Simulating neural impairments to syllable-level command generation in stutterin
y
Oren Civier', Daniel Bullock ”, Ludo Max™, Frank H. Guenther ™

'Department of Cognitive and Neural Systems, Boston University. "Department of Psychology, Boston University.
‘Department of Speech and Hearing Sciences, University of Washington. ‘Haskins Laboratories.
"Division of Health Sciences and Technology, Harvard University - Massachusetts Institute of Technology.
*Speech Communication Group, Research Laboratory of Electronics, Massachusetts Institute of Technology.

Summary Simulations of dysfluencies (blocks of speech)

The hypothesis that stuttering partly results from neural abnormalities . p . s
leading to impaired readout of motor commands for well-learned syllables in the word gO.dI VA

was 1nvestigated with GODIVA and DIVA, neurobiological models of 2. Dysﬂuency due to elevated dopamlne

speech production. Two brain abnormalities associated with stuttering long block - due to a “ceiling o .
were investigated: elevated dopamine levels, and impairment in white effect” in thalamus “g0” onset delaved ?;;O;::elceggztfa;)r::cg:t:::ldéglfgs;: in
matter fibers. Introducing either abnormality into the model could account L gL o b§, 317 ms Y regional activity relative to fluent-
for dysfluent speech and associated abnormal brain activations. For both M\ speech baseline (derived from
abnormalities, the affected circuit is a loop involving basal ganglia, i predicted BOLD response).

cell
activity level

thalamus and left ventral premotor cortex. The model also simulates

alleviation of stuttering with D2 antagonists. 1 SSM cells The DI cells, being over-excited due to the
= (premotor) dopamine excess, are exciting the
i thalamus, pushing the activation of the
Infroduction | Thalamus thalamic cell for the desired syllable (“go”)
Two recent findings of neural abnormalities in the brains of persons who stutter ' to the highest possible level; unfortunately,
(PWS) are a hyperactive dopaminergic system (Wu et al., 1997; cf. Rastatter & _ it does the same to cells of other syllables
Harr, 1988), and structural impairment in white matter fibers beneath the left | D1 (e.g., “gop”, “god”). Although the “go”
precentral gyrus (Chang et al., 2008; Sommer et al., 2002; Watkins et al., 2008). ©® E ® ™ ™ pitamen thalamic cell is still receiving stronger net
We hypothesize that one or both abnormalities lead to an impairment in the ‘ J |/ excitation than its competitors are, its
ability of PWS to read out motor commands for yvell—learned syllables | | s XY clevated | oo D2 activation cannot be increased above theirs
(feedforward commands), resulting in dysfluencies. We propose that the. integrity X dolgiglsne t (ms) because the cell has reached its ceiling (see
of the basal ganglia (BG) - thalamus - left ventral premotor cortex loop 1s : Predicted neural activity: dashed ellipse, cf. Alm, 2004). The SSM
essential for proper readout of feedforward commands. Neural abnormalities Deactivation in premotor cortex agrees with Watkins et al. (2008). choice cell for “go”, which does not have a
may disturb this circuit in at least two hypothesized ways (see diagram below): Hyper-activation in putamen and thalamus agrees with Braun etal. (1997). | ¢ompetitive advantage anymore, needs
(a) due to increased dopamine (DA) binding in the striatum leading to a more time to overcome the other SSM
ceiling effect in the thalamus .(cf. AlII.l, 2004), an.d . o 1. Fluent Speech cells, delaying the selection of the
(b) due to white-matter impairment in the corticostriatal projections that Diagrams legend: The height of the bars represents the  +  Plots legend: each syllable “go”.
carry a copy of each motor cpmmand sent to the mus,des, (cf. Alm, 2004). neural activation level of the cell. The arrows represent . subplot shows the
In both hypotheses, dysfluencies result from delayed activation of the premotor projection fibers (arrowhead = excitatory, circle = ! activation levels of
neuron population responsible for reading out the motor program for the next inhibitory) or net effect (for the arrows from D1 and D2 ' neurons in a
syllable. cells to the thalamus). , spe.ciﬁc brail}
The type of dysfluency is deci.ded by the response of t.he central nervous sys:tem selection of “go” region over time. shift from “go” to “di”
(CNS) to the delay. Here we simulate scenarios in which the CNS waits until the :
. . . (snapshot of GODIVA : (snapshot of GODIVA
premotor neuron population 1s fully activated, hence, the outcome 1s a block of model at “go” onset) : model at “di” onset)
speech (pause). If the CNS initiates airflow before full activation, the result is :
prolongation. If the CNS starts producing the next syllable, although the neuron oy o
population 1s not fully activated yet, the motor program is read out improperly, m : \\
and production errors prevail. While sensory feedback control can correct some “g0” onset “di” onset Shift from “go” to “di. The
of these errors, repetition arises when error grows too large, causing the motor "go” dr production of “go” is underway,
system to “reset” and repeat the current syllable (Civier et al., accepted). 0000 S e e _ é when the DI cell recei\{es a copy of
8 ity T fominent temimation of the.
The GODIVA and DIVA models thalammus | A - < syllable. The D1 cell becomes
GODIVA (Gradient Order DIVA) and DIVA (Directions Into Velocities of =\ active (see dashed square) and
Articulators) are biologically plausible models capable of simulating speech 2 : o motor inhibits all thalamic cells. While
development and production (Guenther et al., 2006; Bohland et al., in press). As — D1 cells 1 s cortex the activity of the “go” thalamic
neurally specified models, they are also able to predict the blood-oxygenation- SR (havglf’t‘ﬁg%tgﬁ z‘:ltlse)ffe“ D“QOC’!'ZI%_E;‘E A = 100% cell is canceled, the “di” cell is
level-dependent (BOLD) response of the brain during simulated speech tasks bt D \ / I R vl intact pushed above threshold due to the
(Guenther, 2006; Tourville et al., 2008). ) 3" "(ilave inhli)l)Zitzil};snet et Pos :Oiiﬂa;ﬂ J o | projections . input it receives, and the production
GODIVA model - SSM (Speech Sound Map) cells - DIVA model - on the SSM cells) XX dopamine 1w L Rfam: N m D articulatory of “d1” 1s 1nitiated (at “d1” onset).
planning and initiation of syllables cach SSM cell represents articulation of syllables h levels t- 'i } t (ms) musculature
a premotor neuron population dopamine excites D1 cells
- f;?aatSi)r;?gisvtvﬁli(:geﬂrg}%ﬂiﬂe Selection of “go”. The D1 cells enhance the contrast %"zpiﬁﬁﬁ PR
“G” “O” of their inputs regarding the relative activation of the :
l | B 1o icring Subsyiem cqmpeting syllables, exciting thg SSM cell for “go” 3a. Dysﬂu ency due to bad white matter
«got” i o R (via the thalflmu,s’, see dashed ellipse) mugh more than :
S—— e 055500000005 5000 the cell for “god”. The production of the “go” syllable .
_l “ko”ﬁ% ¢ 00 8 8 00 8 8 8 8 88 88 88 88 8 g 8 8 Auditory target region starts when the aCthIty of the “gO” SSM cell exceeds , block - due to the failure to Due to the white matter
i ®00oPRO0000000660606060000p00000 threshold (at ““go” onset). ; cancel the activation of “go” . .
P (premotor cortex) : impairment, which is assumed to
/ affect the corticostriatal projections
| o from the motor cortex to the
et . | “di” onset e putamen nucleus of the BG (Alm,
Goilt)izrﬁ;;‘)del ‘ . | delayed \\ 2004), the putamen D2 cells
Art;c:;’:!{:?’ Velcity L Zi‘gvity vel . | by 88 ms cannot reliably detect the motor
i g (Sup. Temporal Cortey : : command which indicates the
SSM cells ¢ . . .
imminent completion of syllable

articulation (simulated as weak D2
cell activation, see dashed square).
This prevents the D2 cells from

detection of command (Motor Cortex)

to round the lips t ) o
1 rcem r

(a) dopamine ol Auditory feedback via (premoto of
inp t to BG P a ”;::::;:L :;:;;? A \\ subcortical nuclei )
il : : nuclei | \o 7=l . o
(affected by (b) pl'.O]eCtIOI.lS " s by - f Thalamus
dopamine levels) carrying copies of

| motor commands | 2;2:2}1; e exerting strong inhibition on the

basal ganglia (BG) loop (site of white matter impairment) / D1 ‘ tshsall\i‘[ng‘ellsf g)ﬁiﬁlelecigle\gttl};()f the
Order of events in fluent production of “go.di.va™: Putamen ™= == = ' g__? }:z?air:; executed syllable cannot be rapidly
Selection of “go”. The GODIVA model primes the SSM cells for “go”, “god”, \Dz ol B | (weak) canceled. Thus, introducing a
and “ko” (motor programs that most closely match the phonological syllable e el | PIUSSHOE . delay to the shift to the next
“00”’), which then compete with each other. However, because the BG bias Predicted neural activity: | | L— ¢ (ms) articulatory <" syllable “di”.
competition in favor of the “go” SSM cell, it is the cell that wins the competition Deactivation in premotor cortex agrees with Watkins et al. (2008). ; musculature
T o Hyper-activation in thalamus agrees with Braun et al. (1997). ;

Execution of “go”. The SSM cell for “go” reads out the motor program (by 3b. USing D2 antagOHiStS to prevent

activating the appropriate motor neurons in a specific order) and sensory .
expectations for that syllable, while preventing (by inhibition) other SSM cells dySﬂuency due to bad white matter

(as the cell for “di1”) from turning on. The DIVA model articulates the commands

of the program, sending to the BG a copy of each command being executed. : no blOCk.' strengtheI}ed The simulation accounts for the
Selection of “di”. Similar to the selection of “go”. : cancellation mechanism reduction in the frequency of
Shifting from “go” to “di”. Although selected, the SSM cell for “di” cannot Predicted neural activity: : o fluencies with the atypical D2 (or

8 H g . [ . o cont T , d” < yp

C - S - - . ncerease 1 premotor Cortex activation agrecs ' . . . .
become active due to the inhibition it receives from the currently active SSM cell . P SN as : D2-like) antagonists risperidone
.o hen th : r h h with Wood et al. (1980). Increase 1n striatal : d ol . Macuire et al
(““g0”). Yet, when the BG receive a copy of a command that executes toward the activation agrees with Maguire et al. (2004). | normal “di” e and olanzapine (. aguire €t al.,
end of the syllable “go” (e.g., the command to fully round the lips), they know activity lovel onset go”  “dr” 2004). By blocking the inhibitory
(based on prior experience) to terminate the activation of the “go” SSM cell. The —————t————— ‘ D2 receptors, D2 antagonists
“di” SSM cell is not inhibited anymore, and becomes active. And so on ... (SSM Cetns) A —" remove the normal inhibition of
remotor) -« .
b | < > (. ) D2 cells by dopamine. Although
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Conclusions

Simulations of the GODIVA and DIVA models showed that both elevated dopamine levels and white-matter impairment can account
for stuttering. In the elevated dopamine hypothesis, over-excitation of the D1 cells leads to over-excitation of the thalamus, and thus, to a
ceiling effect there. The BG cannot help, then, to select the next syllable. In the bad white-matter hypothesis, impaired input to the D2 cells
prevents the BG from detecting the command that indicates the termination of the syllable. The BG cannot shift, then, to the next syllable.
The simulations make sense of two apparently unrelated findings by demonstrating that stuttering due to white-matter impairment

can be alleviated with D2 antagonists (Brady, 1991; Maguire et al., 2004; Stager et al., 2005). This drug treatment strengthens the putamen
D2 cells by preventing dopamine from inhibiting them, and thus, compensates for the weak inputs they receive. Additional simulations (not
shown) demonstrated that D2 antagonists can also alleviate stuttering due to elevated dopamine levels (Civier et al., in preparation).
Simulations of future variants of the model could also clarify how dopamine system stabilizer drugs (as the partial D2 agonist aripiprazole,
see Tran et al., 2008), as well as changes in emotional state (Alm, 2004), affect the frequency of stuttering.

The simulations predict neural activations in stuttering, generally in agreement with published results. Predictions common to both
hypotheses are deactivation of left ventral premotor cortex (Watkins et al., 2008), and hyper-activation of the thalamus (Braun et al., 1997).
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