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Abstract

Essential tremor (ET) is the most common movement disorder, in which the pri-
mary symptom is a prominent, involuntary 4-10 Hz movement. For severe, med-
ication refractory cases, deep brain stimulation (DBS) targeting the ventral inter-
mediate nucleus of the thalamus (VIM) can be an effective treatment for cessation
of tremor and is thought to work in part by disrupting tremor frequency oscilla-
tions (TFOs) in VIM. However, DBS is not universally effective and may be further
disrupting cerebellar-mediated activity in the VIM. Here, we applied biophysically
detailed computational modeling to investigate whether the efficacy of DBS is af-
fected by the mechanism of generation of TFOs or by the pattern of stimulation. We
simulated the effects of DBS using standard, asymmetric pulses as well as bipha-
sic, symmetric pulses to understand biophysical mechanisms of how DBS disrupts
TFOs generated either extrinsically or intrinsically. The model results suggested
that the efficacy of DBS in the VIM is affected by the mechanism of generation of
TFOs. Symmetric biphasic DBS reduced TFOs more than standard DBS in both
networks, and these effects were stronger in the intrinsic network. For intrinsic
tremor frequency activity, symmetric biphasic DBS was more effective at reduc-
ing TFOs. Simulated non-tremor signals were also transmitted during symmet-
ric biphasic DBS, suggesting that this type of DBS may help to reduce side effects
caused by disruption of the cerebellothalamocortical pathway. Biophysical details
in the model provided a mechanistic interpretation of the cellular and network dy-
namics contributing to these effects that can be empirically tested in future studies.
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Significance Statement

Essential tremor (ET) is a common movement disorder, whose primary symptom
is an involuntary rhythmic movement of the limbs or head. An area of the human tha-
lamus demonstrates electrical activity that oscillates at the frequencies of tremor, and
deep brain stimulation (DBS) in this area can reduce tremor. It is not fully understood
how DBS affects tremor frequency activity in the thalamus, and studying different pat-
terns of DBS stimulation may help to clarify these mechanisms. We created a computa-
tional model of different shapes of DBS and studied how they reduce different hypoth-
esized generators of tremor frequency activity. A greater understanding of how DBS
affects the thalamus may lead to improved treatments to reduce tremor and alleviate
side effects in patients with ET.
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1 Introduction

Essential Tremor (ET) is a heterogeneous neurological disorder primarily noted by a
low frequency (4-10 Hz), involuntary “intention” tremor of the limbs [11, 28,29]. Both
motor and cognitive deficits have been observed in ET [25,30,45], and though deficits in
the cerebellum have been implicated, the pathophysiology is multimodal and not fully
understood [10-12, 19, 30, 41, 47]. For debilitating, medication-refractory cases of ET,
high frequency deep brain stimulation (DBS) of the ventral intermediate nucleus of the
thalamus (VIM)—the cerebellar motor area of the thalamus—is a therapy that can be
successful in alleviating symptoms [6,37].

Standard, “monophasic” DBS is presently thought to work by stimulating axons at
high frequencies, effectively blocking tremor frequency neural activity [33]. However,
the mechanisms by which DBS alleviates tremor are not fully understood [2, 10], and
DBS can also induce side effects such as paresthesias, gait imbalance, and impaired
motor adaptation [1, 10, 13]. Furthermore, if standard DBS acts to block tremor activ-
ity by entraining axonal output or afferent input to VIM, the high frequency stimula-
tion may also be blocking non-tremor-related cerebellar information, resulting in some
of the observed deficits related to cerebellar activity [10]. Novel stimulation protocols
therefore strive to selectively reduce pathological tremor frequency neural activity, pro-
cess non-tremor input activity, and reduce side effects. Recently, feasibility and safety
studies have investigated the use of DBS pulse sequences in which both the active and
recharge phases are amplitude-balanced to treat movement disorders [3,4]. However,
the efficacy and mechanisms by which this biphasic DBS act are not fully known.

Prior computational modeling has investigated multiple aspects of the timing of
DBS on thalamic cells, including rebound bursting [8, 9, 26, 48], and recent modeling
has been focused on understanding tremor frequency oscillations (TFOs) in the VIM
and their relation to DBS [27, 51]. We recently developed a detailed computational
model of a tremor frequency generating network within the VIM to show how network
biophysical properties affected tremor and non-tremor activity [27]. In that work, the
model simulated two distinct mechanisms of generation of TFOs in VIM: extrinsically-
driven and intrinsically-generated. Extrinsic TFOs were driven by an external, non-VIM
synaptic source such as the dentate nucleus of the cerebellum, while intrinsic TFOs
were generated by the internal dynamics of VIM and thalamic reticular nucleus (TRN).
Though some evidence exists for extrinsic TFOs, the role for intrinsic TFOs is not fully
understood but may be crucially important in understanding the dynamics of both
tremor as well as how DBS affects tremor. The prior modeling highlighted distinct net-
work mechanisms involved in extrinsically and intrinsically generated TFOs and gave
rise to experimentally testable predictions on how these oscillations may be modulated,
particularly by pharmacology, to help improve future treatment strategies for ET.
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Here, we sought to understand whether TFOs generated by distinct mechanisms re-
sponded differently to DBS and whether symmetric DBS simulated with cathode-anode
biphasic pulse sequences may be more effective at reducing tremor or stimulation-
induced side effects. We further establish a biophysical mechanism involving T-type
Ca?" by which biphasic stimulation reduces TFOs. Finally, we simulated a brief, non-
tremor cerebellar signal during ongoing DBS to investigate whether transmission could
be improved by different DBS pulse shapes while simultaneously reducing tremor-
related activity.
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2 Methods

We employed a previously developed computational model of the ventral interme-
diate nucleus of the thalamus (VIM) coupled to the thalamic reticular nucleus (TRN)
[27] and extended it by modeling monopolar extracellular stimulation as DBS. In brief,
the original model of a small tremor cluster in VIM consisted of 25 multicompartmen-
tal thalamocortical VIM cells and 25 multicompartmental TRN cells (Fig. 1A-C). If
tremor clusters are responsible for tremor [39], targeted disruption of these clusters
may be beneficial to alleviate tremor without affecting other aspects of VIM function.
VIM cells in the model included both dendritic and axonal compartments, and the
spiking at the most distal axonal site was analyzed to understand how tremor frequency
activity in VIM affected downstream areas. Two modes of generation of TFOs were
considered: extrinsically driven and intrinsically generated. In the absence of external
stimulation, the network simulations in both models produced similar TFOs (example
in Fig. 1D; see [27] for comparison). Aside from tonic currents and Poisson-distributed
inputs applied to individual cells, in some simulations, a fast, excitatory input was sim-
ulated to reflect an error signal or other cerebellar or corticothalamic non-tremor in-
put [5,46].

2.1 DBS

Similar to prior studies [33], DBS was modeled as an extracellular monopolar stim-
ulation through a homogeneous medium and best approximated a constant current
stimulation. An extracellular potential was calculated based on the stimulation ampli-
tude, transfer resistance through the medium, and distance between the stimulation
and the compartment. The value of the extracellular resistivity was set to 350 () - cm
[24, 33]. To simulate targeted stimulation to a tremor cluster, the simulated DBS elec-
trode location was placed 250 um along the y-axis, just off of the center of VIM (Fig.
1B-C), different from earlier work [33]. Transfer impedances were approximately 1 kQ).
Current amplitude at the stimulation site was specified in milliamps (mA).

Three different, charge balanced, monopolar DBS pulses were simulated (Fig. 1E
and see Fig. 6A). For “standard” DBS, we simulated a cathodic active impulse, gener-
ating a negative current at the stimulation site, with a pulse width of 90 us and a stim-
ulation frequency of 130 Hz. These pulses were charge-balanced, with a balance pulse
width that was calculated based on the entire cycle length at the stimulation frequency
(approximately 7.69 ms).

Tpatance = cycle — Tactive — Twait — Tsitent
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where Ty, was 300 ps and Tyj.,; was 3.9 ms. The balance amplitude was therefore
calculated such that:

Aactive : Tactive = Abalance : Tbalance

We also simulated charge-balanced, symmetric biphasic pulses, in which Aq4iye
equaled Apgrance and Terive equaled Tyarance [3,4,22]. These pulses were also simulated
at 130 Hz, with pulse widths of both phases 90 us. We simulated both cathodic-leading
(DBS;) and anodic-leading (DBS,) (Fig. 1Eii and Fig. 6A).

2.2 Output of VIM model

The simulations were run similarly to our prior work [27]. Ten iterations were run
for comparison across noise conditions, and sources of noise were identical to the orig-
inal model and included the spatial locations of the VIM and TRN cells, initial mem-
brane potentials, and realizations of the Poisson-distributed background synaptic in-
puts.

As in the previous model [27], the principal output was the axonal output spiking
from the VIM cells. During DBS stimulation, the spike output from VIM cells was mul-
timodal. To quantify this, we classified spiking as DBS-following (spike rates that ex-
ceeded 100 sp/s and often followed the DBS stimulation frequency), rhythmic spiking
(spike rates that formed bursting-type cell responses, or low spiking (nearly zero spike
rates in a specified interval time-locked to the onset of stimulation). Prior computa-
tional and experimental work has suggested that high frequency DBS leads to synap-
tic failure and reduces the probability of output for those cells [42]; therefore in these
simulations, tremor frequency activity was calculated specifically from the non-high
frequency spiking cells.

Spike counts of different spike types were compared for different DBS conditions.
In these simulations, we varied the strength of DBS amplitude for different pulse pat-
terns. We compared the output spike types at a given DBS amplitude compared to
control with no DBS stimulation. To assess significance, we used Fisher’s Exact test for
2x2, 3x2, or 3x3 matrices (types of cells x conditions).

For different DBS types, we analyzed evoked spiking responses due to a single, fast,
excitatory synaptic input of varying strength. DBS was turned on at 0.150 s, and the
input was delivered at 0.4 s. These simulations were run for a total of 0.6 s of simula-
tion time. The evoked response was defined as the quadrature of the convolved VIM
spike output in the 50 ms following the stimulation input in cells that were non-high
frequency spiking. A control condition was run in which the strength was set to 0, and
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the analysis was performed identically.

2.3 T-type Ca’>" events

The number of discrete T-type Ca?"-mediated current events was analyzed to quan-
tify whether T-type Ca?" mechanisms were employed during low spiking versus rhyth-
mic cells. Events were counted by rectifying the T-type Ca?* current, downsampling
from 100 kHz to 1 kHz, and finding peaks that passed a current threshold of 5x 1073
#A/cm?. This method captured substantial current events that occurred when both the
m and h gates were co-active and was consistent with manual rating. More T-type Ca**
current events suggested this current’s involvement in the spiking patterns observed.
Distributions of T-type Ca?*-mediated current events were compared between rhyth-
mic spiking cells versus low spiking cells for each DBS pulse pattern, at each different
DBS amplitude. Comparisons were made only when there were 10 or greater cells in
both categories.

2.4 Statistics

For most comparisons, a non-parametric Mann-Whitney U test was used to assess
significance [32,50], which for all simulations was defined as p < 0.025. For simulations
with multiple comparisons, we ran a Benjamini-Hochberg test [7] with a false positive
rate (q) of 0.05. Most analyses were conducted using Python 3.5 with standard mod-
ules, SciPy 0.18, and NumPy 1.13. The Fisher’s exact test [14, 34] was performed using
R 3.4. All error is reported as standard error.

A step size of 0.010 ms, smaller than the prior work of 0.025 ms, was used for all
simulations here to provide finer temporal resolution during the short active pulses
due to DBS stimulation. The original model along with the DBS stimulation introduced
here is available on ModelDB (https://senselab.med.yale.edu/ModelDB/) with acces-
sion number 240113.
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3 Results

3.1 Mechanisms of tremor reduction differ for extrinsic and intrinsic networks

Effects of DBS pulse shape and amplitude were modeled on two mechanisms of
TFOs, extrinsic and intrinsic (Fig. 1). TFOs in both networks were significantly reduced
by all simulated DBS types, but individual cells in each network exhibited differing re-
sponses.

3.1.1 Extrinsic Network

In the extrinsic network, both DBS types significantly lowered TFOs compared to a
no-stimulation baseline, from 0.5-2.0 mA (Table 1A and Fig. 2A, significance denoted
by gray + for standard DBS, blue + for DBS,;). DBS, also significantly lowered TFOs
at 0.25 mA, suggesting that biphasic may be effective at low amplitudes. In contrast, at
0.25 mA, standard DBS actually increased TFOs, demonstrating that extrinsically gen-
erated TFOs can paradoxically increase with DBS stimulation. This occurred because
the low amplitude DBS activity was not enough to overcome the inactivation of T-type
Ca?" necessary to reduce TFOs but rather contributed to amplifying VIM cell bursts.
The lack of entrainment and persistent bursting of cells is seen in the example rasters
in Fig. 2Aii.

In a direct comparison with standard DBS, biphasic DBS resulted in significantly
lower TFOs at all tested amplitudes (Fig. 2A, significance denoted by black stars), fur-
ther suggesting that biphasic pulse shapes may be more effective at lowering tremor
(gray boxes in Table 1A).

Example rasters for the axonal spiking output of the VIM cells demonstrated how
different cells responded to DBS to result in lowered TFOs in the extrinsic network
(Fig. 2Aiii-Av). At low DBS amplitudes, biphasic DBS entrained high frequency spik-
ing in a small population of cells (Fig. 2Aiii), consistent with previous explanations of
tremor frequency interference. However, the remaining cells had rhythmic and nearly
synchronous burst spiking, similar to the network during standard DBS. At 1.5 mA,
standard DBS led to both a population of high frequency spiking cells but also a ma-
jority of rhythmic but less synchronous, decorrelated cells (Fig. 2Aiv), while DBS,, en-
trained high frequency spiking in nearly all VIM cells (Fig. 2Av).

3.1.2 Intrinsic Network

DBS affected the intrinsic network differently than the extrinsic network. TFOs were
significantly reduced at all tested amplitudes, for both standard DBS and DBS,,(Table
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1B and Fig. 2B, significance denoted by gray + for standard DBS, blue + for DBS,,;). The
reduction was significantly greater for DBS., compared to standard DBS at 0.25, 0.5,
and 1.0 mA, further suggesting that biphasic stimulation may be more efficient in re-
ducing tremor (black stars in Fig. 2B and gray boxes in Table 1B).

At low stimulation (0.25 mA), standard DBS reduced TFOs in the intrinsic network
by completely suppressing spiking in some cells and decorrelating burst spiking in the
remaining cells (Fig. 2Bii). DBS,, also entrained the spiking of multiple cells, even at
the lowest tested amplitude (Fig. 2Biii). At 1.5 mA, high frequency spiking is seen in a
subset of cells excited by standard DBS, with the remaining cells mostly bursting in an
uncorrelated manner. In contrast, DBS.,; at 1.5 mA led to high frequency spiking in the
majority of cells, while the remaining cells were mostly silent (Fig. 2Bv).

For all tested amplitudes of stimulation for both standard DBS and DBS,,, reduc-
tions in TFOs were significantly greater in the intrinsic network compared to the ex-
trinsic network. Though it is not fully known to what extent the intrinsic oscillatory
activity of VIM contributes to the expression of tremor [27], these results suggest that
DBS reduces intrinsic TFOs more than extrinsic and by distinct mechanisms. The dis-
tinguishable spike outputs provide testable predictions on the mechanisms generat-
ing TFOs, when perturbed by different DBS stimulation pulses. Furthermore, for both
networks there were a range of stimulation amplitudes in which DBS,, reduced TFOs
more than standard DBS.

3.2 Distinct VIM cell responses to DBS in extrinsic and intrinsic networks

The spike rasters from example cells in Fig. 2 showed that compositions of cells
with different spike patterns—rhythmic bursting, high frequency spiking, and silent—
differed depending on the network and DBS protocol. We quantified whether the com-
position of cells was systematically different due to the type of DBS in both extrinsic
and intrinsic networks (Fig. 3 and Table 2).

For extrinsically-driven TFOs, all three DBS types led to high frequency spiking out-
put in the VIM cells as well as decorrelated rhythmic bursting in other cells (Fig. 3A-C
and Table 2A). Almost no suppressed cells were observed in these networks with DBS.
Example output for 25 VIM cells in a single network is shown during standard DBS
(Fig. 3B) and DBS,, (Fig. 3C), all demonstrating similar phenomena. For all tested non-
zero DBS amplitudes, both biphasic DBS types led to significantly greater fractions of
high frequency spiking cells than standard DBS (Table 2A).

For intrinsic networks, DBS reduced intrinsically-generated TFOs with high fre-
quency spiking but also suppressed spiking in some cells (Fig. 3D and Table 2B), which
was not seen in the extrinsic network. While standard DBS led to a mixture of sup-
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pressed and rhythmic bursting cells (Fig. 3E), DBS,, generally suppressed spiking ac-
tivity and did not generate as much rhythmic bursting (Fig. 3F). DBS,, led to signifi-
cantly more high frequency VIM cells compared to standard DBS (Table 2B).

The mechanisms by which DBS reduced TFOs in the model VIM was therefore de-
pendent upon the mechanism generating the TFOs. While DBS reduced TFOs in extrin-
sic networks, it did so principally by increasing the number of high frequency—often
DBS-entrained—spiking, which was more pronounced with DBS,, than standard DBS.
In contrast, suppression of spiking was observed in intrinsic networks with both DBS
types. While standard DBS also led to rhythmic bursting, only DBS,,; simultaneously
reduced TFOs and suppressed spiking output of non-high-frequency spiking cells.

3.3 Role of T-type Ca’" currents in suppression of VIM cell spiking in intrinsic TFOs

We further investigated the suppression of VIM cells during DBS on intrinsic TFOs
and found that it was related to T-type Ca?* inactivation. Somatic T-type Ca?* cur-
rents were observed for rhythmic bursting in the network (Fig. 3D-F, gray traces be-
low voltages), while these currents were not present during suppressed responses. For
both stimulation patterns (Standard and DBS,;) at each DBS amplitude tested (0.00-
2.00 mA), the number T-type Ca’* current events were counted (see Methods). Higher
numbers of T-type Ca’* events suggested greater involvement in generating the activ-
ity, as the events were time-locked to the spiking activity. For all valid comparisons at
a given pattern at a specific amplitude, rhythmic bursting cells were associated with
significantly greater T-type Ca®" current events than the suppressed cells (Table 3). In
nearly all cases, suppressed cells had near-zero T-type Ca’* events.

Example differences in T-type Ca®" current for the VIM cell spike types under DBS
are shown in Fig. 4. Rhythmic cells demonstrated strong T-type Ca®* currents that led
to bursting behavior in the soma and output (Fig. 4A). In contrast, depolarization was
sustained in high frequency cells (Fig. 4B). Though sometimes these cells had bouts of
T-type Ca®" activity, it was not necessary to sustain high frequency activity. Even when
the soma did not elicit action potentials, the depolarization was enough to elicit spiking
in the output at the axon terminals. Suppressed cells exhibited no T-type Ca®" activity,
as the T-type Ca?* channels were inactivated (Fig. 4C). Subthreshold somatic activity
driven by the DBS stimulation did not elicit spiking in either the soma or the axonal
outputs.

These data suggested that DBS led to suppressed cells by maintaining a steady hy-
perpolarization through continued inactivation of T-type Ca?* currents, which may be
a therapeutic strategy to suppress pathological TFOs rather than through evoking high
frequency spiking activity. Among non-high frequency spiking cells, standard DBS led
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to both suppressed spiking and rhythmic bursting, while DBS,, led primarily to sup-
pressed spiking, suggesting that the biphasic pulses may have helped to increase the
probability of the cell membrane potential in the inactivated state that silenced T-type
Ca?" activity.

3.4 Biphasic DBS enabled inputs to be transmitted through the intrinsic network

When biphasic DBS was applied to the intrinsic model network, a substantial frac-
tion of the non-DBS-following VIM cells were suppressed (Fig. 3D-E). Because the
cerebellum is involved in motor control and error processing [10], we tested whether
these suppressed cells could serve as a template to help enable salient, non-tremor in-
puts be transmitted through the VIM toward cortical targets.

We simulated a non-tremor, fast, excitatory input to both the extrinsic and intrinsic
networks during DBS. Evoked spike rates for 50 ms following the input were measured
in VIM cells. Cells with high frequency spiking induced by DBS were excluded from
this analysis. For both the extrinsic and intrinsic networks, non-tremor, external inputs
evoked response spike rates were measured in non-high-frequency cells in the 50 ms
following the input during both ongoing DBS types, each at 1.0 mA, with two different
strengths of input compared to no input: 0.02 S, and 0.04 xS (Fig. 5, see Methods).

None of the external inputs evoked a significant increase in VIM cell spike rates
during DBS for the extrinsic network (Fig. 5A and Table 4A), indicating that external
inputs would not be propagated in networks with extrinsically driven TFOs. In con-
trast, external inputs evoked significant responses in VIM cells during all DBS types in
the intrinsic network (Fig. 5B and Table 4B). Within DBS types, each input evoked sig-
nificant responses compared to baselines.

Furthermore, the strongest external input evoked significantly greater responses
during DBS.; compared to standard DBS (Fig. 5Bi, responses at 0.04 xS and Table 4B),
suggesting that external inputs may be amplified by the presence of DBS,, rather than
masked. In the absence of an external input, the spike rates were suppressed by DBS.,
compared to standard DBS (Fig. 5Bi and Table 4B, responses at 0 #S), and this suppres-
sion due to DBS.; might enable an increased signal-to-noise with the external input.

3.5 Biphasic pulse order may affect tremor reduction and response to external inputs

Lastly, we simulated biphasic DBS with the pulse order reversed from cathode-
anode to anode-cathode (Fig. 6 and Table 5). While all previous simulations led with
the cathodic phase (DBS,), in Fig. 6 the anodic phase led. Tested at the same ampli-
tudes as seen in Fig. 2, no significant differences were found between biphasic DBS
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types (Fig. 2Bi and Table 5Bi). In contrast, with intrinsic networks, DBS,. led to slightly
but significantly lower TFOs than DBS,, from 1.00-2.00 mA (Fig. 6Bii and Table 5B).
Comparison between extrinsic and intrinsic networks showed that DBS,. reduced TFOs
greater in the intrinsic network than the extrinsic network, as seen with standard DBS
and DBS,, (Table 5C).

VIM cell spike outputs in the extrinsic network were also compared (Fig. 6C and
Table 5D). The fraction of high frequency spiking cells was significantly greater for
all tested amplitudes compared to standard DBS. This fraction was also significantly
greater with DBS,. than DBS,,, though only significantly at 0.25, 1.00, and 1.50 mA.

In the intrinsic network, DBS,. led to significantly more high frequency spiking cells
than standard DBS at all amplitudes and DBS,, from 1.00-2.00 mA (Fig. 6Cii and Ta-
ble 5E). For both intrinsic and extrinsic networks, these results suggest that DBS,. may
be better at driving high frequency activity in VIM cells than both standard DBS and
DBS,,.

To determine whether non-tremor external input evoked spike rates were different
during different biphasic DBS types, evoked rates were compared at each input level.
For the extrinsic network, evoked rates during DBS., were not significantly different
compared to DBS,. (Fig. 6Di and Table 4, cf Fig. 5A). However, evoked responses in the
intrinsic network were significantly different for DBS,. compared to DBS,. At 0.02 uS,
the evoked responses during DBS,. was significantly less than that during DBS,, (Fig.
6Dii and Table 5G, cf Fig. 5Bi). But at 0.04 1S, evoked inputs during DBS,. were signifi-
cantly greater than those during DBS,,;, demonstrating that the evoked response during
different biphasic pulse sequences were nonlinear with respect to the synaptic input
strength. These results raise the possibility that different pulse orders may be beneficial
in distinct scenarios, depending on the strength of inputs to the VIM network.

Both biphasic DBS pulses showed significantly greater evoked responses to the synap-
tic input compared to the standard DBS. Overall this suggests that, for TFOs that are
intrinsically generated, biphasic pulses can simultaneously reduce tremor and enable
non-tremor inputs to be transmitted more effectively compared to standard DBS.
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4 Discussion

We simulated the effects of DBS in a biophysically detailed network a thalamic net-
work generating TFOs to understand local cellular mechanisms of tremor reduction.
How DBS reduced TFOs in the model depended on the generating mechanism, and
biphasic DBS was more effective at reducing TFOs compared to standard DBS. These
results suggested that the specific stimulation pulse patterns may affect VIM cells in
different ways and may be leveraged toward improved treatment. Furthermore, non-
tremor external inputs evoked greater responses during biphasic DBS compared to
standard DBS, a potential mechanism for reducing DBS-induced side effects.

4.1 Relation to prior work on tremor suppression

Why DBS in VIM works to reduce tremor in patients with ET is not fully under-
stood, and there may be multiple, possibly independent processes occurring. The pre-
vailing theory for tremor cessation is simply the reduction of tremor frequency out-
put of the motor cortex [10,33]. Computational modeling evidence has suggested that
the reduction of tremor frequency output might be related to overwhelming the thala-
mic circuit with high frequency axonal output [33] that may also lead to synaptic fail-
ure [42].

The optimal site of DBS stimulation for treatment of ET may be VIM [18] or poten-
tially the cerebellothalamic tract entering the thalamus [44]. If true, this would suggest
that the input from the cerebellum to the thalamus is giving rise to or at the very least
promoting tremorgenic transmission, but it is still unclear if cerebellum is the princi-
pal driver of thalamic tremor activity and to what extent intrinsic mechanisms are in-
volved [27]. Here, we explicitly modeled extrinsic and intrinsic TFOs using the same
VIM-TRN network, with reciprocal excitatory and inhibitory connections. The network
architecture and responses to inputs provided a crucial framework to understanding
how different mechanisms specifically generating tremor frequency activity would be
perturbed by different types of DBS.

In the model, biphasic pulse shapes were more effective at reducing the TFOs in the
spiking output of VIM compared to standard DBS (Fig. 2, Fig. 6B). A closer look at the
individual VIM cell activities suggested that this might be due to the overall number
of cells participating in “pathological” oscillations, which was far greater in standard
DBS.

In these simulations, DBS,. reduced tremor slightly more effectively than other
pulse patterns, principally by driving more cells to high spike rates. Yet standard DBS
reduced tremor activity by not only increasing high spike rate activity but also by decor-
relating rhythmic activity within VIM, while biphasic DBS led to a combination of both.
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DBS also suppressed output in certain VIM cells, which involved T-type Ca?" inactiva-
tion (Fig. 3—4). These results suggest that a “sweet spot” may exist in DBS stimulation,
in which the number of rhythmic cells is reduced to control tremor, while a substantial
population of cells shift from rhythmicity to quiescence via T-type Ca?* inactivation.
These dynamics were principally manifested by biphasic DBS and suggest a possible
strategy of refining thalamic modulation techniques to suppress rhythmic bursting ac-
tivity instead of entraining high frequency spiking output.

Here, we focused on identifying whether biphasic pulse patterns could differen-
tially affect the biophysics of individual cells in the VIM network to reduce tremor. We
did not test all possible parameters related to DBS. Prior experimental and computa-
tional work has shown that the frequency [38], periodicity [9,48], pulse width [23], and
varied pulse shapes [16,20] all may affect the efficacy of DBS stimulation. Our results
suggest the biophysical mechanisms of generation of TFOs have a direct influence on
the efficacy of DBS and that such patterns should be reexamined in the context of our
biophysical model. If biphasic pulses still reduce tremor effectively at lower frequen-
cies than standard DBS, while suppressing spiking in VIM cells, this would represent
another avenue of improvement for DBS efficiency.

In particular, we conjecture that pulse width may lead to increased excitability of
VIM cells when coupled to the biphasic pulse sequences explored here. The T-type
Ca?" channels in these cells may be activated when longer pulses are able to hold VIM
cell membrane potentials at levels that might amplify the gating variables necessary
to cause strong T-type Ca?" currents, similar to the mechanism observed in TRN cells
seen in Fig. 3 in [27]. Longer pulse widths would therefore lead to entrainment at DBS
frequencies, resulting in reduced tremor activity.

In all of our simulations, we fixed the recording electrode locations at 250 um away
from the center of mass of the VIM, but it is well known that the stimulation strength
is highly dependent on the geometry of the cells with respect to the electrodes [33]. We
varied the strength of the stimulation at this location, which suggests that some of the
effects reported—especially the recruitment of different types of spiking in VIM cells
with different stimulation patterns—would also hold true for different stimulation lo-
cations, at least along the y-axis of our network (see Fig. 1C-D).

4.2 Focal modulation of membrane biophysics with electrical stimulation

Prior computational modeling has implicated the role of T-type Ca®" channels in
movement disorder pathophysiology [43]. Our standard DBS model elicited both high
spike rates as well as uncorrelated but rhythmic spiking in cells that did not follow the
DBS stimulation (Fig. 2). These results taken together suggest that reducing or lever-
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aging the biophysics of T-type Ca?*" currents, particularly as they relate to tremor fre-
quency oscillations, may be crucial in reducing pathological tremor activity from being
manifested in the VIM, with potential consequences for physiological tremor in pa-

tients. Medications targeting T-type Ca?" channel pathology are likely to be broadly

acting. In contrast, the effect of DBS., and DBS,. pulses in the present work demon-

strated that manipulating T-type Ca?" channels may not only reduce tremor frequency
activity that ultimately reduces tremor in ET but also does so in a focal, non-pharmacological
way, providing a targeted therapy whose activation volume is limited to that of the
stimulation.

4.3 Implications of biphasic DBS on effective throughput of relevant cerebellar signals

The cerebellum is thought to contribute to motor planning and adaptation, and dis-
ruption of the cerebellothalamocortical pathway via lesion or DBS has been shown to
impair these functions [10]. The role of cerebellar activity raises the question of whether
the presence of tremor frequency oscillations in the VIM affect normal non-tremor in-
puts from the cerebellum that might mediate motor adaptation. The impairment of
motor adaptation by standard DBS also raises the question of whether it is possible to
design DBS stimulation that simultaneously reduces tremor and permits these inputs
to be expressed. Our results suggest that biphasic DBS is one such pattern that may
alleviate tremor while allowing relevant cerebellar signals to be propagated through
thalamus to cortex.

In this study, the tremor frequency generating network was assumed to be the same
that received and processed non-tremor cerebellar inputs, yet it is not fully known
whether these networks serve the same functions in the VIM. If these networks are not
the same, then the question would shift to whether ongoing DBS pulse sequences elicit
activity in non-tremor cells similar to that observed here. In this scenario, electrode
placement or patterns of stimulation that optimally targeted non-tremor cells might
act to help cerebellar inputs to be transmitted, but ongoing tremor might still be ex-
pressed through a separate channel through the VIM. Only the biphasic stimulation
simulated here addressed both the tremor and non-tremor components without condi-
tion, and while tremor was reduced in both the extrinsic and intrinsic networks, inputs
were only affected in the intrinsic network. Our results suggest that it is possible that
these DBS pulses also silence neighboring networks of non-tremor cells, also enabling
these inputs to be represented.

The phase order of biphasic DBS pulses also affected the amplitude of the external,
non-tremor cerebellar input into the intrinsic network. While the 0.02 1S input created
a significantly greater evoked response during DBS,, the stronger input created the
opposite effect (cf. Fig. 6Dii and Fig. 5Bi). One possible utility of this result could be a
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DBS design with rapid switching of phase order based on the patient’s needs, for in-
stance with DBS,. at low levels to suppress tremor efficiently and a switch to DBS,,
when the patient is speaking or performing fine motor tasks.

Similar approaches to understanding the effect of DBS on the biophysics of net-
works may also help to inform mechanisms of action for DBS in other diseases. DBS
has been deployed at various targets for treatment of a host of diseases including Parkin-
son’s disease [15], Alzheimer’s disease [31,40], obsessive-compulsive disorder [17,35],
and depression [21], and the treatment is being used for other indications as well. In
Parkinson’s disease, DBS in the subthalamic nucleus (STN) reduces symptoms like
tremor but may lead to cognitive side effects [36]. Prior computational modeling work
has suggested that DBS in the subthalamic nucleus tonically activated the globus pal-
lidus internus (GP1i), which led to tonic inhibition of the pallidal-receiving thalamus,
suggested to be favorable to phasic inhibition that led to pathological oscillatory activ-
ity [43]. If the present model results also applied to the T-type Ca?* channels found in
STN [49], where biphasic DBS led to both DBS-following cells and spike-suppressed
cells, the DBS-following cells may still lead to tonic inhibition from GPi but also al-
low other inputs into STN to be more faithfully represented. Preliminary evidence has
demonstrated efficacy of biphasic DBS in STN for the treatment of PD [3], but further
work is necessary to demonstrate whether these particular mechanisms are involved.

Conclusions

DBS has been an effective though imperfect therapy, and its future improvement
relies on a more thorough understanding of its targets and the mechanisms of stimu-
lation. Our model results demonstrated that the mechanisms of DBS to reduce TFOs
were dependent upon how the TFOs were generated biophysically. Biphasic DBS was
more effective in reducing TFOs in the model and may be leveraging T-type Ca®* dy-
namics to suppress activity in VIM, facilitating the transmission of non-tremor activity
from cerebellum to cortex. Together, the model results suggested modulation of spe-
cific biophysical mechanisms toward designing improved treatments for ET and other
diseases.

19


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

5 Acknowledgements

This work was funded in parts by NIMH 5T32MH019118-23 (supporting SL), NIMH
R01 MH106174 (SR]), Brown University BioMed Dean’s Emerging Areas of New Sci-
ence Award (SRJ, WFA), the Brown Institute for Brain Sciences and Norman Princes
Neuroscience Institute New Frontiers Fund (SRJ, WFA), NIH COBRE P20 GM103645
(WFA), and NIH R01 MH115035 (WFA).

20


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

References

[1] Hesham Abboud, Anwar Ahmed, and Hubert H Fernandez. Essential tremor:
choosing the right management plan for your patient. Cleve Clin | Med, 2011.

[2] Ellen L. Air, Elena Ryapolova-Webb, Coralie de Hemptinne, Jill L. Ostrem,
Nicholas B. Galifianakis, Paul S. Larson, Edward F. Chang, and Philip A. Starr.
Acute effects of thalamic deep brain stimulation and thalamotomy on sensorimo-
tor cortex local field potentials in essential tremor. Clinical Neurophysiology, 2012.

[3] Umer Akbar, Robert S. Raike, Nawaz Hack, Christopher W. Hess, Jared Skin-
ner, Daniel Martinez-Ramirez, Sol DeJesus, and Michael S. Okun. Random-
ized, blinded pilot testing of nonconventional stimulation patterns and shapes in
parkinson’s disease and essential tremor: Evidence for further evaluating narrow
and biphasic pulses. Neuromodulation: Technology at the Neural Interface, 2016.

[4] Leonardo Almeida, Daniel Martinez-Ramirez, Bilal Ahmed, Wissam Deeb, Sol De
Jesus, Jared Skinner, Matthew J. Terza, Umer Akbar, Robert S. Raike, Chris J. Hass,
and Michael S. Okun. A pilot trial of square biphasic pulse deep brain stimulation
for dystonia: The bip dystonia study. Movement Disorders, 2017.

[5] T E ] Behrens, H Johansen-Berg, M W Woolrich, S M Smith, C A M Wheeler-
Kingshott, P A Boulby, G ] Barker, E L Sillery, K Sheehan, O Ciccarelli, A ] Thomp-
son, ] M Brady, and P M Matthews. Non-invasive mapping of connections be-
tween human thalamus and cortex using diffusion imaging. Nature Neuroscience,
2003.

[6] Alim-Louis Benabid, Pierre Pollak, A Louveau, S Henry, and ] De Rougemont.
Combined (thalamotomy and stimulation) stereotactic surgery of the vim thala-
mic nucleus for bilateral parkinson disease. Stereotactic and functional neurosurgery,
1987.

[7] Yoav Benjamini and Yosef Hochberg. Controlling the false discovery rate: A prac-
tical and powerful approach to multiple testing. 1995.

[8] Merrill J. Birdno, Wei Tang, Jonathan O. Dostrovsky, William D. Hutchison, and
Warren M. Grill. Response of human thalamic neurons to high-frequency stimula-
tion. PLOS ONE, 2014.

[9] David T. Brocker, Brandon D. Swan, Dennis A. Turner, Robert E. Gross, Stephen B.
Tatter, Mandy Miller Koop, Helen Bronte-Stewart, and Warren M. Grill. Improved
efficacy of temporally non-regular deep brain stimulation in parkinson’s disease.
Experimental Neurology, 2013.

21


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

[10] Haiyin Chen, Sherwin E. Hua, Maurice A. Smith, Frederick A. Lenz, and Reza
Shadmehr. Effects of human cerebellar thalamus disruption on adaptive control
of reaching. Cerebral Cortex, 2006.

[11] G. Deuschl, R. Wenzelburger, K. Loffler, J. Raethjen, and H. Stolze. Essential
tremor and cerebellar dysfunction clinical and kinematic analysis of intention
tremor. Brain, 2000.

[12] Giinther Deuschl and Hagai Bergman. Pathophysiology of nonparkinsonian
tremors. Movement Disorders, 2002.

[13] Patricia Dowsey-Limousin. Postoperative management of vim dbs for tremor.
Movement Disorders, 2002.

[14] R. A. Fisher. The logic of inductive inference. 1935.

[15] The Deep-Brain Stimulation for Parkinson’s Disease Study Group. Deep-brain
stimulation of the subthalamic nucleus or the pars interna of the globus pallidus
in parkinson’s disease. New England Journal of Medicine, 2001.

[16] Thomas ] Foutz and Cameron C McIntyre. Evaluation of novel stimulus wave-
forms for deep brain stimulation. Journal of Neural Engineering, 2010.

[17] Wayne K. Goodman, Kelly D. Foote, Benjamin D. Greenberg, Nikki Ricciuti,
Russell Bauer, Herbert Ward, Nathan A. Shapira, Sam S. Wu, Candy L. Hill,
Stephen A. Rasmussen, and Michael S. Okun. Deep brain stimulation for in-
tractable obsessive compulsive disorder: Pilot study using a blinded, staggered-
onset design. Biological Psychiatry, 2010.

[18] Robert E. Gross, Edward G. Jones, Jonathan O. Dostrovsky, Catherine Bergeron,
Anthony E. Lang, and Andres M. Lozano. Histological analysis of the location of
effective thalamic stimulation for tremor. Journal of Neurosurgery, 2004.

[19] Mark Hallett. Tremor: Pathophysiology. Parkinsonism & Related Disorders, 2014.

[20] Lorenz Hofmann, Martin Ebert, Peter Tass, and Christian Hauptmann. Modified
pulse shapes for effective neural stimulation. Frontiers in Neuroengineering, 2011.

[21] Paul E Holtzheimer, Mustafa M Husain, Sarah H Lisanby, Stephan F Taylor,
Louis A Whitworth, Shawn McClintock, Konstantin V Slavin, Joshua Berman,
Guy M McKhann, Parag G Patil, Barry R Rittberg, Aviva Abosch, Ananda K Pan-
durangi, Kathryn L Holloway, Raymond W Lam, Christopher R Honey, Joseph S
Neimat, Jaimie M Henderson, Charles DeBattista, Anthony ] Rothschild, Julie G

22


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

Pilitsis, Randall T Espinoza, Georgios Petrides, Alon Y Mogilner, Keith Matthews,
DeLea Peichel, Robert E Gross, Clement Hamani, Andres M Lozano, and Helen S
Mayberg. Subcallosal cingulate deep brain stimulation for treatment-resistant de-
pression: a multisite, randomised, sham-controlled trial. The Lancet Psychiatry,
2017.

[22] A.S. Koivuniemi and K. J. Otto. Asymmetric versus symmetric pulses for cortical
microstimulation. IEEE Transactions on Neural Systems and Rehabilitation Engineer-
ing, 2011.

[23] Alexis M. Kuncel, Scott E. Cooper, Barbara R. Wolgamuth, Merlise A. Clyde,
Scott A. Snyder, Erwin B. Montgomery, Ali R. Rezai, and Warren M. Grill. Clinical
response to varying the stimulus parameters in deep brain stimulation for essen-
tial tremor. Movement Disorders, 2006.

[24] Juha Latikka, Timo Kuurne, and Hannu Eskola. Conductivity of living intracranial
tissues. Physics in Medicine & Biology, 2001.

[25] Seon-Min Lee, Minjik Kim, Hye Mi Lee, Kyum-Yil Kwon, and Seong-Beom Koh.
Nonmotor symptoms in essential tremor: Comparison with parkinson’s disease
and normal control. Journal of the Neurological Sciences, 2015.

[26] Shane Lee, Wael F. Asaad, and Stephanie R. Jones. Computational modeling to im-
prove treatments for essential tremor. Drug Discovery Today: Disease Models, 2017.

[27] Shane Lee, David ] Segar, Wael Asaad, and Stephanie Jones. Biophysical modeling
of vim to assess contributions of oscillatory activity to essential tremor. bioRxiv,
2018.

[28] Elan D. Louis and Joaquim J. Ferreira. How common is the most common adult
movement disorder? update on the worldwide prevalence of essential tremor.
Movement Disorders, 2010.

[29] Elan D. Louis, Ruth Ottman, and W. Allen Hauser. How common is the most com-
mon adult movement disorder? estimates of the prevalence of essential tremor
throughout the world. Movement Disorders, 1998.

[30] Elan D. Louis and Jean Paul G. Vonsattel. The emerging neuropathology of essen-
tial tremor. Movement Disorders, 2008.

[31] Andres M Lozano, Lisa Fosdick, M Mallar Chakravarty, Jeannie-Marie Leoutsakos,
Cynthia Munro, Esther Oh, Kristen E Drake, Christopher H Lyman, Paul B Rosen-
berg, and William S Anderson. A phase ii study of fornix deep brain stimulation
in mild alzheimer’s disease. Journal of Alzheimer’s Disease, 2016.

23


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

[32] H. B. Mann and D. R. Whitney. On a test of whether one of two random variables
is stochastically larger than the other. Ann. Math. Statist., 1947.

[33] Cameron C. McIntyre, Warren M. Grill, David L. Sherman, and Nitish V. Thakor.
Cellular effects of deep brain stimulation: Model-based analysis of activation and
inhibition. Journal of Neurophysiology, 2004.

[34] Cyrus R. Mehta and Nitin R. Patel. A network algorithm for performing fisher’s
exact test in r x ¢ contingency tables. 1983.

[35] Bart Nuttin, Paul Cosyns, Hilde Demeulemeester, Jan Gybels, and Bjorn Meyer-
son. Electrical stimulation in anterior limbs of internal capsules in patients with
obsessive-compulsive disorder. The Lancet, 1999.

[36] Vincent ].J. Odekerken, Judith A. Boel, Ben A. Schmand, Rob ]. de Haan, M. Figee,
Pepijn van den Munckhof, P. Richard Schuurman, and Rob M.A. de Bie. Gpi vs
stn deep brain stimulation for parkinson disease. Neurology, 2016.

[37] Rajesh Pahwa, Kelly E. Lyons, Steven B. Wilkinson, Alexander I. Troster, John
Overman, Jennifer Kieltyka, and William C. Koller. Comparison of thalamotomy
to deep brain stimulation of the thalamus in essential tremor. Movement Disorders,
2001.

[38] David ]J. Pedrosa, Michelle Auth, Carsten Eggers, and Lars Timmermann. Effects
of low-frequency thalamic deep brain stimulation in essential tremor patients. Ex-
perimental Neurology, 2013.

[39] David J. Pedrosa, Christiane Reck, Esther Florin, K. Amande M. Pauls, Moham-
mad Maarouf, Lars Wojtecki, Haidar Salimi Dafsari, Volker Sturm, Alfons Schnit-
zler, Gereon R. Fink, and Lars Timmermann. Essential tremor and tremor in
parkinson’s disease are associated with distinct ‘tremor clusters’ in the ventral tha-
lamus. Experimental Neurology, 2012.

[40] Francisco A. Ponce, Wael E. Asaad, Kelly D. Foote, William S. Anderson,
G. Rees Cosgrove, Gordon H. Baltuch, Kara Beasley, Donald E. Reymers, Esther S.
Oh, Steven D. Targum, Gwenn S. Smith, Constantine G. Lyketsos, and Andres M.
Lozano. Bilateral deep brain stimulation of the fornix for alzheimer’s disease: sur-
gical safety in the advance trial. Journal of Neurosurgery, 2015.

[41] Jan Raethjen and Giinther Deuschl. The oscillating central network of essential
tremor. Clinical Neurophysiology, 2012.

24


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

[42] Robert Rosenbaum, Andrew Zimnik, Fang Zheng, Robert S. Turner, Christian
Alzheimer, Brent Doiron, and Jonathan E. Rubin. Axonal and synaptic failure
suppress the transfer of firing rate oscillations, synchrony and information during
high frequency deep brain stimulation. Neurobiology of Disease, 2014.

[43] Jonathan E. Rubin and David Terman. High frequency stimulation of the sub-
thalamic nucleus eliminates pathological thalamic rhythmicity in a computational
model. Journal of Computational Neuroscience, 2004.

[44] Ulrika Sandvik, Lars-Owe Koskinen, Anders Lundquist, and Patric Blomstedt.
Thalamic and subthalamic deep brain stimulation for essential tremorwhere is the
optimal target? Neurosurgery, 2012.

[45] Carlos Singer, Juan Sanchez-Ramos, and William J. Weiner. Gait abnormality in
essential tremor. Movement Disorders, 1994.

[46] Iwona Stepniewska, Todd M. Preuss, and Jon H. Kaas. Thalamic connections of
the primary motor cortex (m1) of owl monkeys. The Journal of Comparative Neurol-
ogy, 1994.

[47] Henning Stolze, Gesche Petersen, Jan Raethjen, Roland Wenzelburger, and Giin-
ther Deuschl. The gait disorder of advanced essential tremor. Brain, 2001.

[48] Brandon D. Swan, David T. Brocker, Justin D. Hilliard, Stephen B. Tatter, Robert E.
Gross, Dennis A. Turner, and Warren M. Grill. Short pauses in thalamic deep brain
stimulation promote tremor and neuronal bursting. Clinical Neurophysiology, 2016.

[49] Chun-Hwei Tai, Ya-Chin Yang, Ming-Kai Pan, Chen-Syuan Huang, and Chung-
Chin Kuo. Modulation of subthalamic t-type ca2+ channels remedies locomotor
deficits in a rat model of parkinson disease. The Journal of Clinical Investigation,
2011.

[50] Frank Wilcoxon. Individual comparisons by ranking methods. Biometrics bulletin,
1945.

[51] Nada Yousif, Michael Mace, Nicola Pavese, Roman Borisyuk, Dipankar Nandi,
and Peter Bain. A network model of local field potential activity in essential
tremor and the impact of deep brain stimulation. PLOS Computational Biology,
2017.

25


https://doi.org/10.1101/585117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/585117; this version posted March 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Modeling biphasic DBS in ET S. Lee et al.

6 Tables

Table 1: Tremor frequency power for different networks and DBS types. Tremor frequency power
was measured for extrinsic (A) and intrinsic (B) during standard DBS and DBS,,. Tested amplitudes
(columns) for a given stimulation pattern (rows). Top rows (white) show mean spectral power for TFOs
(n=10, standard error reported). Comparisons within a row are to the baseline at 0.00 mA. Last rows
(gray) are same-amplitude comparisons of tremor frequency power between standard DBS and DBS,,. C.

Comparison between extrinsic and intrinsic networks for each amplitude and stimulation type. See Fig.
2.

A. Extrinsic Tremor Frequency Activity with DBS B. Intrinsic Tremor Frequency Activity with DBS
DBS Amplitude (mA) DBS Amplitude (mA)
0.00 025 0.50 1.00 150 2.00 0.00 025 0.50 1.00 150 2.00

TR . s . . N . . . . .
ST | seandardpes | 06620008 | 069930006 | 06360018 | 0.441%0028 | 020730018 | 0132%0012 S Z | scandardops | 066420010 | 047430029 | 022420023 | 01250010 | 0.095%0.007 | 0.080% 0005
o p-0.485 p-0.003 p=0285 | p=1231x10°* | p=0.134x10~ | p=9.134x10~ oY p=0485 | p=1231x10 | p=013ax10~ | p=013ax10 | p=013ax10 | p=0.13ax10"
g3 g3
3y 3y
33 33
g3 g3
L8 <-4
Pl Pl
55 58
£ 5 | wiohasicos,, | 06550010 | 06010013 | 040420053 | 017720013 | 011020005 | 0087 %0003 E 5 | mihasicons,, | 06090010 | 026020028 | 01040008 | 00830005 | 00780005 | 00730003
2a p=0.485 p=0.005 p=0.134x10"% | p=9.134x10-% | p=9.134x10"> | p=9.134x10* 2a p=0.485 p=0.134x10"° | p=9.134x10"* | p=9.134x10"5 | p=9.134x10"* | p=0.134x10"*

Comparison Comparison

tween . . . . . woon . . -
standard DBS p=0.339 p=9.134x10"% p=1.231x10"* p=9.134x10"5 p=1.231x10"* p=3.843x10"* standard DBS p=0.339 P=1.649x10"* p=6.575x10"* p=0.005 p=0.044 p=0.081

C. Comparison between Extrinsic and Intrinsic networks

DBS Amplitude (mA)
0.00 025 0.50 1.00 1.50 2.00

StandardDBS | 50565 | p=0134x10% | p9.134x10% | p=9.134x10% | p=1231x10- | p=5.040x10-

Biphasic DBS, p=0.154 p=9.134x10-5 | p=9.134x10- | p=1231x10-¢ £=0.001 =0.009

Tremor Frequency Band
Spectral Power (uV2/Hz)
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Table 2: DBS-induced VIM cell spiking patterns for both extrinsic and intrinsic networks. For each
network, each DBS type (Standard and DBS,;) was simulated. Cells were classified by spike patterns:
high frequency, rhythmic bursting, and suppressed cells (see Methods). Twenty-five VIM cells were
tested during 10 simulations; the totals in each row equal 250 for each DBS stimulation. Fisher’s Exact
tests used to assess significance. See Fig. 3. A. Among non-high frequency cells, the extrinsic network
generated overwhelmingly rhythmic bursting cells. Compared to standard DBS, DBS,, led to signif-
icantly more high frequency spiking cells. B. Among non-high frequency cells, the intrinsic network
generated both rhythmic bursting and suppressed spiking cells. Compared to standard DBS, DBS,, led
to significantly more high frequency cells.

A. Extrinsic Cell Spiking Patterns with DBS B. Intrinsic Cell Spiking Patterns with DBS
Standard DBS Biphasic DBS., Standard DBS Biphasic DBS.,
Frequency | Bursting | uPPressed | prequency | Birstg | Suppressed Freauency | Bursting | PPressed | preiency | Birstng | Suppressed

_ 0.00 0 243 7 0 237 13 Standard DBS and DBSc, _ 0.00 0 249 1 0 246 4 Standard DBS and DBS.,
< <
E 0.25 5 245 [ 73 177 0 p=7.19x10-18 E 0.25 7 145 98 63 86 101 p=6.21x10-1¢
v o
3 0.50 26 223 1 135 110 5 p=1.97x10-% 3 0.50 30 99 121 121 30 99 p=2.49x10-1
e 1.00 48 198 4 203 44 3 p=126x10-47 g 1.00 73 103 74 182 23 45 p=9.07x10-2
<< <
0 1.50 104 145 1 234 16 0 p=1.84x10% @ 1.50 100 110 40 219 17 14 =0.98x10-%
a 5 o ¥

2.00 141 109 [ 246 4 0 p=2.55x10"3 2.00 135 104 11 243 7 0 p=5.01x10"33

Table 3: T-type Ca?* current events during DBS for non-high frequency cells. T-type Ca®* events
were counted for non-high frequency cells and separated into rhythmic bursting and suppressed spiking
types (see Methods). For all simulations in which there were at least 10 rhythmic bursting and sup-
pressed spiking types, rhythmic bursting cells had significantly greater T-type Ca®* current events than
the suppressed spiking cells. See Fig. 3.

0 mA 0.25 mA
Rhythmic Low Rhythmic Low
Standard DBS | [n=249] 3.96 + 0.07 | [n=1] 0.00 — [n=145]5.41 + 0.26 | [n=98] 0.33 + 0.08 p=8.92x10%
DBS_, | [n=246] 4.00 + 0.07 | [n=4]0.75+0.25 — [n=86] 4.33+0.23 |[n=101]0.29+0.05 | p=4.66x10%
0.5mA 1mA
Rhythmic Low Rhythmic Low
Standard DBS | [n=99] 10.32 + 0.63 | [n=121] 0.16 + 0.06 p=4.98x10% [n=103] 18.04 + 0.78 | [n=74] 0.05 + 0.03 p=1.86x10%
DBS_, | [n=30]5.07+0.89 | [n=99] 0.08 + 0.05 p=1.30x10" [n=23] 13.30 + 1.46 | [n=45] 0.00 + 0.00 p=6.02x1015
1.5 mA 2mA
Rhythmic Low Rhythmic Low
Standard DBS | [n=110] 23.00 + 0.61 | [n=40] 0.48 + 0.27 p=2.76x102 [n=104] 25.45 + 0.55 | [n=11] 1.55 + 0.68 p=2.62x108
DBS_, | [n=17]16.41+1.52 |[n=14]0.43 +0.31 p=7.63x107 [n=7]23.29+2.36 |[n=0] — —
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Table 4: Evoked responses during different DBS types for both networks. Evoked responses in the 50
ms following strong “cerebellar” synaptic inputs were measured during ongoing DBS. Also see Fig. 5.

In first 2 rows, evoked rates (sp/s) within stimulation types were compared to baseline at 0 1S. Last row
compares evoked responses between standard DBS and DBS,;. A. Extrinsic network. As input amplitude
increased, no significant changes were seen in the evoked response compared to baseline, for any of

the DBS types. B. Intrinsic network. Inputs significantly increased evoked spike rates for all DBS types.
DBS,; had a significantly lower baseline response compared to standard DBS and a significantly higher
evoked response at 0.04 uS.

A. Extrinsic Evoked Responses during DBS B. Intrinsic Evoked Responses during DBS

Input Amplitudes (pS) Input Amplitudes (pS)

0.00 0.02 0.04 0.00 0.02 0.04

* *
Standard DBS 27.986 + 1.691 34.627 + 2.007 36.912 + 1.559
p=0.019 p=3.843x10"*

Standard DBS | 14.373 +1.838 | 14.865%1.542 | 15.648 + 1.478
p=0.339 p=0.312

* *
pBS., 1.507  0.497 37.933 %3193 | 108.129 + 2.105
p=9.134x10-5 p=9.134x10°

DBS., 31733 +3.078 | 33.925+2.892 | 33.890 x 4.006
p=0.396 p=0.339

Evoked Responses (sp/s) for
Different DBS Pulse Shapes
Evoked Responses (sp/s) for
Different DBS Pulse Shapes

Comparison Comparison
between o B * between 23 &

standard DBS | p=5.040x10"* p=1.231x10"* p=0.001 standard DBS | p=9.134x10"° p=0.260 p=9.134x10"°
and DBS., and DBS.,
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Table 5: DBS,, affected networks more. A. Extrinsic network. TFOs were significantly reduced with
DBS,. compared to baseline and were also significantly lower than standard DBS (gray row). DBS,,

did not change TFOs differently from DBS,. B. Intrinsic network. TFOs were significantly reduced
with DBS,.. Comparing to DBS.,;, DBS,. also significantly reduced TFOs from 1-2 mA. C. The intrinsic
network demonstrated significantly lower TFOs compared to extrinsic. D-E. DBS,, led to significantly
more high frequency spiking cells compared to standard DBS. In the extrinsic network, DBS,. generated
significantly more high frequency spiking cells than DBS,, at 0.25, 1.00, and 1.50 mA. In the intrinsic
network, DBS,. resulted in significantly more high frequency spiking cells than DBS,, from 1.00-2.00
mA. F-G. At 0.02 uS, DBS,. evoked significantly greater response than DBS,,, but at 0.04 1S, this was
reversed, suggesting that phase order in biphasic DBS affects the ability for evoked inputs to be transmit-
ted through VIM.

A. Extrinsic Tremor Frequency Activity with DBS B. Intrinsic Tremor Frequency Activity with DBS
DBS Amplitude (mA) DBS Amplitude (mA)
0.00 0.25 0.50 1.00 1.50 2.00 0.00 0.25 0.50 1.00 1.50 2.00
« N « , - B - B - B
0.666 £ 0.012 | 0.599+0.021 | 0.397+0.028 | 0.63%0.016 | 0.099%0.006 | 0.080  0.002 0.673+0.011 | 0.240£0.048 | 0.088%0.009 | 0.067 £0.004 | 0.059 %0.002 | 0.062 + 0.002
p=0.485 p=0.009 p=9.134x10 | p=9.134x10"° | p=9.134x10"5 | p=9.134x10~* p=0.485 p=9.134x10"5 | p=9.134x10"> | p=9.134x10"5 | p=9.134x10"* | p=9.134x10~*
Biphasic DBS, Biphasic DBS,
P * * x . * 5 « * *
p=0.485 p=5.040x10* | p=1231x10"* | p=0.134x10"> | p=1.231x10"* | p=0.134x10"> p=0.260 p=0.002 p=2.198x10"* | p=5.040x10~* | p=1.649x10- p=0.011

Comparison

between - - - iy iy iy
DBS.. and DBS.. | p=0.339 | p=0.172 | p=0.052 | p=0.016 | p=0.003 | p=0.005

Comparison
etween
DBS,, and DBS,

p=0312 | p=0.425 | p=0.485 | p=0.285 | p=0.106 | p=0.027 ‘

C. Comparison between Extrinsic and Intrinsic networks

DBS Amplitude (mA)
0.00 0.25 0.50 1.00 1.50 2.00
Biphasic DBS,. p=0.339 p=2.9f4x10'° p=9 134x10-5 p=g.1§4x10” p=9. 134x10-5 p=2.1;8x10’°
D. Extrinsic Cell Spiking Patterns with DBS E. Intrinsic Cell Spiking Patterns with DBS
Biphasic DBS,c Biphasic DBS,c
Non-DBS Non-DBS
DBS DBS
Rhythmic|  Low DBS and Non-DBS Cells Rhythmic|  Low DBS and Non-DBS Cells
| 000 [ 0 | 232 | 18 |susaaossanaoss. | oss. anaoes. 0.00 | 0 | 248 [ 2 [sendoraossangoes, | oss. andobs,
< 5 T < =
E |o025 | 84 | 166 | O p=4.08x10-22 p=6.05x1024 E 025 | 65 | 73 | 112 [ peradao p=0.082
o n g +
3 0.50 | 167 83 0 p=163x10"7 p=0173 3 0.50 | 131 18 101 p=7.76x10-2 p=0.421
2 | 100 [ 226 | 23 1 p=8.27x1075 p=0.002 2 | 200 [ 209 | 6 35 p=d.4dx10-% p=0.005
< ‘ P <
9 1.50 | 250 0 0 p=1.14x10-5¢ p=1.47x10 P 150 | 241 7 2 p=4.75x10-47 p=4.05x10*
a - a * -
2.00 250 [ O 0 p=9.67x1041 =0.499 2.00 [ 250 | o 0 p=153x102 p=0015
F. Extrinsic Evoked Responses during DBS G. Intrinsic Evoked Responses during DBS
Input Amplitudes (uS) Input Amplitudes (pS)
0.00 0.02 0.04 0.00 0.02 0.04
* *
DBS,. 30374 £3.085 | 35.997*3.823 | 34.542 *2.369 DBS, 27851071 | 586574298 | 92.620 + 3.422
p=0.192 p=0.154 p=9.134x10"° p=9.134x10"°
Comparison Comparison . .
etween between
DBS,, and DBS,. p=0.367 p=0.396 p=0.367 DBS,, and DBS,. =02 P02 O EeL
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7 Figures

A. VIM-TRN Network B. C. xy-plane
i. Extrinsic A pss
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Input —
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Input —3 VI M — u“&l
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Input —5

Feisson—;

D. Tremor Frequency Oscillations E. Simulated DBS Pulse Shapes
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Current Amplitude (mA)
°

Frequency ()

Figure 1: Model VIM-TRN networks with DBS. A. VIM-TRN Network schematic. 25 multicompart-
ment VIM cells (black) and 25 multicompartment TRN cells (red) were simulated. Both VIM and TRN
cells received Poisson distributed inputs. VIM-TRN connections were AMPA-ergic, while TRN-VIM
connections were GABA 4 and GABAg. TRN-TRN connections were GABA 5. Ai. Extrinsic network
received tonic applied current input as well as tremor-frequency-periodic AMPA-ergic synaptic input.
Aii. Intrinsic network generated tremor-periodic oscillatory activity without external input. B. 3D per-
spective of network, with DBS stimulation location marked (orange triangle). C. xy-plane perspective of
B. The center of mass of the VIM centered about the origin (0, 0, 0), with axons in the positive x direction
toward the TRN. The “monopolar” extracellular stimulation, to simulate DBS, was placed at (250, 0, 0)
um (orange triangle). D. Without stimulation, both networks generated TFOs (example intrinsic shown,
see [27]). Raster plot of VIM (black) and TRN (red) spikes for 1 s. VIM spike histogram at distal end of
axon simulating output of VIM. Power spectrum for spike histogram shows TFOs. E. DBS pulse shapes
simulated. Stimulation position, frequency, and primary pulse width were set for all simulations (see
Methods). Current shapes and amplitudes were varied for different simulations. Ei. “Standard” DBS
pulses consisted of a negative primary phase and a charge-balanced positive secondary phase of lower
amplitude and longer width. Eii. DBS,, consisted of a negative phase followed by a positive phase of
equal amplitude. Scale bar for all is 1 ms.
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A. Extrinsic Tremor with DBS
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Figure 2: Model DBS reduced intrinsic TFOs more than extrinsic; biphasic DBS reduced TFOs in
both models at lower amplitudes compared to standard. Effects of DBS were simulated for both ex-
trinsic (A) and intrinsic (B) networks. Gray + denotes significantly different power for standard DBS
compared to no DBS at that amplitude. Blue + denotes significantly different power for DBS.; DBS com-
pared to no DBS at that amplitude. Black star denotes significantly different power between standard
DBS and DBS,;. A. DBS with extrinsic TFOs. Increased amplitude of standard DBS (gray) and DBS,,
(blue) reduced tremor oscillations significantly compared to baseline. DBS,; reduced TFOs less than
standard DBS for all non-zero amplitudes of stimulation. Aii-Aiii. DBS,, induced more high frequency
spiking cells than standard DBS at 0.25 mA. Example spike rasters shown. Aiv—Av. DBS,, induced high
frequency spiking in all cells at 1.5 mA, while standard DBS resulted in both high frequency spiking

and uncorrelated rhythmic bursting. B. DBS with intrinsic TFOs. Increased amplitude of DBS reduced
TFOs significantly compared to baseline for both stimulation patterns. DBS, reduced TFOs significantly
greater than standard DBS at 0.25, 0.5, and 1.0 mA. Bii-Biii. Example spike rasters for each DBS pattern,
shown for 0.25 mA, where no cells were high frequency with standard DBS while DBS.,; induced some.
Biv—-Bv. Example spike rasters at 1.5 mA. High frequency spiking was observed in some cells with stan-
dard DBS, but high frequency spiking was induced in the majority of cells by DBS,. See Fig. 3 and Tabé(i
2.
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A. VIM Cell Responses to DBS D. VIM Cell to DBS
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Figure 3: DBS creates different patterns in different networks. Both standard DBS and DBS, gave
rise to rhythmic bursting in both the extrinsic and intrinsic networks. Suppressed spiking was also
observed during intrinsic but extrinsic TFOs. Rhythmic spiking was always associated with increased
T-type Ca?" current amplitude. Examples of spiking explored further in Fig. 4. A-C. Extrinsic network
with DBS. A. Summary of VIM cell responses to different amplitudes of standard DBS (gray) and DBS.,
(blue). Cells were sorted by spike rate: high frequency spiking (dark shade), rhythmic bursting (medium
shade), and suppressed spiking (light shade, not observed here). For all DBS types, as DBS amplitude
was increased, the fraction of DBS cells increased. B-C. Examples of all VIM cells of a single trial dur-
ing standard DBS (B) and DBS,, (C), at 1.0 mA. DBS was initiated at the red line simultaneously for all
cells. Rhythmic bursting always involved T-type Ca?* currents, which is shown for each VIM cell soma
beneath the voltage plot. D-F. Intrinsic network with DBS. D. DBS,, resulted in greater numbers of high
frequency spiking cells compared to standard DBS. Standard DBS gave rise to more rhythmic bursting,
while both biphasic sequences resulted in fewer rhythmic bursting cells. Rhythmic bursting was always
associated with increased T-type Ca?* current amplitude. Both DBS types also resulted in suppressed
spiking cells not seen during DBS in the extrinsic network. E-F. Examples of all VIM cells of a single
trial during standard DBS (B) and DBS,, (C) at 1.0 mA. Rhythmic bursting always involved T-type Ca2+32
currents.
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Figure 4: Spiking patterns observed with DBS. Three main spiking patterns were observed with
DBS. Top panels are voltage traces of 2 compartments: axonal compartment on top, somatic below. Red
trace is the DBS,, stimulation. Similar patterns were also observed during standard DBS. Blue lines
denote -74 mV and -64 mV. Lower panels show T-type Ca?" current (green). Voltage scale is 50 mV. Cur-
rent scale is 5x 1073 A /cm?. Temporal scale is 10 ms. DBS in the extrinsic networks consisted of both
high frequency and rhythmic responses; intrinsic networks also demonstrated suppressed responses.
A. Rhythmic spiking consisted of de-inactivated T-type Ca?" at the soma that transmitted to spiking

at the axon. High T-type Ca?" current is associated with the bursts. B. High frequency spiking (often
DBS-entrained) occurred for high amplitudes of stimulation but also when the somatic stimulation was
always in a voltage range above the inactivation threshold of T-type Ca®*. Little T-type Ca®* current

is activated here. C. Suppression occurred when the somatic membrane potential was inactivated. No
T-type Ca®* current is activated here.
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Figure 5: External synaptic inputs significantly increased the output rate during DBS, only for the
intrinsic network. Rapid input from an area external to VIM during different mechanisms of TFOs with
different DBS pulse shapes was simulated with a brief AMPA-ergic synaptic input was simulated to the
VIM cells. External input appeared at 0.4 s. Evoked interval shaded in dark gray. Standard DBS (gray)
and DBS,, (blue) were tested. Scale bars for evoked rates are 40 sp/s. A. Extrinsic networks during DBS
did not increase spike rate significantly due to external synaptic input, for either input strength. Ai.
Evoked spike rates during each DBS type due to the external synaptic input. No significant increase
resulted from either strength of input or DBS type. Aii-Aiii. Baseline aggregate spike rates of VIM cells
with no input. DBS stimulation on during shaded interval. Aiv—Av. Aggregate spike rates of VIM cells
with an input amplitude of 0.04 S showed no significant increases following evoked input. B. Intrinsic
networks during DBS showed significant increases in evoked spike rates due to external synaptic input.
Bi. Evoked spike rates during both DBS types due to external input. During both DBS types, both tested
inputs resulted in significant increases in evoked rates. DBS, resulted in significantly higher evoked
rates at 0.04 uS compared to standard DBS. Bii-Biii. Baseline aggregate spike rates of VIM cells with no
input. Biv—Bv. Input amplitude of 0.04 uS showed a small but significant increase during standard DBS
but a large increase during DBS,,.
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Figure 6: DBS, reduced tremor and affected input response during intrinsic TFOs. Pulse order

of the biphasic stimulation was changed. Asterisks denote comparison to DBS.,;. A. DBS,. pulse shape
(red) compared to DBS,; shape (blue). Scale bar is 1 ms. B. Extrinsic network. Bi. DBS,, reduced tremor
similarly to DBS,,. Bii. Similar profile of spiking output during DBS,. compared to standard DBS and
DBSg,. Biii. No significant differences in evoked spike rate with external inputs during DBS,. compared
to DBS,. C. Intrinsic network. Ci. DBS, reduced tremor significantly in (ii) intrinsic networks from 1.0-
2.0 mA. Cii. Among non-DBS cells, with significant reductions in overall tremor power at comparable
levels, DBS,. had fewer significantly suppressed cells than DBS,. Ciii. At 0.02 uS, DBS, evoked lower
rates than DBS,,, but at 0.04 1S, DBS,, evoked lower rates than DBS,,.
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