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Background: Parkinson’s disease affects many motor processes including speech.
Besides drug treatment, deep brain stimulation (DBS) in the subthalamic nucleus (STN)
and globus pallidus internus (GPi) has developed as an effective therapy.

Goal: We present a neural model that simulates a syllable repetition task and evaluate its
performance when varying the level of dopamine in the striatum, and the level of activity
reduction in the STN or GPi.

Method: The Neural Engineering Framework (NEF) is used to build a model of syllable
sequencing through a cortico-basal ganglia-thalamus-cortex circuit. The model is able to
simulate a failing substantia nigra pars compacta (SNc), as occurs in Parkinson’s patients.
We simulate syllable sequencing parameterized by (i) the tonic dopamine level in the
striatum and (i) average neural activity in STN or GPi.

Results: With decreased dopamine levels, the model produces syllable sequencing
errors in the form of skipping and swapping syllables, repeating the same syllable,
breaking and restarting in the middle of a sequence, and cessation (“freezing”) of
sequences. We also find that reducing (inhibiting) activity in either STN or GPi reduces
the occurrence of syllable sequencing errors.

Conclusion: The model predicts that inhibiting activity in STN or GPi can reduce
syllable sequencing errors in Parkinson’s patients. Since DBS also reduces syllable
sequencing errors in Parkinson’s patients, we therefore suggest that STN or GPi inhibition
is one mechanism through which DBS reduces syllable sequencing errors in Parkinson’s
patients.

Keywords: deep brain stimulation, basal ganglia, neural engineering framework, Parkinson’s disease, speech,
speech disorders
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FIGURE 5 | Similarity between neural activity patterns of buffers and neural activity patterns of predefined semantic pointers representing syllable activations at
different cortical buffers (cf. Figure 3). In this case, there is a break of syllable sequencing followed by non-ordered syllables (skipping of syllables) (le = Ig = 0.16;
wt = 1.0, wp = 0.9). Syllable execution delay time is 200 ms.

FIGURE 6 | Similarity between neural activity patterns of buffers and neural activity patterns of predefined semantic pointers representing syllable activations at
different cortical buffers (cf. Figure 3). In this case, there is a break of syllable sequencing followed by no further syllables (le = Ig = 0.14; wt = 0.9, wp = 0.9). Syllable
execution delay time is 200 ms.
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skipping errors, the somatosensory state buffer signals that the
next syllable can be activated, but the BG selects the wrong action.
In the case of halting and restarting errors, the signal coming
from the somatosensory state buffer results in no action being
selected in the BG. Errors in the BG’s action selection process
typically result from utility values that are too close. It is therefore
likely that the modified striatal activity that results from reduced
dopamine levels either directly modifies input utility values,
or interferes with the control pathways that help differentiate
between close utility values.

In the second qualitative analysis, we inspected the shape of
the syllable pointer similarity levels at the motor buffer. Typically,
these pulses exhibit a tall slim single peak with duration no
longer than 100 ms followed by a no-peak interval of about
300 ms. However, in some cases a “degenerate” syllable pulse
occurs, either exhibiting multiple peaks (oscillatory behavior; see
Figures 7, 8) or one broad peak with a duration up to 300 ms
followed by a no peak interval of about 100 ms (broad peak
behavior; see Figure9). Both can result in a non-monotonic
behavior regarding the number of correctly sequenced syllables.

Tables 1A, 2A list the total number (sum) of correctly
sequenced syllables over all 5 trials. Tables 1B, 2B list the mean
and variance of the number of correctly sequenced syllables per
trial. Tables 1A,B list the results for the first set of experiments,
which vary STN activity and dopamine level. Tables 2A,B list the
results for the second set of experiments, which vary GPi activity
and dopamine level.

Table 3 provides a legend for the colors used in Tables 1A,
2A. Each color indicates a different range of correctly sequenced
syllables. In both sets of experiments, we can see that decreased
STN or GPi activity results in correct syllable sequencing
despite decreased dopamine levels. For normal levels of STN
or GPi activity (wt = 1.0, wp = 0.9), reduced dopamine
levels lead to decreased correct syllable sequencing starting
with reduction of about 20% (le = Ig = 0.16). With reduced
GPi or STN activity, syllable sequencing is not impacted until
very low dopamine levels. A statistical significant decrease in
correctly sequenced syllables occurs between le = Ig = 0.20
and le = Ig = 0.16 for wt = 1.0 (t = 11.06, p < 0.001,
one-sided t-test) as well as for wp = 09 (t = 281,
p < 0.05).

Looking at the first set of experiments (Table 1), we can see
that reducing STN activity by about 20% (wt = 0.8) results
in a strong decrease in correct syllable sequencing not until
an over 50% reduction of dopamine (le = lg = 0.10). A
statistical significant decrease in correctly sequenced syllables
occurs between le = Ig = 0.20 and le = lg = 0.10 for wt = 0.8
(t = 28.24, p < 0.0001, one-sided ¢-test), while the change
in correctly sequenced syllables between le = Ig = 0.20 and
le = Ig = 0.16 is not significant for wt = 0.8 (¢ = 1.0, p > 0.05,
one-sided t-test). Thus, the model predicts that a protocol that
results in a 20% reduction in STN activity can compensate for a
significant reduction in tonic dopamine levels.

We can also see that for even lower STN activity levels,
correct syllable sequencing still occurs at very low dopamine
levels (le = Ig = 0.06; see Table 1). Here, the difference in the
number of correctly sequenced syllables for le = Ig = 0.20 is not

significantly different from le = Ig = 0.06 for wt = 0.2 (t = 0.57,
p > 0.05, one-sided ¢-test one-sided).

Looking at the second set of experiments (Table2), if
GPi activity is reduced by about 33% (wp = 0.6) we see
a strong decrease in correct syllable sequencing not until a
dopamine reduction of about 60% (le = Ig = 0.08), compared
to 20% for maximum GPi activity. A significant decrease in
correctly sequenced syllables occurs between le = Ig = 0.20 and
le = Ig = 0.08 for wp = 0.6 (t = 4.35, p < 0.01, one-sided -
test) while no significant decrease occurs for le = Ig = 0.20 and
le = Ig = 0.16 for wp = 0.6 (t = 1.27, p > 0.05, one-sided t-
test). Thus, the model predicts that a protocol that results in a
33% reduction in GPi activity can compensate for a significant
reduction in tonic dopamine levels.

A closer look at Tables1, 2 indicates that stable syllable
sequencing (stable syllable sequencing for more than 83% of
total task execution time) occurs in 26 of 66 (39%) parameter
sets modifying STN activity and in 25 of 77 (32%) parameter
sets modifying GPi activity. Mildly distorted syllable sequencing
(stable syllable sequencing for more than 50% of the total
task execution time) occurs in 36 of 66 (55%) parameter sets
modifying STN activity and for 51 of 77 (66%) parameter sets
modifying GP1i activity.

The maximum number of correctly sequenced syllables in
255 is 90 (278 ms per syllable), which occurs for dopamine level
lg =le = 0.2 and fully active STN and GPi (see Figure 4). Because
the completion of a correct syllable sequence is signaled by the
somatosensory buffer 200 ms after the occurrence of the syllable
in the motor buffer, a mean interval of about 80 ms is needed
to initiate the next syllable; i.e., each loop of our cortico-BG-
Thal-cortical network takes around 80 ms to complete end-to-
end. The 80 ms loop time can be broken down into smaller
parts of the loop. It takes between 15 and 40 ms for the BG
to select an action. The speed of action selection depends on
the difference between the highest utility value and other utility
values; that is, when only a single action has high utility, it can
be selected quickly, but when multiple actions have similarly
high utility, it takes time for the BG to determine which action
has highest utility (see Stewart et al., 2010). Communication of
a pointer from one state buffer to another consistently takes
around 15ms. Since the longest sequence of buffers is four,
this contributes 60 ms to the loop time. As a result, a loop can
take as short as 75ms or as long as 100ms. Since the mean
interval is 80 ms, we can conclude that most actions are selected
quickly, with one action having clearly higher utility than the
other actions.

The results of our qualitative analysis are given in Table 1B
for the first set of experiments and in Table 2B for the second
set. We see that for both experiments, when few syllables are
correctly sequenced (correct sequencing is below 50% of total
task execution time), it is typically not the result of halting errors
(i.e., no further syllable production) but instead irregular syllable
sequencing behavior (repetition, skipping, or restarting errors).

For stable syllable sequences (above 50% of total task
execution time), aside from repetition errors (Figure 3) we also
find oscillatory behavior, with two or three similarity peaks (see
Figures 7, 8). This behavior leads to a slight reduction in syllable
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FIGURE 7 | Similarity between neural activity patterns of buffers and neural activity patterns of predefined semantic pointers representing syllable activations at
different cortical buffers (cf. Figure 3). In this case, we see oscillatory behavior in which there are two activations of each syllable (fe = Ig = 0.16; wt = 0.2, wp = 0.9).
Syllable execution delay time is 200 ms.
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FIGURE 8 | Similarity between neural activity patterns of buffers and neural activity patterns of predefined semantic pointers representing syllable activations at
different cortical buffers (cf. Figure 3). In this case, we see oscillatory behavior in which there are three activations of each syllable (e = lg = 0.16; wt = 0.2,
wp = 0.9). Syllable execution delay time is 200 ms.
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FIGURE 9 | Similarity between neural activity patterns of buffers and neural activity patterns of predefined semantic pointers representing syllable activations at
different cortical buffers (cf. Figure 3). In this case, there is a broad peak for each syllable (le = lg = 0.08; wt = 1.0, wp = 0.15). Syllable execution delay time is
200ms.

Table 1A | Sum of number of correctly sequenced syllables in five trials for a given parameter combination Ig =

le vs. wt (experiment 1).

le/Ig wt 0.20 0.18 0.16 0.14 0.12 0.10 0.06 0.04 0.02 0.00
10 90 80 27 17 [ 13 9 6 5
0.8 90 90 90 71 17 8 5
0.6 86 75 90 90 90 75 9 5
0.4 86 86 90 90 90 7 14 8
0.2 85 85 85 70 89 90 0] 11
0.0 85 69 85 70 85 90 17
Colors indlicate the region of values (compare with Table 3). Rows: decreasing activity of STN (wt decreasing); columns: decreasing dopamine level (Ig = le).

Table 1B | Mean plus or minus variance of the number of correctly sequenced syllables for each trial for a given combination of lg = le and wt-values.

le/lg wt 0.20 0.18 0.16 0.14 0.12 0.10 0.08 0.06 0.04 0.02 0.00
1.0 18.0 (£0.0) 16.0 (+4.5) 5.4 (£2.3) 4(£1.1) 6 (£0.5) 8 (+0.4) 8 (£0.4) 2 (+£0.4) 2 (+£0.4) 0 (£0.0) 0 (£0.0)
0.8 18.0(+0.0) 18.0(£0.0) 18.0(+£0.0) 14.2(£5.3) 11.2(£5.5) 4 (+£0.9) 2 (+0.4) 6 (£0.5) 6 (£0.5) 0 (£0.0) 0 (£0.0)
0.6 172 (£0.4) '156.0(£6.7) 18.0(£0.0) 18.0(x£0.0) 18.0(x0.0) 15.0 (+5.7) (:|:6.1) 6 (£0.5) 8 (+0.4) 8 (£0.8) 0 (£0.0)
0.4 17.2(£0.4) 17.2(+0.4) 11.8(£85 18.0(+0.0) [18.0(£0.0) '18.0(+0.0) 14.2(+£5.5) 8 (£5.3) 8 (+1.8) 8 (+0.4) 6 (£0.9)
0.2 17.0(£0.0) 17.0(£0.0) 17.0(£0.0) 14.0(x6.7) 17.8(x0.4) 11.6(+8.8) 18.0(x£0.0) 16.0(*£4.5) 0 (£7.1) 4 (+£0.5) 2 (+£0.4)
0.0 17.0(£0.0) 13.8(£7.2) 17.0(£0.0) 14.0(x6.7) 17.0(x0.0) 11.0(x8.2) 18.0(£0.0) .2 (£8.5) 4 (£7.2) 6 (+1.8) 4 (£1.7)

Colors here indicate oscillatory behavior of syllable pulses at the level of motor buffer (light green) and irregularity in syllable sequencing following a break in normal syllable sequencing
(vellow). It should be noted that high mean values with O variance occur when there are no syllable sequencing errors.

speed, from sequencing 90 to around 85 syllables in 25s, a
reduction of about 6%. This oscillatory behavior occurs with
reduced STN activity (see Table 1B) and reduced GPi activity

(see Table 2B). When GPi activity is reduced, we also find broad

syllable peaks (see Figure 9), leading to slow syllable sequencing,
which we label “low frequency syllable repetition” (dark green
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Table 2A | Number of correctly sequenced syllables in five trials for a given parameter combination Ig =

le vs. wp (experiment 2).

le/lg wp 0.20 0.18 0.16 0.14 0.12 0.10 0.04 0.02 0.00
0.90 12 | o 6 5 5 5
0.75 74 8 7 7 5 5
0.60 89 73 7 6 7 7 6
0.45 89 74 70 14 16 7
0.30 53 51 62 63 | 61 29
0.15 80

0.00 78

Colors indicate the region of values (compare with Table 3). Rows: decreasing activity of GPi (wp decreasing); columns: decreasing dopamine level (Ig = le).

Table 2B | Mean plus or minus variance of the number of correctly sequenced syllables for each trial for a given combination of lg = e and wp-values.

le/lg wp 0.20 0.18 0.16 0.14 0.12 0.10 0.08 0.06 0.04 0.02 0.00
0.90 18.0 (+0.0) 18.0 (+0.0) 11.2(+5.4) .8 (£1.3) 4 (£0.9) 2 (£0.4) .8 (£0.8) 2 (£0.4) 1.0 (£0.0)
0.75 18.0 (£0.0) 18.0(+0.0) 14.8(+7.2) 18.0(+0.0) 2 (£6.1) 6 (£2.1) 6 (£0.5) 4 (£0.5) 1.0 (£0.0)
0.60 17.4(£0.5) 17.8(+£0.4) 17.8(+0.4) 17.8(£0.4) '14.6 (:|:7.1) 10.6 (+8.5) 4 (£6.7) 2 (+£0.4) 1.2 (£0.4)
0.45 17.6 (£0.5) 17.8(£0.4) 17.8(£0.4) 17.6(£0.5 14.8(£6.6) 17.4(£0.9 14.0(£6.7) 4 (£7.5) 1.4 (£0.5)
0.30 17.2(£0.4) 17.2(£0.4) 16.6(£0.5) 16.4(£0.9 16.2(+0.8) 13.2(£6.9) 126(:|:1.1) 5.8 (£4.9)
0.15 16.0 (£0.7) 16.0(£0.7) 16.0(£0.7)

oo 12120 [O8ERH B8RS

Colors here indicate oscillatory behavior of syllable pulses at the level of motor buffer (light green), slow but stable syllable sequencing (dark green) and irregularity in syllable sequencing
following a break in normal syllable sequencing (yellow). It should be noted that high mean values with O variance occur when there are no syllable sequencing errors.

Table 3 | Specification of 6 different regions for different levels of numbers of
correctly sequenced syllables as marked by different colors in Tables 1A, 2A
concerning number of region, color of region and maximum and minimum number
of correctly sequenced syllables in a region.

Number of Color Maximum number of  Minimum number of
region correctly sequenced  correctly sequenced
syllables syllables
1 dark red 90 75
2 red 74 61
3 light red 60 45
4 light blue 44 31
5 blue 30 15
6 dark blue 14 0

zones in Table 2B). Here, the syllable speed is reduced from
sequencing 90 syllables to about 55, a reduction of about 40%.

DISCUSSION AND CONCLUSIONS

In this study we modified a model of the BG from Gurney et al.
(2001a,b) by splitting the GPi and SNr into two separate modules.
We then developed a syllable sequencing model including
cognitive, sensory, and motor buffers that are modified by the
modified BG model to examine the action selection process for
varying levels of dopamine and STN and GPi inhibition. Our

simulated decrease in dopamine levels (varying parameters le
and Ig) emulates the loss of SNc function seen in Parkinson’s
patients (Goetz and Pal, 2014). Our simulated decrease in STN
and GPi activity levels (varying parameters wt and wp) emulates
one theory of the effect of DBS on the BG.

Our simulations show that, like in some Parkinson’s
patients, decreasing dopamine levels results in errors in syllable
sequencing (at le = [g = 0.16). Dopamine is crucial for the action
selection process because its reduction leads to less inhibition
from the striatum and GPe on the SNr and GPj, so that at some
point not one of the inhibitory signals of the SNr and the GPi
is itself inhibited to zero and therefore no signal is passed on to
the thalamus. Irregularities like additional repeated syllables or
syllables out of order can occur when the utility values of different
actions are too similar. Low dopamine levels may also contribute
to the inability to differentiate between close utility values due to
weak inhibitory signals on the SNr and GPi.

Our results indicate that decreasing STN or GPi activity
restabilizes syllable sequencing even if dopamine levels are
dramatically reduced. The action selection process depends on
a precise balance between inhibitory and excitatory signals in
the BG. Inhibiting the STN or GPi directly compensates for the
reduced inhibitory signals on the STN (due to a less active GPe)
and GPi (due to a less active striatum) that result from reduced
dopamine levels. The inhibited STN has less excitatory influence
on the SNr and GPj, so that the inhibitory input they receive
becomes sufficient to disinhibit the most relevant action again.
With an ongoing reduction of dopamine levels, this inhibitory
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signal becomes insufficient again and we observe a break in
normal syllable sequencing (see Table 1A). Similar applies for
GPi inhibition, with an ongoing depletion of dopamine levels the
inhibitory signal becomes insufficient (see Table 2A).

However, in our simulations, restabilizing the BG this way
alters the activity of the state buffers significantly. With normal
dopamine levels, action pulses show a duration of about 100 ms.
With reduced dopamine levels combined with STN or GPi
activity reduction, these pulses may broaden or oscillate (i.e.,
pulses show two or three peaks). While lowering activity in the
STN or GPi compensates for the decreased inhibition resulting
from lowered dopamine levels, it also affects the action selection
dynamics.

The GPi and SNr provide BG output by integrating activity
from striatum, STN, and GPe. Lowering dopamine levels in this
approach affects the input coming from striatum, but not STN
and GPe. Therefore, the amount of additional GPi inhibition
required to cancel out the effects of reduced dopamine levels
depends on utility values, since activity in all parts of the BG
depend on utility values. When the external inhibitory influence
exceeds a certain limit, GPi can not select the most relevant
action, as there are multiple actions being disinhibited (not only
the one with the highest utility value). This could be called
over-inhibition. It is likely that action selection dynamics are
more stable when the GPi is over-inhibited, because an action
only gets selected, when it is the only one disinhibited to zero
(winner-take-all mechanism). Therefore, the over-inhibited GPi
would not select an incorrect action and no error would occur.
This over-inhibition, however, means that it takes longer for the
recurrent connections between the GPe and STN to accumulate
enough activity to overcome the external GPi inhibition and the
addition SNr activity resulting from reduced dopamine levels. As
can be seen in Table 2, acceptable performance is maintained
even at very high levels of GPi inhibition, as the overall BG
dynamics are largely unchanged except for the amount of GPi
activity necessary to disinhibit an action. That is, inhibiting the
GPi generally improves the stability of the BG at the cost of speed.

The STN, on the other hand, is recurrently connected to
the GPe. Because of this recurrent connection, inhibiting STN
affects both the speed and stability of action selection. When
moderately inhibited, it can overcome moderate decreases in
dopamine levels while only minimally affecting the speed of
action selection because the GPe compensates for decreased STN
activity. However, as can be seen in Table 1, when STN activity is
inhibited too strongly, the internal BG dynamics break down and
cannot recover.

It is interesting to note that as activity and dopamine levels
drop, performance moves predictably from typical performance
to oscillatory behavior, as happens when wp = 0.45 (see Table 2A)
and at wt = 0.4 (see Table 1A), to slowed behavior. This suggests
that oscillatory behavior, which may result in syllable repetitions,
occurs when the amount of GPi or STN inhibition is just enough
to overcome the reduction in dopamine levels. Therefore, it may
be possible to differentiate between STN and GPi inhibition
in DBS protocols by increasing the amount of inhibition and
observing whether speech sequences halt (as in STN inhibition)
or slow down (as in GPi inhibition).

Thus we hypothesize that inhibiting the GPi (and thereby
reducing the influencing amount of excitation by the STN on
the BG output) may lead to a restabilization process in action
selection. However reducing the activity of the GPi (as potentially
evoked by DBS) is an imprecise process, and would most
certainly effect the action selection calculation. But our idea is
that inhibiting the GPi makes up for the lack of inhibition coming
from the striatum, but disturbs the action selection calculation.
Eventually we would estimate the reduction of activity in the GPi
(by DBS) to have a less potent influence on the whole action
selection system than the reduction of activity of the STN (by
DBS), because in reduction of GPi activity the action selection
process would simultaneously be executed in the SNr, which
could compensate for disturbances resulting from this activity
reduction. Therefore, it can be presumed (and is supported by
the simulations reported in this publication) that even in the
case of reduced GPi activity this still physiological functioning
path allows the action selection system to correct miscalculations.
This could also explain why there is still slow but stable syllable
sequencing (Table 2B, dark green) at very low GPi activity level
(i.e., at low wp-values), where there are “only” oscillations and
irregularities (Table 1B, light green and yellow) at very low
levels of STN activity (i.e., at low wt-values). This interpretation
is in agreement with the findings of Meissner et al. (2005),
who found that DBS of STN has more negative effects on
speech. We were not able to stabilize syllable sequences with
low STN values, and instead saw only oscillatory behavior. With
low levels of GPi activity, there were slow but stable syllable
sequences, as were found in Tan et al. (2016), suggesting that
reduction of GPi activity is more effective in recovering verbal
fluency.

Nevertheless there are certain limitations of this model. It
focuses on the effects of dopamine on striatal D1 and D2
receptors. However, dopamine also affects other nuclei in the
basal ganglia. We have not considered these effects in the current
approach. Also the model is complex and does not allow isolation
of a single network mechanisms behind these observations. We
show that inhibition of GPi and STN alleviate the impaired
sequence generation and suggest this as an explanation of why
DBS shows improvement in such cases. However, DBS is a
complex stimulation, the effects of which could be multifaceted.
The details of effect of DBS stimulation on the nuclei is beyond
the scope of this work. Further, decreased activity in the STN and
GPi does not arise as a result of recurrent connections and e.g., a
given external input, but is set at input values (wt and wp).

As the mechanisms underlying DBS are still unclear (McIntyre
etal., 2004; Johnson et al., 2008), our findings underline theories
of DBS positing that the nuclei exposed to DBS are inhibited
(Welter et al., 2004; Meissner et al., 2005). Future computer
simulation studies may identify other worthwhile targets to
influence or investigate other possible DBS mechanisms.
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