stream Components and Their
Contribution to Phonological Processing
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Models propose an auditory-motor mapping via a left-hemispheric dorsal speech-processing stream, yet its detailed contributions to speech
perception and production are unclear. Using fMRI-navigated repetitive transcranial magnetic stimulation (rTMS), we virtually lesioned left
dorsal stream components in healthy human subjects and probed the consequences on speech-related facilitation of articulatory motor cortex
(M1) excitability, as indexed by increases in motor-evoked potential (MEP) amplitude of a lip muscle, and on speech processing performance in
phonological tests. Speech-related MEP facilitation was disrupted by rTMS of the posterior superior temporal sulcus (pSTS), the sylvian parieto-
temporal region (SPT), and by double-knock-out but not individual lesioning of pars opercularis of the inferior frontal gyrus (pIFG) and the
dorsal premotor cortex (APMC), and not by rTMS of the ventral speech-processing stream or an occipital control site. RTMS of the dorsal stream
but not of the ventral stream or the occipital control site caused deficits specifically in the processing of fast transients of the acoustic speech
signal. Performance of syllable and pseudoword repetition correlated with speech-related MEP facilitation, and this relation was abolished with
rTMS of pSTS, SPT, and pIFG. Findings provide direct evidence that auditory-motor mappingin the left dorsal stream causes reliable and specific
speech-related MEP facilitation in left articulatory M1. The left dorsal stream targets the articulatory M1 through pSTS and SPT constituting
essential posterior input regions and parallel via frontal pathways through pIFG and dPMC. Finally, engagement of the left dorsal stream is
necessary for processing of fast transients in the auditory signal.
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magnetic stimulation; transient virtual lesion

Introduction

Typically, humans can understand speech reasonably well with
their right hemisphere while they produce speech with the left
half of their brain. This suggests that the left hemisphere has an
advantage over its homolog to extract those features from the
acoustic speech signal that are important for learning how to
speak (Minagawa-Kawai et al., 2011). A left-lateralized dorsal
speech stream has been proposed to map sensory speech repre-
sentations in the posterior superior temporal lobe via a sensori-
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motor interface in the sylvian-parieto-temporal region (SPT) in
the temporoparietal junction to speech motor representations in
the posterior frontal lobe and vice versa (Hickok and Poeppel,
2007; Rauschecker and Scott, 2009). Although the involvement of
the dorsal speech stream in speech acquisition is widely accepted,
its role in adulthood is still a matter of debate. During speech
production, the dorsal stream has been proposed to assist in
speech planning by mapping frontal speech motor representa-
tions onto temporal representations of their sensory targets to
correct intrinsic errors before articulation is performed (Hickok
etal.,2011). Such an internal model enables fast enough speech to
allow for efficient interpersonal communication without the
need of detailed monitoring of external auditory feedback. Inter-
nal models have also been proposed to contribute to speech per-
ception in the framework of mirror neurons or the motor theory
of speech perception (Liberman and Mattingly, 1985; Fadiga and
Craighero, 2003). Although the extreme interpretation of motor
involvement in speech perception cannot explain numerous em-
pirical findings (for review, see Hickok, 2009), a modulatory
function of the motor cortex in speech perception has been sug-
gested. Speech perception changes the excitability of articulatory
motor cortex as measured by transcranial magnetic stimulation
(TMS) (Fadiga et al., 2002; Watkins et al., 2003; Murakami et al.,
2011), but it is unclear whether this effect is epiphenomenal or
causally related to perception. Studies that used repetitive TMS
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(rTMS) to induce a transient virtual lesion in speech motor cor-
tex suggest that motor cortex involvement is behaviorally more
relevant for speech perception when perceived speech is ambig-
uous or presented in noise (Meister et al., 2007; Méttonen and
Watkins, 2009). In separate studies, three left dorsal speech
stream components have been shown to modulate articulatory
motor cortex excitability during speech perception: area SPT
(Murakami et al., 2012), the dorsal premotor cortex (dPMC)
(Meister et al., 2007), and the pars opercularis of the inferior
frontal gyrus (pIFG) (Watkins and Paus, 2004; Murakami et al.,
2012; Restle et al., 2012). Yet, a systematic study of the specific
contributions of the proposed input regions of the dorsal stream
to modulation of motor cortex excitability and their contribu-
tions to speech processing on the behavioral level is lacking. We
thus performed four experiments in which we evaluated the ef-
fects of virtual lesions induced by continuous theta burst stimu-
lation (cTBS) (Huang et al., 2005) of the posterior superior
temporal sulcus (pSTS), the SPT, dPMC, and pIFG on articula-
tory motor cortex excitability and on speech-processing perfor-
mance on the behavioral level.

Materials and Methods

Participants. In total, 24 healthy right-handed native German subjects
(mean * SD age, 25.5 £ 5.1 years, 13 females, Edinburgh Handedness
Inventory: 94.8 = 9.8%) (Oldfield, 1971) participated in this study. Writ-
ten informed consent was obtained from all subjects before participation.
The study was approved by the ethics committee of the Medical Faculty
of Goethe-University Frankfurt and conformed to the latest version of
the Declaration of Helsinki.

Definition of target regions by fMRI. In all subjects, the individual rTMS
target regions were defined on the basis of a prior group fMRI study that
focused on audiovisual speech processing with conditions similar to Mu-
rakami et al. (2012). In short, fMRI and structural MRI data were ac-
quired on a 3.0-T Siemens Magnetom Allegra System equipped with a
standard head coil. fMRI was performed in a block design usinga BOLD-
sensitive gradient echo planar imaging (EPI) sequence covering the en-
tire brain (repetition time: TR = 2000 ms, echo time: TE = 30 ms, field of
view: FOV = 192 mm, flip angle = 90°, 64 X 64 matrix, 30 slices, slice
thickness = 2.5 mm, voxel size = 3.0 X 3.0 X 2.5 mm). Eight blocks per
condition were randomized and lasted for 30 s each. Each block con-
tained 6 prerecorded German sentences. In the condition of interest,
participants passively listened to the presented sentences (80 dB sound
pressure level) while viewing 30 s of dynamic visual noise (McConnell
and Quinn, 2004). The control condition was listening to 30 s of white
noise (80 dB sound pressure level) while viewing 30 s the same visual
noise. The 30 s blocks with videos of the lip movements during the
production of the prerecorded sentences embedded in white auditory
noise were used for defining the target of the visual control region in the
middle occipital gyrus (MOG; see below). For coregistration with the
functional data, a high-resolution structural T1-weighted image using a
magnetic (TR = 2250 ms, TE = 2.6 ms, FOV = 256 mm, flip angle 8°,
256 X 256 matrix, 176 slices, slice thickness = 1 mm, voxel size = 1.0 X
1.0 X 1.0 mm) was acquired. MRI data were standard processed using
SPM8 software (Wellcome Department of Imaging Neuroscience, Lon-
don). EPI volumes were realigned, spatially normalized to the MNI
space, and smoothed with an 8 mm at full-width half-maximum Gauss-
ian filter. The preprocessed functional images were analyzed using the
standard general linear model approach. Beta maps of the auditory
speech condition were contrasted against the control condition in each
individual and overlaid on the individual normalized T1 image. Based on
prior knowledge on specialized subregions within the dual stream net-
work (Hickok and Poeppel, 2007), we chose the left pIFG, dPMC, SPT,
and pSTS as ROIs within the dorsal stream and the left anterior STS/
superior temporal gyrus (aSTG) as ROI within the left ventral speech
processing stream. The target regions for fMRI-navigated TMS were
identified individually as the local individual maxima in the aforemen-
tioned anatomical regions at p < 0.001, uncorrected (Andoh and Paus,
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2011). The individual superior temporal sulcus was chosen as anatomical
landmark with the first local maxima anterior of Heschl’s gyrus provid-
ing coordinates for aSTS/aSTG and with local maxima posterior of Hes-
chl’s gyrus for pSTS virtual lesions. Local maxima in the individual
temporoparietal junction were designated SPT targets. dPMC targets
were located just anterior or within the precentral sulcus at the level of the
middle frontal gyrus, whereas pIFG virtual lesions were placed over in-
dividual local maxima in the pars opercularis or ventral premotor cortex.
Virtual lesions induced by continuous theta-burst stimulation (cTBS).
TBS was delivered by a MagPro X100 magnetic stimulator connected to
a 65 mm figure-of-eight coil (MagVenture). The magnetic stimulus had
a biphasic waveform with a pulse width of 100 us. The coil was placed
tangentially to the scalp with the handle pointing backwards. Stimulus
intensity was set to 80% of active motor threshold as determined over the
left motor cortex hot spot for eliciting MEPs in the right first dorsal
interosseus muscle, using the relative frequency method (Groppa et al.,
2012), and 600 pulses were delivered to the stimulation sites (3 pulses at
50 Hz every 240 ms) (Huang et al., 2005; Murakami et al., 2012). The
grand average active motor threshold across all subjects and experiments
was 38.9 * 6.4% (mean = SD) of maximum stimulator output.
Stimulation sites were identified on each subject’s scalp by using an
fMRI-guided TMS neuronavigation system (Localite). The individual
3D high-resolution structural T1-weighted image was imported, and a
3D image was standardized to the Talairach coordinate system by defin-
ing the AC-PCline and falx cerebri. MNI coordinates were automatically
estimated from Talairach ones by using mni2tal (http://imaging.
mrc-cbu.cam.ac.uk/downloads/MNI2tal/). Five skull landmarks (na-
sion, bilateral corners of the eyes, and bilateral preauricular points) and
~150 points on the surface of scalp of each subject were fitted to those of
the 3D image. Errors between the subject’s scalp and the image were
allowed within 1.5 mm. Using the navigation system, the stimulating coil
was visually navigated to the stimulation target (individual MNI coordi-
nates; compare Tables 1, 2, and 3) and kept there on the basis of real time
feedback of the coil position throughout the cTBS application.
Experiment 1: effects of repetitive TMS on articulatory motor cortex ex-
citability. Experiment 1 tested for contributions of dorsal stream compo-
nents (left pSTS, SPT, pIFG, dPMC, right pSTS) and the articulatory
primary motor cortex (M1) to speech-related facilitation of left articula-
tory M1 excitability in 8 of the 24 subjects by applying cTBS to these sites
(for individual stimulation sites, see Fig. 1A; MNI coordinates of indi-
vidual stimulation sites, Table 1). cTBS of the right pSTS (here individual
local maxima in the right STS posterior of Heschl’s gyrus were targeted)
was performed to study interhemispheric effects, and cTBS of the left
articulatory M1 to quantify the direct inhibitory ¢TBS effect on MEP
amplitude. Individual M1 targets were identified as local maxima in the
ventral portion of the precentral gyrus or central sulcus. Subjects were
seated on a comfortable reclining chair. Before and after cTBS, EMG was
recorded from the right orbicularis oris muscle by pairs of Ag-AgCl
surface electrodes, bandpass filtered (20—2.000 Hz), then digitized with
an analog-to-digital converter (micro1401, CED) at a sampling rate of 5
kHz and stored on a personal computer. As it is difficult to fully volun-
tarily relax the lip muscles, participants were trained for ~10 min to
maintain EMG quiescence before the actual experiments (Murakami et
al., 2011). This was achieved by providing participants with continuous
high-gain visual (50 wV/Div) and auditory feedback of the EMG activity.
TMS for MEP measurements was applied using a Magstim 200 magnetic
stimulator and a figure-of-eight coil with external loop diameters of 70
mm (Magstim). Magnetic stimuli had a monophasic waveform. The
stimulating coil was held tangentially to the skull with the coil handle
pointing backwards and laterally 45° away from the anterior—posterior
axis. The center of the coil junction was placed over the motor cortex lip
area of the left hemisphere. The “motor hot spot” was determined as the
site where TMS consistently elicited the largest MEPs from the right
orbicularis oris muscle. This articulatory motor cortex hot spot was lo-
cated on average 3.1 = 0.4 cm lateral and 1.9 * 0.3 cm anterior from the
hot spot of the motor cortex hand area (mean = SD) (Murakami et al.,
2011). MEPs were acquired from the right orbicularis oris muscle during
listening to prerecorded German declarative sentences (female speaker)
or during a control noise condition (listening to white noise) before and
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Table 1. MNI coordinates of individual stimulation sites in the first experiment
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Table 2. MNI coordinates of individual stimulation sites in the second experiment

Left dPMC Left pIFG Left SPT Left pSTS
X y z X y z X y z X y z
A —48 —4 56 —54 4 16 A —56 -38 14 -6 -38 2
B —46 —6 50 —48 8 2 B —146 —40 30 —64 —48 12
C —48 —6 54 -50 12 16 C —66 -36 b)) —66 -36 10
D -50 -6 54 —58 0 8 D —54 —44 2% —54 —44 10
E —48 -6 54 -5 8 2 E —54 -8 2 —56 —46
F -50 —4 56 -5 8 2 F —54 -8 b)) —68 -8 8
G -50 -6 54 -50 2 24 G —62 -50 b)) -62 —40 6
H —48 4 5 -5 8 2 H -5 -8 2% —48 -8 6
Average | —60 —50 26 —54 —44 10
£SD —485+ 14 —43+34 538+20520%30 6339 18047 —58 —34 20 —64 —40 4
Left M1 Left SPT K -5 —40 2 —56 —40 10
L —48 -38 2% —58 —40 14
X y z X y z M —48 —46 18 -50 —46 2
A —54 -1 50 —68 —38 2% N =36 —M 2% —60 —40 4
B —40 —16 7)) -5 —34 18 0 =30 -4 2 —58 40 10
C —60 -8 2% -5 ) 2% P =50 —40 2 =36 —38 8
D -5 —14 36 -5 —38 b)) q —52 —38 u —58 -4 8
E —50 -8 38 -5 —38 2% R —32 —38 32 —54 4 10
F —46 —16 34 -5 -38 E)) 5 —68 —38 2 —68 —38 18
G —46 -10 34 —46 —34 2 Average
" g T 38 5 n % =D —546 =60 —413+43 B39+40 —587 =57 —415+32 83 =40
Average Left pIFG Left MOG
=D —495+60 —123+33 37369 —533 %63 —380=30 250 = 40
X y z X y z
Left pSTS Right pSTS
A -5 8 20 —44 —74 6
X y z X y z B -5 8 20 —44 —74 6
A —68 —38 18 66 -20 14 ¢ =30 14 14 -4 —88 10
B —54 -36 4 66 -38 14 D —60 8 2 —4 - 6
C —54 —44 10 64 —38 16 t -4 8 20 =50 —8 10
D —58 ) 8 62 -3 12 F —62 8 14 M —74 6
E —50 -8 10 62 -38 10 G —62 8 2 —50 —80 8
F —54 —44 10 60 —36 12 H —58 16 14 M - 6
G —54 -8 8 64 —26 12 ' -2 2 2 —46 —n 4
H —56 —46 12 62 -36 8 . -2 8 2 —H —63 6
Average K -5 8 20 —48 —84 12
+£SD —560+£53 —418+£33 10040 633221 —330x67 23+25 L —46 10 14 —58 —68 12
M -5 8 20 —44 —74 4
N -5 8 12 —44 —74 -8
0 -5 8 20 —44 —74 0
after ¢TBS. The stimulus intensity was adjusted to elicit MEP peak-to- P _5 3 18 50 —78 6
peak amplitudes in the orbicularis oris muscle of on average 0.3 mV _s8 0 3 —50 —76 3
during the control condition at baseline. This intensity was on average -5 3 2 —50 —76 4
(across all subjects and experiments) 62.7 * 12.3% (mean * SD) of ¢ 5 4 16 —50 —7 6
maximum stimulator output. Additionally, facilitating intermittent TBS  pyerage

(iTBS, 600 pulses at 80% active motor threshold, 3 pulses at 50 Hz every
240 ms for trains of 2 s every 10 s) (Huang et al., 2005; Restle et al., 2012)
was applied over the individual left pSTS, and effects were compared with
the virtual lesion effects induced by cTBS over the left pSTS. The iTBS
condition was added to document the specificity of the interventional TBS
protocol and to rule out that nonspecific effects (e.g., on attention) could
account for the observed cTBS effects (see below). The order of cTBS sites
and the iTBS session was randomized across subjects, and sessions in a given
individual were at least 1 week apart to avoid carryover effects.

Given the close adjacency of the stimulation sites over pSTS and SPT (see
Fig. 1A), it is not certain that selective stimulation of either of these two
targets without spillover to nontargeted area has been achieved. Other stud-
ies revealed that this is possible in the temporoparietal junction (Kelly et al.,
2014) and in the posterior parietal cortex (Koch et al., 2007) by demonstrat-
ing dissociable TMS effects on behavior or excitability. However, in our
experiments, we expected (and indeed observed; see Results) largely identical
rather than dissociable cTBS effects when targeting pSTS and SPT. This,
purely on logical grounds, precludes a firm conclusion as to whether or not
pSTS and SPT have been stimulated separately.

Absolute MEP amplitudes before and after cTBS were compared using
a three-way repeated-measures ANOVA with experimental condition (2

*SD —539*4279=*35 175+38 —468 £40 —758+49 59+44

levels: listening to speech vs listening to white noise), stimulus site (6
levels: left pSTS, right pSTS, left SPT, left pIFG, left dPMC, left M 1), and
time (2 levels: pre- vs post-cTBS) as within-subject factors. For compar-
ison of iTBS with c¢TBS over left pSTS, another three-way repeated-
measures ANOVA with intervention (2 levels: cTBS vs iTBS), experimental
condition (2 levels), and time (2 levels) as within-subject factors was con-
ducted. Whenever there was a significant interaction, post hoc paired ¢ tests
were performed using Fisher’s protected least significant difference (Fisher’s
PLSD) test.

Experiment 2: temporal evolution and duration of cTBS effects. Five of
the eight subjects who had participated in Experiment 1 joined Experi-
ment 2 to test the temporal evolution and duration of ¢TBS effects over
the left pSTS. MEP amplitudes were recorded from the right orbicularis
oris muscle in the listening to speech condition versus control noise
condition at five time points: pre-cTBS, and post-cTBS at 0-5, 1015,
20-25, and 30-35 min. A two-way repeated-measures ANOVA with
experimental condition (2 levels) and time (5 levels) was conducted. Post
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Table 3. MNI coordinates of individual stimulation sites in the control experiment

Left dPMC Left pIFG

X y z X y z
A —48 —6 54 —54 4 16
B =50 —4 54 —58 0 8
C —46 —6 50 —50 12 16
D —48 —4 56 —48 8 20
E —48 —6 54 —52 8 20
F —50 —6 54 —50 2 24
G —50 —4 56 —52 8 20
H —48 2 58 —58 16 14
| —52 —10 56 —62 8 20
Average

*£SD —489*£18 —49%32 547%£22 —538F46 7349 17647

LeftaSTS

X y z
A —62 -8 6 . . —
B —50 —4 0 — — —
C —64 —10 2 — — —
D —58 —6 8 . . —
E —64 —12 2 — — —
F —66 —12 4 — — —
G —64 —4 0 . . —
H —62 —6 —6 — — —
| —64 —10 —4 — — —
Average

*SD —616*X49 —80*32 13*x45 — — —

hoc Fisher’s PLSD test was performed to compare post-cTBS with pre-
¢TBS MEP amplitudes at the single post-cTBS time points.

Experiment 3: cTBS effects on behavioral measures and their relationship
to speech-related facilitation of articulatory motor cortex excitability. The
consequences of cTBS-induced virtual lesions in the left dorsal stream
(pSTS, SPT, and pIFG) on speech-processing performance and their
relationship to articulatory motor cortex excitability measures were
studied in 19 subjects in Experiment 3 (individual stimulation sites, see
Fig. 3A; MNI coordinates of individual stimulation sites, Table 2), three
of which had already participated in Experiment 1. In addition to the
cTBS target sites of the left dorsal and ventral auditory stream, the left
MOG was targeted as a control site to investigate the topographical spec-
ificity of ¢TBS effects. The MOG was selected as a control site because
MOG is involved in visual processing but is not part of the auditory
speech-processing network (Murakami et al., 2012; Restle et al., 2012).

Subjects sat in front of a PC screen (Samsung SyncMaster 214T 21.3
inch LCD TFT monitor) and listened to auditory stimuli that were de-
livered via a headphone. We recorded the speech material from a German
female speaker using a digital voice recorder and embedded in white
noise because M1 involvement in speech perception is more relevant in
noisy conditions (Meister et al., 2007). Signal-to-noise ratios (SNRs)
were adjusted for the different tasks using data from a pilot experiment to
avoid behavioral ceiling effects. The SNRs were calculated using the fol-
lowing formula:

SNR = 10log,,(S/N)

Two listening-selection tests and three listening-repetition tests were
conducted. Responses of the listening-selection tests were recorded via
button press with the right index finger. Overtly articulated responses
during the listening-repetition tests were recorded with a digital voice
recorder. Subjects were instructed to try to respond as quickly as possible.

1. Word-picture matching. Participants listened to a German noun and
were asked to identify their percept by choosing a visual illustration of the
object of four possible choices: taken from the standard German speech
and language test battery of the NAT publisher that fulfills the criteria
published by Snodgrass and Vanderwart (1980) that were presented 5 s
after the auditory word. In addition to the target object, a phonological
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(mostly vowel replacements, e.g., “Maus” vs “Mais”) and a semantic
distractor (e.g., “Maus” vs “Frosch”) and an unrelated picture were visu-
ally presented on a four-panel figure. Nouns in the different categories
did not differ in word frequency (p > 0.5). The matching test was per-
formed at three very low SNRs: 6, 0, —6 dB. Each concrete, high-
frequency, highly imaginable monosyllabic or bisyllabic noun was
presented 1 s after starting noise, and 10 different words were presented
at each noise level in randomized order, separated by 5 s intertrial
intervals.

2.1. Syllable repetition. Participants listened to one of six possible syl-
lables (/Ba/, /Da/, /Gal, /Pa/, /Ta/, /Ka/) in three noise conditions (SNRs:
9, 6,3 dB) and repeated immediately the syllable they heard. In each trial,
one syllable was presented 1 s after starting noise. Each syllable was pre-
sented twice per noise level, resulting in 3 noise levels X 6 syllables X 2
repetitions = 36 trials that were delivered in randomized order and
separated by 5 s baseline.

2.2. Syllable identification. Same conditions as in 2.1, but instead of
overtly repeating their percept, participants were instructed to press one
of six predefined buttons representing the six possible choices.

3. Pseudoword repetition. This task aimed at studying phonological
working memory effects given that the phonological load was higher
compared with the syllable condition: Participants listened to pseudo-
words consisting of three syllables each in three noise conditions (SNRs:
12,9, 6 dB) and immediately repeated them. Each pseudoword was pre-
sented for 1 s after starting noise, and 15 different pseudowords were
presented at each noise level interleaved with 5 s baseline per trial. Pseu-
dowords and noise levels were randomized. Trials were judged as error
trials when one of the repeated syllables was wrong.

4. Sentence repetition. Subjects listened to one of 30 German declarative
sentences in three noise conditions (SNRs: 9, 6, 3 dB) and immediately
repeated them. Each sentence was presented 1 s after starting noise. Noise
levels were randomized. Every missed or wrongly repeated word was
counted as an error.

For each task, error rates (ERs) and reaction times (RTs) were calcu-
lated at each noise level. The word-picture matching task allowed for
classification of errors as phonological, semantic, or unrelated. Errors in
all other tasks were classified as place of articulation errors (i.e., mistak-
ing the articulatory zone, e.g., a /Ba/ for a /Da/ or a /Pa/ for a /Ta/) or
voicing errors (i.e., mistaking the co-occurrence of phonation with artic-
ulation of the initial stop consonant, e.g., a /Ba/ for a /Pa/ or a /Da/ for a
/Tal). Perception of place of articulation of initial stop consonants relies
mostly on analyses of spectral cues during the initial 20 ms of the acoustic
signal (Miller and Nicely, 1955; Blumstein and Stevens, 1979), whereas
voicing analysis requires longer segments that carry temporal informa-
tion (Rosen, 1992; Shannon et al., 1995).

The sessions started with a pre-cTBS recording of orbicularis oris
MEPs during listening to speech or control noise and were followed by
the cTBS protocol. The five behavioral assessments and post-cTBS MEP
recordings during speech and noise perception were performed within
30 min. The procedures of coil navigation were the same as in Experi-
ment 1. The order of ¢TBS sites was chosen randomly, and consecutive
sessions in a given participant were at least 1 week apart.

ER and RT data from word-picture matching were analyzed by a three-
way repeated-measures ANOVA with stimulus site (4 levels: pSTS, SPT,
pIFG, MOG), noise level (3 levels: low, medium, high), and error type (5
levels: overall, phonological, semantic, unrelated, no response) as within-
subject factors. Data from syllable repetition and identification were an-
alyzed by a three-way repeated-measures ANOVA with type of output (2
levels: repetition vs identification), stimulus site (4 levels), and noise level
(3 levels) as within-subject factors. Those of pseudoword and sentence
repetition were examined using two two-way repeated-measures
ANOVAs with stimulus site and noise level as within-subject factors.
Absolute MEP amplitude was analyzed by a three-way repeated-
measures ANOVA with stimulus site (4 levels), experimental condition
(2 levels: listening to sentences vs noise), and time (2 levels: post-cTBS vs
pre-TBS) as within-subject factors.

In case of a significant interaction or significant main effect, post hoc
paired t tests were performed using Fisher’s PLSD test. We additionally
tested for correlations between ER and RT in the five speech perception
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Figure1.

(TBS effects on speech-related facilitation of left articulatory M1 excitability as measured by MEP amplitude (in mV) in the right orbicularis oris muscle. 4, Individual stimulation sites over left dPMC

(green), pIFG (cyan), M1 (blue), SPT (red), and pSTS (pink) and right pSTS (yellow) are overlaid on an MNI standard brain. Not all stimulation sites are visible due to overlap. B, The speech-related MEP increase
(speech: passive listening to German sentences) was reduced after ¢TBS of the left pSTS with no MEP change in the control condition (control: listening to white noise). cTBS of the right pSTS (€) and facilitatory
iTBS of the left pSTS (D) enhanced speech-related MEP facilitation without any MEP modulation in the control condition. E, cTBS of the left SPT disrupted the speech-related MEP facilitation. F, cTBS of the left pIFG
had nossignificant effect on speech-related MEP facilitation. G, cTBS of the left dPMC had no significant effect on speech-related MEP facilitation but decreased articulatory M1 excitability in the control condition.
H, MEPs in speech and control conditions were strongly reduced by cTBS of left articulatory M1. *p << 0.05. **p << 0.01. Error bars indicate SEM. L, Left; R, right.

tasks with the task-dependent change in MEP amplitude when listening
to sentences compared with noise after cTBS of the control region MOG
using Pearson’s correlation analyses (two-tailed). We applied a Bonfer-
roni correction for multiple comparisons. In case we found a significant
correlation, we examined whether this relationship was affected by ¢cTBS
of dorsal stream components.

Experiment 4: dorsal stream specificity and frontal parallel pathways in
the dorsal stream. Experiment 4 tested 9 subjects who had already partic-
ipated in Experiment 3. On two occasions, separated by 1 week, partici-
pants received cTBS either over the left aSTG or over both the left pIFG
and dPMC together (double virtual lesion, individual stimulation sites,
see Fig. 6A; MNI coordinates of individual stimulation sites, Table 3).
aSTG was chosen because it is a constituent of the ventral speech stream
(Rauschecker and Scott, 2009). The double-knock-out approach of
pIFG/dPMC was chosen because individual cTBS-induced virtual lesion-
ing did not result in significant disruption of speech-related MEP facili-
tation in articulatory M1 (compare results of Experiment 1). The order of
these two conditions was randomized. In the double virtual lesion con-
dition, dPMC and pIFG were targeted immediately one after the other by
cTBS, with the order of targets randomized across participants. Param-
eters and duration of subsequent dPMC and pIFG stimulation were kept
identical with the single virtual lesions to avoid effect reversals at short
durations of cTBS (Gamboa et al., 2010). This doubles the total amount
of overall brain tissue and time the brain is stimulated but keeps the direct
effects on the target regions constant.

The behavioral measures obtained during word-picture matching,
repetition of syllables, and pseudowords after the virtual lesions of the
pIFG/dPMC were compared with those after lesioning aSTG, and also
with those after cTBS of the control region MOG from Experiment 3. ERs
of word-picture matching were analyzed using a three-way mixed

ANOVA with noise level (3 levels) and error type (5 levels) as within-
subject factors and stimulus site (3 levels: dPMC/pIFG, aSTG, MOG) as
between-subject factor. ERs of syllable and pseudoword repetition were
examined using two-way mixed ANOVAs with noise level as within-
subject factors and stimulus site as between-subject factor. In addition,
we compared behavioral effects of double knock-out of dPMC and pIFG
in Experiment 4 versus single knock-out of pIFG in Experiment 3 using
the appropriate ANOVAs. MEP amplitudes during listening to speech or
noise were analyzed using a three-way mixed repeated-measures
ANOVA with experimental condition (2 levels: listening to sentences vs
noise) and time (2 levels) as within-subject factors and stimulus site (3
levels: dPMC/pIFG, aSTG, MOG) as between-subject factor. In addition,
MEDP effects of the double knock-out of dPMC and pIFG in Experiment
4 were compared with the single cTBS over dPMC and pIFG from Ex-
periment 1 in a mixed ANOVA with experimental condition (2 levels:
listening to speech vs listening to white noise) as within-subject factor
and stimulus site (3 levels: dPMC/pIFG, dPMC, pIFEG) as between-
subject factor. Post hoc paired f tests were run in case of a significant
interaction or significant main effect using Fisher’s PLSD test.

For all of the above statistical analyses, significance was assumed if p <
0.05. SPSS for Windows, version 17.0 (SPSS) was used for all statistical
analyses.

Results

Experiment 1: effects of repetitive TMS on articulatory motor

cortex excitability

Before cTBS, MEPs were facilitated by passive listening to sen-
tences compared with listening to white noise on all occasions (all
p < 0.05; Fig. 1B-H).
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The repeated-measures ANOVA showed a significant three-
way interaction between experimental condition (2 levels: listen-
ing to speech vs white noise), stimulus site (6 levels: left pSTS,
right pSTS, left SPT, left pIFG, left dPMC, left M1), and time (2
levels: pre- vs post-cTBS) (F s 35 = 5.202, p = 0.001). cTBS over
the left pSTS abolished the MEP facilitation induced by listening
to speech (differences in MEP amplitude before vs after cTBS:
T = 4.972, p = 0.002) without MEP changes in the control con-
dition (T' = —0.454, p = 0.664; Fig. 1B). In contrast, a virtual
lesion of the right pSTS enhanced the speech-induced MEP facil-
itation (T = —2.508, p = 0.040) without any MEP modulation in
the control condition (T = —0.057, p = 0.956; Fig. 1C). This
suggests that the right STS physiologically inhibits facilitatory
processing in the left dorsal stream in a context-dependent man-
ner. To prove that rTMS could not just interfere with, but also
gate speech-induced modulation of articulatory M1 excitability,
iTBS, which facilitates stimulated cortex (Huang et al., 2005), was
applied to the left pSTS. The repeated-measures ANOVA with
main effects of intervention (2 levels: iTBS vs cTBS), experimen-
tal condition (2 levels: listening to speech vs white noise), and
time (2 levels: pre- vs post-TBS) demonstrated a significant
three-way interaction (F,, = 48.898, p < 0.001). iTBS en-
hanced the speech-related facilitatory effect on MEP amplitude
(T = —4.960, p = 0.002) without any MEP amplitude change in
the control condition (T'= —0.176, p = 0.865; Fig. 1D).

cTBS of the left SPT abolished similar to virtual lesioning of
pSTS the MEP facilitation induced by listening to speech (T =
5.136, p = 0.001) without any effect in the control condition (T =
0.297, p = 0.775; Fig. 1E). Although these manipulations proved
that integrity of both left pSTS and SPT is necessary for modulation
of articulatory M1 excitability during speech perception and, thus,
supports the idea that these regions constitute the posterior input
into the dorsal speech processing stream, they do not reveal the fron-
tal targets that mediate these effects to M 1. Therefore, we studied the
consequences of cTBS over the two proposed frontal target regions,
the left dPMC and the left pIFG. A virtual lesion of either the dPMC
or the pIFG did not block the speech perception related MEP facili-
tation effect (as in the posterior target regions). Instead, we observed
only a nonsignificant reduction in the MEP facilitation (T = 1.592,
p = 0.155 for pIFEG, Fig. 1F; T = 0.747, p = 0.479 for dPMC, Fig. 1G).

The MEP facilitation induced by listening to speech could
only be abolished by virtually lesioning both the dPMC and the
pIFG as demonstrated in Experiment 4 (T = 4.640, p = 0.002; see
Fig. 7A): triple-interaction of repeated-measures ANOVA with
main effects of experimental condition (2 levels: listening to sen-
tences vs noise), stimulus site (3 levels: dAPMC/pIFG, aSTG, MOG),
and time (2 levels: pre- vs post-cTBS) significant at F, 5, = 3.509,
p = 0.041. A significant interaction between condition and stim-
ulus site was found when comparing double and single knock-
out of dPMC and pIFG (F,,,) = 4.203, p = 0.028), which
resulted from less MEP facilitation in the double compared with
the single knock-out of dPMC and pIFG (p = 0.028 and 0.047,
respectively). cTBS to the ventral stream region aSTG did not
affect speech-related facilitation of motor cortex excitability (p >
0.2; see Fig. 7A). Of note, single virtual lesions of the other tem-
poral target regions (pSTS and SPT) abolished the speech-related
MEP facilitation (see above), which demonstrates the regional
specificity of cTBS and argues against a mere quantitative effect of
overall brain stimulation dose in the double knock-out condi-
tion. This suggests that MEP facilitation by listening to speech can
be mediated by either one of the two frontal regions and strongly
suggests that these regions operate as two parallel frontal target
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Figure2. Long-lasting effects of cTBS of left pSTS. ¢TBS of left pSTS reduced speech-related

MEP facilitation for at least 30 min (speech: passive listening to German sentences) without any
MEP modulation in the control condition (control: listening to white noise). *p << 0.05, Speech-
induced MEP amplitudes at all post-cTBS time points are different from those at pre-cTBS
(paired ¢ test). Error bars indicate SEM.

regions of the left dorsal auditory stream (Hickok and Poeppel,
2007; Mashal et al., 2012).

To control for the efficacy of our virtual lesion, we applied cTBS
over left articulatory M1, which significantly reduced MEP ampli-
tude in both speech (T = 5.721, p = 0.001) and control condition
(T'=4.252,p = 0.004) as expected (Fig. 1H ). cTBS of theleft dPMC,
but not cTBS of the left pIFG, also decreased MEP amplitudes in the
control condition (T = 2.612, p = 0.035; Fig. 1 F,G), suggesting
direct connectivity between the dPMC and the articulatory M1.

Experiment 2: temporal evolution and duration of

cTBS effects

Significant speech-related MEP facilitation was found pre-cTBS
only and was disrupted for at least 30 min after cTBS of the left
pSTS, whereas cTBS did not modify MEP amplitudes in the con-
trol condition. The two-way repeated-measures ANOVA with 2
levels of experimental condition and 5 levels of time revealed a
significant interaction (F(, ;) = 3.868, p = 0.022; Fig. 2). Post hoc
t tests showed that MEP amplitudes in the listening to speech
condition were different at all post-cTBS time points from those
at pre-cTBS (Fig. 2, asterisk). The demonstration that ¢TBS in-
terfered with brain function in a ROI for at least 30 min was a
prerequisite for investigating cTBS offline effects on speech-
processing performance (see next section).

Experiment 3: cTBS effects on behavioral measures and their
relationship to speech-related facilitation of articulatory
motor cortex excitability

As expected, behavioral results depended on noise in all regions
and conditions, including the control region MOG. For auditory
word comprehension (word-picture matching), a three-way
repeated-measures ANOVA with stimulus site (4 levels: pIFG,
pSTS, SPT, MOG), noise level (3 levels: low, medium, high), and
error type (5 levels: overall, phonological, semantic, unrelated, no
response) as within-subject factors revealed significant effects of
error type (F(, ;) = 51.708, p < 0.001) and of noise level (F, 34
= 81.857, p < 0.001). The effect of error type was explained by
much larger phonological and overall errors (Fig. 3 B, E) than the
other errors (Fig. 3C, D, F) and justified subsequent separate two-
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Behavioral cTBS effects on pseudoword and sentence repetition. A, For pseudoword repetition, cTBS of SPT or pSTS increased error rates significantly compared with ¢TBS of pIFG and

MOG at low-level noise. B, C, Nearly all errors were place of articulation and not voicing errors. D, There was no error rate difference between cTBS sites for sentence repetition. *p << 0.05. **p <

0.07. Error bars indicate SEM.

way repeated-measures ANOVAs divided by error type. A two-
way repeated-measures ANOVA with phonological ER as
dependent variable and stimulus site (4 levels) and noise level (3
levels) as within-subject factors showed a significant interaction
(Fie,108) = 2.304, p = 0.039). Post hoc t test revealed that cTBS of
SPT and pSTS increased phonological errors at intermediate
noise (T = 3.525, p = 0.002 for SPT; T = 2.157, p = 0.045 for
pSTS) and that ¢TBS of SPT and pIFG increased phonological
errors at high noise (T'= 2.109, p = 0.049 for SPT; T = 2.118,p =
0.048 for pIFG) compared with ¢TBS of MOG (Fig. 3B). The
other error types (semantic, unrelated errors, all errors, and
no response) showed no significant cTBS effect (all F < 1.8,
p > 0.1; Fig. 3C—F). No effects on RT were observed (all F <
1.1, p > 0.3).

For ER during syllable repetition and identification at much
higher SNRs compared with the word-picture matching para-
digm, a three-way repeated-measures ANOVA with type of out-
put (2 levels), stimulus site (4 levels), and noise level (3 levels) as
within-subject factors demonstrated a significant interaction be-
tween type of output and stimulus site (F;54 = 6.709, p =
0.001). Post hoc testing revealed that ER during syllable repetition
after ¢cTBS of SPT, pSTS, and pIFG was larger than those after
cTBS over MOG (SPT vs MOG, T = 3.737, p < 0.001; pSTS vs
MOG, T =2.689, p = 0.009; pIFG vs MOG, T = 3.546, p = 0.001;
Fig. 4A), whereas ER during syllable identification showed no
significant difference between sites of ¢TBS (all p > 0.3; Fig.
4D-F). Nearly all errors during syllable repetition were place of
articulation errors (Fig. 4B). RT data showed a significant inter-

action between type of output and stimulus site in a three-way
repeated-measures ANOVA (F; 54) = 3.933, p = 0.013). Post hoc
testing revealed that ¢TBS in ROIs prolonged RT during syllable
identification compared with ¢TBS of the control region MOG
(Fig. 4F; SPT vs MOG T = 2.292, p = 0.026, pSTS vs MOG T =
3.246,p = 0.002, pIFG vs MOG T = 2.614, p = 0.011), suggesting
that participants with virtual lesions in the dorsal stream pro-
cessed the acoustic information longer to keep ER comparable
with the control condition. No such effect was observed for syl-
lable repetition, which suggests that the visual presentation of the
choices in the identification task allowed for additional compu-
tation leading to more correct answers.

For ER in pseudoword repetition, a significant stimulus site
and noise level interaction was demonstrated (F4 ;05) = 2.751,
p = 0.016). Post hoc testing revealed that ER increased after cTBS
of SPT and pSTS compared with those after cTBS of MOG (T =
3.584, p = 0.002 for SPT, T = 3.455, p = 0.003 for pSTS) and of
pIFG (T = 2.642, p = 0.017 for SPT, T = 2.516, p = 0.022 for
pSTS) at low-level noise (Fig. 5A). Again, nearly all errors were
place of articulation errors (Fig. 5B). No effect on RT was ob-
served. cTBS of ROIs did not interfere with sentence repetition
(all F< 1.6, p > 0.1, Fig. 5D).

Experiment 4: dorsal stream specificity and frontal parallel
pathways in the dorsal stream

For word-picture matching, a three-way mixed ANOVA revealed
a significant interaction between error type and stimulus site
(F(g,136) = 3.629, p = 0.001; Fig. 6B). Post hoc testing revealed that
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a double virtual lesion of both dPMC and pIFG increased pho-
nological errors compared with disruption of aSTG and MOG
(p=0.017, p = 0.005). In contrast, cTBS of aSTG increased only
semantic errors compared with disruption of dPMC/pIFG and
MOG (p = 0.037, p < 0.001; Fig. 6C). The other error types
showed no significant ¢TBS effect (p > 0.08). For syllable and
pseudoword repetition, two-way mixed ANOVAs demonstrated
a significant effects of stimulus site (F, 5,y = 3.473, p = 0.042 for
syllable; F, 5,y = 9.703, p < 0.001 for pseudoword). As expected,
double virtual lesions of both dPMC and pIFG increased phonolog-
ical errors compared with disruption of aSTG and MOG (p = 0.015,
p = 0.002 for syllable; p = 0.001, p < 0.001 for pseudoword; Fig.
6D, E) but also compared with single pIFG lesion (p = 0.112 for
syllable; p = 0.003 for pseudoword repetition). Nearly all errors dur-
ing syllable repetition were place of articulation errors (Fig. 6 D, E).
Single lesions of the aSTG produced more semantic errors
than the double knock-out of the dPMC and pIFG, which dem-
onstrates the regional specificity of the cTBS effect and argues
against an unspecific effect of overall brain stimulation dose.

Relationship of behavioral measures with task-dependent
changes of articulatory motor cortex excitability

In the 19 subjects of Experiment 3, we replicated the finding from
the first experiment of a significant interaction between stimulus
site (4 levels: pSTS, SPT, pIFG, MOG), experimental condition (2
levels: listening to sentences vs white noise), and time (2 levels:
pre-cTBS vs post-cTBS) on speech-related facilitation of MEP
amplitude in the right orbicularis oris muscle (F; 5,y = 2.977,
p = 0.039). Post hoc testing confirmed that cTBS of SPT and pSTS

eliminated facilitatory effects of speech processing on articula-
tory M1 excitability (MEP amplitude during speech listening pre-
vs post-cTBS: T =4.972, p < 0.001 for SPT, T = 3.417, p = 0.003
for pSTS), whereas cTBS over pIFG again produced an interme-
diate reduction of speech-induced MEP facilitation (MEP ampli-
tude during speech listening pre- vs post-cTBS: T = 2.437, p =
0.025; Fig. 7B). cTBS over the control region MOG did not affect
modulation of articulatory M1 excitability during speech percep-
tion (pre- vs post-cTBS: T = —0.038, p = 0.970; Fig. 7B). After
cTBS over MOG, speech-facilitated MEPs were larger than those
after cTBS of the ROIs (T = 3.986, p = 0.001 for SPT, T = 2.966,
p = 0.008 for pSTS, T = 3.012, p = 0.007 for pIFG).

There was a significant relationship between speech-induced
MEP facilitation (as measured by the MEP amplitude change
induced by passive listening to sentences compared with listening
to white noise) and behavioral measures of syllable and pseudo-
word repetition in noise. Those participants who facilitated artic-
ulatory M1 excitability more strongly during passive listening to
sentences took longer to repeat syllables correctly (r = 0.579, p =
0.009; Fig. 7C, left) and were more correct in repeating pseudo-
words (r = —0.585, p = 0.009; Fig. 7D, left) after cTBS of the
control region MOG. This correlation between MEP change and
behavioral measures after virtually lesioning the control region sug-
gests a physiological relationship between modulation of articula-
tory M1 excitability and phonological processing because TBS in
the control region should not affect dorsal stream processing.
Importantly, these relationships between electrophysiological
and behavioral measures were disrupted upon virtual lesions of
the pSTS, SPT, or pIFG (all p > 0.05; Fig. 7C,D, right panels).



1420 - J. Neurosci., January 28,2015 - 35(4):1411-1422

Murakami, Kell et al. @ Role of Left Dorsal Stream to Speech Processing

A B precTBS M [
MEP amplitudes MEP amplitudes post cTBS M [
*k% * *k%k *k%k *k% *%k%
0.47 [%* * 047 [*xx |** | * | ok
]
S ’_‘ 2] —‘ s l ,_‘ H,—*
Eos I—l E 03] | —‘
(0] (]
el ©
2 2
Zo02 = 0.2{
IS IS
© ©
o
801 Q0.1
= =

0
Speech Control Speech Control

0
Speech Control Speech Control Speech Control Speech Control

dPMC/pIFG aSTG SPT pSTS plIFG MOG
C MEP speech facilitation D MEP speech facilitation
— Syllable rep. Reaction time — Pseudoword rep. Error rate
cTBS over cTBS over cTBS over
MOG: R = 0.579** R =- ~R=
20 . 20 o SPTR=0082 (5 rpo o 05 o SPTR=0.284
- — pSTS: R=0.029 o o= ispes pSTS: R=-0.212
O ° L pIFG:R=0.149 0.4 A 0.4 pIFG: R = -0.426
) 015 ° I 1) o °
E o® £ P o Cos3|e So3 - .. °
=10 c1.0 Qé [ S |ee S -e o»
S S ® % 7 ° £02 o £0.2 o ®
= = [ ] w w ® - e °
© 05 ©0.5 [ 1] Y ]
s 3 01| ® ® 01 « ©®
i 04 [ J [ J [ ]
0 01 02 02 -01 0 01 02 0 01 02 02 01 0 01 02

AMEP (speech minus control, mV)

Figure 7.

AMEP (speech minus control, mV)

(TBS effects on speech-related modulation of articulatory M1 excitability and correlation analyses with behavioral performance. 4, In nine control subjects, the double knock-out of

dPMCand plFG disrupted speech-related MEP facilitation, whereas cTBS of aSTG in the ventral stream did not (speech: passive listening to German sentences; control: listening to white noise). B, In
19 participants, the speech-related MEP facilitation was disrupted after cTBS of the left SPT, pSTS, and pIFG, but not after cTBS of MOG. C, The speech-related MEP facilitation after ¢TBS of MOG
correlated positively with reaction time during correct syllable repetition, whereas cTBS of SPT, pSTS, and pIFG disrupted this relationship. D, The speech-related MEP facilitation after cTBS of MOG
correlated negatively with error rates of pseudoword repetition, whereas cTBS of SPT, pSTS, and pIFG decorrelated the electrophysiological measure from behavior. *p << 0.05. **p << 0.01.***p <

0.001. Error bars indicate SEM.

There was no significant correlation between speech-induced
MEP facilitation and accuracy of repeating sentences (all p >
0.05). Together, these data strongly suggest that additional dorsal
stream engagement in passive listening relates to better perfor-
mance in phonological processes of speech repetition.

Discussion

This study addressed left dorsal stream contributions to speech-
related facilitation of articulatory M1 excitability and speech-
processing performance and investigated the relationship
between these electrophysiological and behavioral effects. Our
results suggest that the dorsal stream targets the articulatory M1
via two frontal regions in parallel, the pIFG and the dPMC,
whereas the pSTS and SPT constitute essential posterior input
regions into the dorsal stream. Our data indicate that speech-
related facilitation of articulatory M1 excitability is a reliable
measure of dorsal, but not ventral, stream engagement. Im-
portantly, disrupting physiological function in single compo-
nents of the dorsal stream by c¢TBS did not result in severe
speech perception deficits but rather evoked subtle but signif-
icant noise-dependent increases in phonological, particularly
place of articulation, errors during speech perception and
repetition.

Functional anatomy of the dorsal speech-processing stream

Speech processing models proposed parallel processing in two
speech processing streams that connect temporal speech regions
to frontal cortices (Hickok and Poeppel, 2007; Rauschecker and

Scott, 2009): A ventral stream that originates in auditory cortex
and connects anterior temporal lobe regions to anterior parts of
Broca’s area is thought to mediate transformations between pho-
nology and semantics. A dorsal stream is thought to map sensory
speech representations in the posterior superior temporal lobe to
articulatory motor cortices in ventral premotor cortex/posterior
Broca’s area via a sensorimotor interface in area SPT. In our
study, articulatory M1 involvement during passive listening to
speech was dependent on integrity of the posterior input regions
of the dorsal stream, namely, the pSTS and SPT (Hickok and
Poeppel, 2007; Murakami et al., 2012), but not the aSTG in the
ventral stream. Thus, facilitation of left articulatory M1 excitabil-
ity during passive listening to speech was not mediated via the
ventral stream or the right hemisphere, at least not to an extent to
compensate for virtual lesions of the left dorsal stream. We can-
not exclude that ventral stream output could also modulate M1
excitability under different conditions, such as linguistic or
speech production tasks (see, e.g., Rauschecker, 2011; Hickok,
2012). Although we investigated dorsal stream components sep-
arately in this study, there is sufficient empirical evidence from
effective connectivity studies (e.g., see Murakami et al., 2012) that
they form a task-dependent functional network and thus a
“speech processing stream.” Our double-knock-out versus indi-
vidual lesioning data support dorsal stream models in which the
dorsal stream is divided into a dorsodorsal stream that connects
the SPT to the dPMC and a dorsoventral stream that connects the
SPT to the pIFG (Hickok and Poeppel, 2007; Giraud and Poep-
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pel, 2012). Such parallel branches within the dorsal stream could
also explain why the dPMC usually is a “negative” language site
(Sanai et al., 2008) that often can be safely removed during neu-
rosurgery without gross adverse effects on language performance.
Nevertheless, lesions of dPMC could affect subtler functions,
such as synchronizing motor routines to external sensory cues
(Neef et al., 2011), a function that relies upon efficient sensori-
motor integration. Thus, the dPMC may be more important in
feedback-controlled conditions that require highly precise senso-
rimotor timing, such as learning how to speak during develop-
ment or how to utter unknown speech in adulthood (Hartwigsen
etal., 2013).

The drastic effects that virtual lesions of dorsal stream com-
ponents had on speech-related MEP facilitation in articulatory
M1 suggest that this electrophysiological measure is ideally suited
to study functional connectivity of the left dorsal stream. This was
even true for interhemispheric functional connectivity of the
pSTS: avirtual lesion in the right pSTS enhanced MEP facilitation
while listening to sentences but not when listening to noise. This
extends previous findings of symmetrical inhibitory interhemi-
spheric interactions between the pSTS during auditory word
recognition to the sentence level (Andoh and Paus, 2011). Facili-
tatory iTBS of left pSTS produced the same enhancing effect as
inhibitory ¢TBS of right pSTS on speech-related facilitation of
articulatory M1 excitability. This specificity of the TBS protocol
excludes the possibility that TBS merely interferes with unspecific
attentional effects elicited by listening to sentences compared
with noise. Together, facilitation and virtual lesions of left hemi-
spheric dorsal speech stream components and of right posterior
STS produce pronounced specific electrophysiological effects in
left articulatory M1.

On the behavioral level, the same virtual lesions did not abol-
ish the capacity to comprehend or repeat speech. This argues
strongly against the motor theory of speech perception (Liber-
man and Mattingly, 1985). Nevertheless, phonological process-
ing was significantly affected in noisy conditions, and this was
found not only during repetition in which sensorimotor map-
ping is required but also during word and syllable recognition. In
case sensory evidence is insufficient to unambiguously link an
acoustical percept to a known linguistic item, the brain may
gather more evidence from other sensory modalities, such as vi-
sion (unavailable to the participants in our study, see e.g., Arnal et
al., 2009) or from linguistic context (e.g., via ventral stream pro-
cessing) (Hickok, 2012). Indeed, sentence repetition was nearly
unimpaired by noise and was not correlated with MEP facilita-
tion during passive listening to sentences. In conditions in which
neither context nor multisensory integration supports percep-
tion as in the tasks studied here, the motor system may contribute
to speech perception by internally emulating sensory conse-
quences of articulatory gestures (Du et al., 2014). That is, the
impoverished sensory stimulus may call upon sensorimotor as-
sociations to create a forward prediction based on an internal
model that in turn informs sensory processing (Hickok et al.,
2011). This does not mean that this mechanism is necessary to
understand speech. It rather implies that consulting internal sen-
sorimotor models ameliorates speech perception when sensory
information alone is ambiguous (Meister et al., 2007; Mottonen
and Watkins, 2009). Our finding of a significant correlation be-
tween phonological behavioral scores and MEP facilitation by
speech that is disrupted after virtual lesions of dorsal stream re-
gions (compare Fig. 7C,D) adds empirical evidence to this no-
tion. Whether such inner emulation happens consciously as in
subvocal rehearsal or as part of an automated process is not
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known. Whatever the exact mechanism, it may be less important
in everyday speech perception when contextual information is
available.

Noise affects particularly the perception of consonants and
reduces primarily the ability to discriminate the place of articu-
lation (Miller and Nicely, 1955). We confirm this finding by
showing that place of articulation analysis is affected already at
much lower signal-to-noise ratios than vowel perception, and we
propose that the left dorsal stream contributes primarily in iden-
tifying place of articulation of perceived consonants. This could
be explained by the somatotopy of articulator representations,
meaning that sensorimotor loops are easily dissociable if different
articulators (lips, tongue, palate) are involved. In addition, the
motor cortex (together with the basal ganglia and cerebellum)
could support phonemic segmentation because it specialized in
precise millisecond timing (Kimura, 1993). Importantly, such
segmentation requires very fast processing of finely chunked
acoustic speech segments, whereas voicing analysis requires big-
ger chunks carrying temporal information (Rosen, 1992). Our
data suggest that the temporal processing underlying voicing
analysis relates to the bilateral ventral stream, whereas rapid sen-
sorimotor mapping via the left dorsal stream (Camalier et al.,
2012) contributes to perception of fast spectral changes.

One important finding in speech perception neuroimaging
studies is the inconsistency of motor activations found during
speech perception. A recent study revealed that a substantial in-
terindividual variability in motor engagement in speech percep-
tion often diminishes statistical power and thus results in
subthreshold motor activations (Szenkovits et al., 2012). More
importantly, the authors found that the degree of motor involve-
ment during speech listening as measured by BOLD correlated
with offline behavioral phonological working memory scores
(pseudoword repetition scores). Phonological working memory
has been linked to reverberating sensorimotor loops in the dorsal
speech stream (Hickok and Poeppel, 2007; Buchsbaum et al.,
2011; Herman et al., 2013). This suggests that those subjects who
engage their dorsal stream more strongly in sensorimotor pro-
cessing during speech perception succeed better in phonological
speech tasks or vice versa. Our finding of a correlation of speech-
induced MEP facilitation with pseudoword repetition scores and
syllable repetition reaction times with electrophysiological data
supports this view. Given that we studied only MEP facilitation
during passive listening to sentences, we cannot claim that the
sublexical tasks studied on the behavioral level would reveal sim-
ilar relationships to electrophysiology, but we expect this rela-
tionship to be even stronger (Motténen and Watkins, 2009;
Herman et al., 2013). This question will need to be addressed in
future studies.

In conclusion, we define the left posterior superior temporal
region as bottleneck through which articulatory M1 excitability is
modulated by speech perception. Our results provide evidence
for two parallel branches of a left-lateralized dorsal speech
stream, both arising at the posterior end of the Sylvian fissure.
Orbicularis oris MEPs can serve as reliable marker of dorsal
stream involvement in speech processing. Although sensorimo-
tor mapping via the dorsal stream is not necessary for speech
perception, it contributes to phonological analyses in case sen-
sory information is insufficient. It is tempting to speculate that
fast processing within the left dorsal stream allows for optimally
representing fast changes in the auditory signal and thereby biases
speech processing to the left hemisphere.



1422 - J. Neurosci., January 28, 2015 - 35(4):1411-1422

References

Andoh J, Paus T (2011) Combining functional neuroimaging with off-line
brain stimulation: modulation of task-related activity in language areas. J
Cogn Neurosci 23:349-361. CrossRef Medline

Arnal LH, Morillon B, Kell CA, Giraud AL (2009) Dual neural routing of
visual facilitation in speech processing. ] Neurosci 29:13445-13453.
CrossRef Medline

Blumstein SE, Stevens KN (1979) Acoustic invariance in speech production:
evidence from measurements of the spectral characteristics of stop con-
sonants. ] Acoust Soc Am 66:1001-1017. Medline

Buchsbaum BR, Baldo J, Okada K, Berman KF, Dronkers N, D’Esposito M,
Hickok G (2011) Conduction aphasia, sensory-motor integration, and
phonological short-term memory: an aggregate analysis of lesion and
fMRI data. Brain Lang 119:119-128. CrossRef Medline

Camalier CR, D’Angelo WR, Sterbing-D’Angelo SJ, de la Mothe LA, Hackett
TA (2012) Neural latencies across auditory cortex of macaque supporta
dorsal stream supramodal timing advantage in primates. Proc Natl Acad
Sci U S A 109:18168-18173. CrossRef Medline

Du Y, Buchsbaum BR, Grady CL, Alain C (2014) Noise differentially im-
pacts phoneme representations in the auditory and speech motor systems.
Proc Natl Acad Sci U S A 111:7126-7131. CrossRef Medline

Fadiga L, Craighero L (2003) New insights on sensorimotor integration:
from hand action to speech perception. Brain Cogn 53:514—524. CrossRef
Medline

Fadiga L, Craighero L, Buccino G, Rizzolatti G (2002) Speech listening spe-
cifically modulates the excitability of tongue muscles: a TMS study. Eur
] Neurosci 15:399—402. CrossRef Medline

Gamboa OL, Antal A, Moliadze V, Paulus W (2010) Simply longer is not
better: reversal of theta burst after-effect with prolonged stimulation. Exp
Brain Res 204:181-187. CrossRef Medline

Giraud AL, Poeppel D (2012) Cortical oscillations and speech processing:
emerging computational principles and operations. Nat Neurosci 15:
511-517. CrossRef Medline

Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, Kaelin-Lang
A, Mima T, Rossi S, Thickbroom GW, Rossini PM, Ziemann U, Valls-Solé
J, Siebner HR (2012) A practical guide to diagnostic transcranial mag-
netic stimulation: report of an IFCN committee. Clin Neurophysiol 123:
858—882. CrossRef Medline

Hartwigsen G, Saur D, Price CJ, Baumgaertner A, Ulmer S, Siebner HR
(2013) Increased facilitatory connectivity from the pre-SMA to the left
dorsal premotor cortex during pseudoword repetition. ] Cogn Neurosci
25:580-594. CrossRef Medline

Herman AB, Houde JF, Vinogradov S, Nagarajan SS (2013) Parsing the
phonological loop: activation timing in the dorsal speech stream deter-
mines accuracy in speech reproduction. J Neurosci 33:5439-5453.
CrossRef Medline

Hickok G (2009) Eight problems for the mirror neuron theory of action
understanding in monkeys and humans. ] Cogn Neurosci 21:1229-1243.
CrossRef Medline

Hickok G (2012) The cortical organization of speech processing: feedback
control and predictive coding the context of a dual-stream model. ] Com-
mun Disord 45:393—402. CrossRef Medline

Hickok G, Poeppel D (2007) The cortical organization of speech processing.
Nat Rev Neurosci 8:393—402. CrossRef Medline

Hickok G, Houde J, Rong F (2011) Sensorimotor integration in speech pro-
cessing: computational basis and neural organization. Neuron 69:407—
422. CrossRef Medline

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC (2005) Theta
burst stimulation of the human motor cortex. Neuron 45:201-206.
Medline

Kelly YT, Webb TW, Meier JD, Arcaro MJ, Graziano MS (2014) Attributing
awareness to oneself and to others. Proc Natl Acad Sci U S A 111:5012—
5017. CrossRef Medline

Kimura D (1993) Neuromotor mechanisms in human communication.
Oxford: Oxford UP.

Koch G, Fernandez Del Olmo M, Cheeran B, Ruge D, Schippling S, Caltagi-

Murakami, Kell et al. @ Role of Left Dorsal Stream to Speech Processing

rone C, Rothwell JC (2007) Focal stimulation of the posterior parietal
cortex increases the excitability of the ipsilateral motor cortex. ] Neurosci
27:6815-6822. CrossRef Medline

Liberman AM, Mattingly IG (1985) The motor theory of speech perception
revised. Cognition 21:1-36. CrossRef Medline

Mashal N, Solodkin A, Dick AS, Chen EE, Small SL (2012) A network model
of observation and imitation of speech. Front Psychol 3:84. CrossRef
Medline

McConnell J, Quinn JG (2004) Complexity factors in visuo-spatial working
memory. Memory 12:338-350. CrossRef Medline

Meister IG, Wilson SM, Deblieck C, Wu AD, Tacoboni M (2007) The essen-
tial role of premotor cortex in speech perception. Curr Biol 17:1692-1696.
Medline

Miller GA, Nicely PE (1955) An analysis of perceptual confusions among
some English consonants. ] Acoust Soc Am 27:338—-352.

Minagawa-Kawai Y, Cristia A, Dupoux E (2011) Cerebral lateralization and
early speech acquisition: a developmental scenario. Dev Cogn Neurosci
1:217-232. CrossRef Medline

Mottonen R, Watkins KE (2009) Motor representations of articulators con-
tribute to categorical perception of speech sounds. ] Neurosci 29:9819—
9825. CrossRef Medline

Murakami T, Restle J, Ziemann U (2011) Observation-execution matching
and action inhibition in human primary motor cortex during viewing of
speech-related lip movements or listening to speech. Neuropsychologia
49:2045-2054. Medline

Murakami T, Restle J, Ziemann U (2012) Effective connectivity hierarchi-
cally links temporoparietal and frontal areas of the auditory dorsal stream
with the motor cortex lip area during speech perception. Brain Lang
122:135-141. CrossRef Medline

Neef NE, Jung K, Rothkegel H, Pollok B, von Gudenberg AW, Paulus W,
Sommer M (2011) Right-shift for non-speech motor processing in
adults who stutter. Cortex 47:945-954. CrossRef Medline

Oldfield RC (1971) The assessment and analysis of handedness: the Edin-
burgh inventory. Neuropsychologia 9:97-113. Medline

Rauschecker JP (2011) An expanded role for the dorsal auditory pathway in
sensorimotor control and integration. Hear Res 271:16-25. CrossRef
Medline

Rauschecker JP, Scott SK (2009) Maps and streams in the auditory cortex:
nonhuman primates illuminate human speech processing. Nat Neurosci
12:718-724. CrossRef Medline

Restle J, Murakami T, Ziemann U (2012) Facilitation of speech repetition
accuracy by theta burst stimulation of the left posterior inferior frontal
gyrus. Neuropsychologia 50:2026-2031. CrossRef Medline

Rosen S (1992) Temporal information in speech: acoustic, auditory and
linguistic aspects. Philos Trans R Soc Lond B Biol Sci 336:367-373.
Medline

Sanai N, Mirzadeh Z, Berger MS (2008) Functional outcome after language
mapping for glioma resection. N Engl ] Med 358:18—27. CrossRef
Medline

Shannon RV, Zeng FG, Kamath V, Wygonski J, Ekelid M (1995) Speech
recognition with primarily temporal cues. Science 270:303—-304. CrossRef
Medline

Snodgrass JG, Vanderwart M (1980) A standardized set of 260 pictures:
norms for name agreement, image agreement, familiarity, and visual
complexity. Journal of experimental psychology human learning and
memory 6:174-215.

Szenkovits G, Peelle JE, Norris D, Davis MH (2012) Individual differences
in premotor and motor recruitment during speech perception. Neuro-
psychologia 50:1380-1392. CrossRef Medline

Watkins K, Paus T (2004) Modulation of motor excitability during speech
perception: the role of Broca’s area. ] Cogn Neurosci 16:978-987.
CrossRef Medline

Watkins KE, Strafella AP, Paus T (2003) Seeing and hearing speech excites
the motor system involved in speech production. Neuropsychologia 41:
989-994. CrossRef Medline


http://dx.doi.org/10.1162/jocn.2010.21449
http://www.ncbi.nlm.nih.gov/pubmed/20146606
http://dx.doi.org/10.1523/JNEUROSCI.3194-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864557
http://www.ncbi.nlm.nih.gov/pubmed/512211
http://dx.doi.org/10.1016/j.bandl.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21256582
http://dx.doi.org/10.1073/pnas.1206387109
http://www.ncbi.nlm.nih.gov/pubmed/23074251
http://dx.doi.org/10.1073/pnas.1318738111
http://www.ncbi.nlm.nih.gov/pubmed/24778251
http://dx.doi.org/10.1016/S0278-2626(03)00212-4
http://www.ncbi.nlm.nih.gov/pubmed/14642302
http://dx.doi.org/10.1046/j.0953-816x.2001.01874.x
http://www.ncbi.nlm.nih.gov/pubmed/11849307
http://dx.doi.org/10.1007/s00221-010-2293-4
http://www.ncbi.nlm.nih.gov/pubmed/20567808
http://dx.doi.org/10.1038/nn.3063
http://www.ncbi.nlm.nih.gov/pubmed/22426255
http://dx.doi.org/10.1016/j.clinph.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22349304
http://dx.doi.org/10.1162/jocn_a_00342
http://www.ncbi.nlm.nih.gov/pubmed/23249347
http://dx.doi.org/10.1523/JNEUROSCI.1472-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23536060
http://dx.doi.org/10.1162/jocn.2009.21189
http://www.ncbi.nlm.nih.gov/pubmed/19199415
http://dx.doi.org/10.1016/j.jcomdis.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22766458
http://dx.doi.org/10.1038/nrn2113
http://www.ncbi.nlm.nih.gov/pubmed/17431404
http://dx.doi.org/10.1016/j.neuron.2011.01.019
http://www.ncbi.nlm.nih.gov/pubmed/21315253
http://www.ncbi.nlm.nih.gov/pubmed/15664172
http://dx.doi.org/10.1073/pnas.1401201111
http://www.ncbi.nlm.nih.gov/pubmed/24639542
http://dx.doi.org/10.1523/JNEUROSCI.0598-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17581969
http://dx.doi.org/10.1016/0010-0277(85)90021-6
http://www.ncbi.nlm.nih.gov/pubmed/4075760
http://dx.doi.org/10.3389/fpsyg.2012.00084
http://www.ncbi.nlm.nih.gov/pubmed/22470360
http://dx.doi.org/10.1080/09658210344000035
http://www.ncbi.nlm.nih.gov/pubmed/15279436
http://www.ncbi.nlm.nih.gov/pubmed/17900904
http://dx.doi.org/10.1016/j.dcn.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22436509
http://dx.doi.org/10.1523/JNEUROSCI.6018-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19657034
http://www.ncbi.nlm.nih.gov/pubmed/21458473
http://dx.doi.org/10.1016/j.neuropsychologia.2011.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22030113
http://dx.doi.org/10.1016/j.cortex.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20822768
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://dx.doi.org/10.1016/j.heares.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20850511
http://dx.doi.org/10.1038/nn.2331
http://www.ncbi.nlm.nih.gov/pubmed/19471271
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22580417
http://www.ncbi.nlm.nih.gov/pubmed/1354376
http://dx.doi.org/10.1056/NEJMoa067819
http://www.ncbi.nlm.nih.gov/pubmed/18172171
http://dx.doi.org/10.1126/science.270.5234.303
http://www.ncbi.nlm.nih.gov/pubmed/7569981
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.023
http://www.ncbi.nlm.nih.gov/pubmed/22521874
http://dx.doi.org/10.1162/0898929041502616
http://www.ncbi.nlm.nih.gov/pubmed/15298785
http://dx.doi.org/10.1016/S0028-3932(02)00316-0
http://www.ncbi.nlm.nih.gov/pubmed/12667534

	Left Dorsal Speech Stream Components and Their Contribution to Phonological Processing
	Introduction
	Materials and Methods
	Results
	Experiment 2: temporal evolution and duration of cTBS effects
	Discussion
	Functional anatomy of the dorsal speech-processing stream
	References


