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Abstract

Closed-loop deep brain stimulation (DBS) systems have the potential to optimize treatment of
movement disorders by enabling automatic adjustment of stimulation parameters based on a
feedback signal. Evoked compound action potentials (ECAPS) and local field potentials (LFPs)
recorded from the DBS electrode may serve as suitable closed-loop control signals. The objective
of this study was to understand better the factors that influence ECAP and LFP recording,
including the physical presence of the electrode, the geometrical dimensions of the electrode, and
changes in the composition of the peri-electrode space across recording conditions. Coupled
volume conductor-neuron models were used to calculate single-unit activity as well as ECAP
responses and LFP activity from a population of model thalamic neurons. Comparing ECAPs and
LFPs measured with and without the presence of the highly conductive recording contacts, we
found that the presence of these contacts had a negligible effect on the magnitude of single-unit
recordings, ECAPs (7% RMS difference between waveforms), and LFPs (5% change in signal
magnitude). Spatial averaging across the contact surface decreased the ECAP magnitude in a
phase-dependent manner (74% RMS difference), resulting from a differential effect of the contact
on the contribution from nearby or distant elements, and decreased the LFP magnitude (25%
change). Reductions in the electrode diameter or recording contact length increased signal energy
and increased spatial sensitivity of single neuron recordings. Moreover, smaller diameter
electrodes (500 um) were more selective for recording from local cells over passing axons, with
the opposite true for larger diameters (1500 um). Changes in electrode dimensions had phase-
dependent effects on ECAP characteristics, and generally had small effects on the LFP magnitude.
ECAP signal energy and LFP magnitude decreased with tighter contact spacing (100 um),
compared to the original dimensions (1500 pm), with the opposite effect on the ECAP at longer
contact-to-contact distances (2000 um). Finally, acute edema reduced the single neuron and
population ECAP signal energy, as well as LFP magnitude, and glial encapsulation had the
opposite effect, after accounting for loss of cells in the peri-electrode space. This study determined
recording conditions and electrode designs that influence ECAP and LFP recording fidelity.
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1. Introduction

Measuring neural activity using the same electrode array implanted for deep brain
stimulation (DBS) could contribute to understanding the mechanisms of this promising
therapy [1, 2] and improve outcomes by providing a feedback signal for closed-loop control.
Local field potentials (LFPs), representing synchronized neural oscillations, can be recorded
from the DBS electrode [3-5], and may serve as a feedback control signal for automatic
adjustment of stimulation to optimize therapy [6, 7]. The evoked compound action potential
(ECAP) is generated by activation of an ensemble of neurons adjacent to the electrode, can
also be recorded from the DBS electrode, and provides insight into the type and spatial
extent of neural element excitation during DBS [8]. The aim of the present work was to
conduct a systematic, quantitative assessment of the influence of the electrode on ECAP and
LFP recordings, including the physical presence of the recording contacts, the dimensions of
the electrode, and the presence of edema or glial encapsulation in acute and chronic
recording conditions, respectively.

We first determined the effect of the large, highly conductive electrode contacts on the
recorded signals, as well as the sensitivity of the recorded signals to electrode diameter,
contact length, and contact spacing. Prior analyses of electromyogram recordings [9] and
cortical pyramdical cell microelectrode recordings [10] suggested modest effects of the
presence of the electrode on the recorded signal. Reductions in the recording contact surface
area generally increased signal amplitude, as demonstrated by LFP recordings with a
microelectrode versus a DBS electrode [11] and single-unit recordings made with
microelectrodes [10, 12]. Further, smaller contacts should be more spatially sensitive, with
contributions extending to neurons several millimeters with measurement from a DBS
electrode [11] and only ~100 pm from a microelectrode [10, 13]. Smaller spacing between
contacts reduces the distance from recording contacts to the activated neural population, but
can also reduce contributions from more distant neurons, and therefore may decrease the
maximum signal amplitude [11]. Previous studies investigated modified DBS electrode
designs for targeted stimulation or improved energy efficiency, including segmentation of
electrodes [14-16], adjustment of the contact diameter-to-length ratio [17], and high
perimeter contact shapes [18], but we are unaware of similar analysis of DBS electrode
designs for neural recording.

Subsequently, we quantified the effects of changes in the peri-electrode space between acute
and chronic recording conditions on the recorded signals. Several studies have documented
reduction following acute edema or chronic glial encapsulation of voltages generated in the
brain during stimulation [19, 20]. Acute edema reduced the amplitude of simulated single-
unit recordings by 24% while glial encapsulation increased the signal amplitude by 17%,
contrary to the notion that encapsulation leads to electrical isolation of the recording
contacts (except when the resistivity of the peri-electrode space was sufficiently high) [10].
Further, the impedance of the peri-electrode space was correlated with the amplitude of the
low frequency LFPs (2-7 Hz, including theta band), but not the beta band LFPs [11, 21, 22].
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2. Methods

A computational model was used to calculate ECAPs and LFPs recorded with a DBS
electrode from a population of model thalamic neurons, as well as evoked responses
generated by single neural elements. The three stage model included: (1) a finite element
method (FEM) volume conductor model of the DBS electrode implanted within the ventral
intermediate (Vim) nucleus of the thalamus, (2) multi-compartment cable models of
thalamocortical neurons and their presynaptic inputs, which provided the electrical sources
for the ECAP or LFP, and (3) application of the reciprocity theorem to calculate potentials
generated at the DBS recording contacts by neuronal transmembrane currents. The
monopolar symmetric contact configuration (monopolar stimulation contact between two
symmetrical, bipolar recording contacts) was used to match previous studies [8, 23].

2.1. FEM volume conductor model

The FEM model was implemented in COMSOL Multiphysics v3.4 (COMSOL, Burlington,
MA\) to calculate potentials generated by DBS (figure 1(a)). The volume conductor included
geometrical representations of the DBS electrode within a prism-shaped Vim, and both were
surrounded by adjacent brain tissue represented as a cylinder parallel to the DBS electrode
and centered at the electrode tip [24]. The conductivities of the electrode contacts, electrode
insulation, and brain tissue were 5x10%1x10713 and 3 0. S/m, respectively [10, 20]. Ina
subsequent version of this model, a 500 um thick peri-electrode space was introduced
around the DBS electrode to represent edema (1.7 S/m) or a glial encapsulation layer (0.1
S/m) [20, 25]. The DBS electrode was shifted from its original location [24] by 6 mm along
its axis in a ventral direction, which more accurately represented clinical electrode
placement as well as the ECAP shape recorded in humans during Vim DBS [26]. The
electrode dimensions initially matched the Medtronic 3387 clinical electrode, with 1.27 mm
diameter, 1.5 mm contact length, and 1.5 mm contact spacing, and were subsequently varied
with diameters from 0.5 to 1.5 mm, recording contact lengths of 1 to 2 mm, and contact
spacings of 0.1 to 2 mm (figure 1(b)). The electrode tip location was shifted to maintain the
same location for the stimulating contact for the different contact lengths and spacings,
which preserved neural activation across geometries. To calculate potentials generated by
monopolar DBS, a 1 V boundary condition was imposed at contact 1, the outer boundary of
the surrounding cylindrical tissue was grounded, and the model was meshed and solved.

Sensitivity analysis indicated that the modeled tissue volume was sufficiently large, because
doubling the diameter and height changed the potentials by only 2.0 £ 1.3%. Similarly, the
FEM mesh density (~184,000 elements) was sufficiently high, as doubling the number of
elements changed potentials by only 0.48 + 0.1%.

2.2. Multi-compartment cable models

The potentials from the FEM model were coupled to validated multi-compartment cable
models of neurons implemented in NEURON v7.1 [27]. The neuron models had geometric
[28] and ion channel representations of thalamocortical (TC) neurons, including the soma,
initial segment, and dendritic tree [29], and presynaptic inputs from the cortex (CTx),
cerebellum (CER), reticular nucleus (RN), and thalamic interneurons (TIN) [24].
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Interconnections between neural elements included excitatory glutamatergic synapses from
CTx and CER to TC, inhibitory GABAergic synapses from RN and TIN to TC, and
excitatory 1:1 synapses from TC and CTx to RN, and from CTx and CER to TIN,
implemented with virtual terminating axons (figure 1(c)). Additional details on
implementation of synaptic activity in the model are described elsewhere [24]. A single
neural unit, defined as one TC cell and its presynaptic axonal inputs from CTx, CER, RN,
and TIN, was repeated 500 times, with TC soma locations randomly distributed within Vim
(figure 1(a)), and each modeled neuron made an individual contribution to the recorded
signals. Any neural elements that intersected the DBS electrode or peri-electrode space
(when present) were removed.

The potentials at the compartment locations of all model elements were calculating using
quadratic interpolation of the potentials at the FEM mesh nodes, and extracellular
stimulation was delivered to the neural models by scaling the potentials by the specified
DBS amplitude. The model was solved using a backwards Euler implicit integration solver
with a fixed time step of 25 ps. The stimulation waveform was symmetric and biphasic,
delivered in a 1 s train with 100 Hz frequency, 50 ps/phase pulse duration, and cathodic-
phase first polarity, with a pre-stimulation delay of 0.5 s for initialization. The selected DBS
parameters were based on settings used in prior experimental ECAP recordings [8], and are
similar to values used clinically: frequencies of 100-185 Hz and pulse widths of 60-210 ps
[30]. The resulting transmembrane currents were measured from each model compartment
as a function of time and served as the electrical sources for ECAP calculation. Additionally,
transmembrane potentials were measured at the initial segment of the TC neuron and at the
proximal node of Ranvier of each presynaptic input for detection of neural activation. From
this we calculated percentage activation as the fraction of a given element type that fired an
action potential within a given 0.1 ms bin following DBS pulses. LFPs were calculated in a
similar manner as ECAPs, but without delivery of DBS, since LFPs are generated by
ongoing neuronal oscillations in the brain. To produce these LFPs, the intrinsic patterns of
activity present in the original model [24], including harmaline bursting of CER inputs and
20 Hz Poisson spiking of CTx inputs, were introduced in the LFP model, but not the ECAP
model. The timing of the harmaline bursting and Poisson spiking was varied within the
population between each of the CER and CTX inputs.

2.3. Calculation of ECAPs and LFPs using the reciprocity theorem

The reciprocity theorem was used to calculate the potentials generated by neuronal
transmembrane currents [10, 31, 32]. This approach first required calculation of the
reciprocal FEM solution in COMSOL.: a unit current condition was imposed across the
boundary of one recording contact, with all other contacts (including stimulating contact 1)
set to an open condition. The resulting potentials were calculated at the locations of all
model neuron compartments. This was interpreted as the voltage impressed on the contact
for a unit current at a given compartmental location, and was adjusted by multiplicative
scaling according to the actual magnitude and sign of the respective transmembrane current,
as determined using NEURON. The process was repeated for the transmembrane currents at
all compartments, and the population-derived signal was the superposition of individual
compartment contributions at each time step. This was performed separately for recording
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contacts 0 and 2 in turn, and the ECAP or LFP was calculated as the differential voltage
across the two recording contacts.

2.4. ECAP and LFP data processing

The signal magnitude calculated by the neuronal population (500 cellular units) was
multiplied by 364 to account for the cell density in the human Vim (65 cells/mm? in 50 pm
sections [33]). The stimulus artefact in the ECAP signal was removed by template
subtraction [34], in which the artefact template was calculated using a subthreshold
stimulation pulse (0.01 V), scaled to match the artefact generated in the trial of interest, and
subtracted. The ECAP was band-pass filtered from 10 Hz — 10 kHz with two cascaded first-
order Butterworth filters and averaged with stimulus-triggering over eight responses to
replicate the processing performed experimentally [8], and the LFP was filtered from 2-100
Hz [35].

ECAP signals were compared across model iterations using signal energy and RMS error
(RMSg). ECAP signal energy was calculated by squaring the signal and integrating over
individual ECAP phases. RMSg was calculated as in [9]:

> i[signal (i) — signal | (1))
Zisignali (i)

RMS, =100% x \J

The magnitude of LFP signals was calculated as the standard deviation over a 2.5 s duration
waveform and compared across model iterations.

2.5. Single-unit recordings

3. Results

The evoked responses generated by a single model local cell (TC neuron) or passing axon
(60 node, 2 um diameter MRG model [36]) positioned near two bipolar contacts (0+/2-)
were calculated in a modified model. The axons of both elements were parallel to the
electrode, and the lateral distance to the electrode boundary varied from 0.125 to 10 mm.
The TC soma was centered lengthwise on contact 0, and the center node of the passing axon
was centered on contact 1. The elements were activated by applying a suprathreshold
depolarizing intracellular stimulation pulse with 100 nA amplitude and 50 ps duration at the
TC soma or most ventral node of the passing axon. ECAPs were calculated as above, by
coupling the multi-compartment cable models and reciprocal FEM approach. The stimulus
artefact was removed using the template subtraction method, with the template calculated
using a hyperpolarizing intracellular stimulation pulse of equal magnitude. Finally, signal
energy was calculated by squaring the signal and integrating over the first 5 ms, excluding
the first 0.25 ms for passing axons due to residual stimulus artefact.

Computer simulation was used to calculate how the ECAP and LFP generated by a
population of model thalamic neurons, or the evoked response measured from single neural
elements, were affected by the presence of the recording electrode, the geometry of the
recording electrode, and changes in the composition of the peri-electrode space.
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3.1. ECAP and LFP signal waveforms

The ECAP waveform recorded from the population model was similar to that from clinical
recordings [26], with a small, initial positive (P1) phase, followed by a large negative (N1)
phase, secondary positive (P2) phase, and large, secondary negative (N2) phase (figure
2(a)). Cerebellar afferents generated the dominant contribution to all phases of the model
ECAP, although contributions from cortical inputs reduced the magnitude of P1, N1, and N2
through destructive interference and shifted P2 to more positive voltages. The remaining
elements had negligible contributions to the ECAP.

The LFP signal recorded with DBS off oscillated at a fundamental frequency of 7.2 Hz, in
the high theta band (figures 2(b), (c)), and was similar to recordings made in humans with
ET [35, 37].

3.2. Effect of the presence of the DBS electrode

The signals generated by a single TC local cell and a single passing axon during action
potential propagation past the two bipolar recording contacts are shown in figure 3(a). A
residual stimulus artefact was measured from the passing axon, observed as the initial
positive deflection, and was not included in the calculation of signal energy. The maximum
peak-to-peak signal amplitudes measured from the local cell and passing axon with a
Medtronic 3387 electrode were 0.21 puV and 0.32 uV, respectively, and typically decreased
as the electrode to element lateral distance increased (figures 3(a),(b)). Signal energy was
negligible (=2 orders of magnitude smaller than the greatest energy observed) at electrode to
element distances beyond ~1 mm (figure 3(b)). Additionally, the energy from elements
stimulated with a sub-threshold pulse (~40 nA) was 2-3 orders of magnitude smaller than
that from excited neural elements for a given electrode to element distance.

We analyzed how the evoked response signal energy from a single local cell or passing axon
was altered by the presence of the electrode. In the original model, the recording contacts
were highly conductive in the reciprocal FEM solution, whereas in the insulating contact
model the conductivity of the recording contacts was changed to that of the insulating shaft.
It was found that the original and insulating contact models resulted in similar signal
energies across different electrode to element distances for local cells and passing axons
(figure 3(b)). In the point electrode model, the DBS electrode was replaced by zero area
point electrodes at the center of the original locations of the recording contacts. Compared to
the signal energy of evoked responses recorded with DBS contacts, that observed with point
electrodes was greater at lateral distances <1 mm and smaller at distances >1 mm for both
the local cell and passing axon.

A similar analysis was performed at the population level for the ECAP and LFP responses.
Compared to the original model, the insulating contact model resulted in a similar ECAP
waveform (RMSg=7%) with a 4% and 13% reduction in N1 and N2 phase energy,
respectively, indicating that the presence of the recording contacts had a negligible effect on
the ECAP (figure 4(a),(c)). Similarly, the LFP magnitude was reduced by only 5% when the
highly conductive recording contacts were absent (insulating contact), as compared to the
original model. For the point electrode model, both the stimulating and recording electrodes
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were replaced by point sources, and the stimulation amplitude was increased from 3 V to 35
V to maintain neural activation (figure 4(b)). Compared to recordings with the DBS
contacts, recordings with the point electrodes exhibited increased ECAP phases energies in
P1 (340%), N1 (2%), and P2 (15%), and reduced phase energy in N2 (-98%) and an overall
RMSg=74% between the two recordings (figure 4(a), (c)). The LFP amplitude, calculated as
the standard deviation of the signal, was reduced by 25% in the point electrode model,
compared to the original model.

3.3. Effect of electrode geometry

For both the single local cell and the passing axon, evoked response signal energy increased
with smaller electrode diameters (figure 5(a)) or shorter contact lengths (figure 5(b)). This
effect was most pronounced with small lateral distances, with convergence between
different diameters and contact lengths with increasing electrode to element lateral distance.
Smaller contacts were also more spatially selective, producing steeper reductions in signal
energy as the lateral distance increased, whereas there was less relative decline in signal
energy over distance with the larger contacts. Compared to the original Medtronic 3387
design, using the smallest contact diameter (500 um) increased recording selectivity for the
local cell over the passing axon (signal energy ratio of 1.09 at a cell distance of 0.125 mm),
whereas the largest diameter (1500 um) was more selective for the passing axon (ratio of
0.52). Contact-to-contact distances smaller than that of the Medtronic 3387 electrode
reduced the energy of the recorded response, whereas larger spacings had an ambiguous
effect dependent on element type (figure 5(c)). Smaller contact spacings also reduced
contributions from more distant neurons, based on the steeper reduction in signal energy as
electrode to element distance increased.

The effects of contact diameter and length on the ECAP were phase-dependent, as expected
from the neural element specific effects observed in the single-unit analysis. Reducing the
diameter from 1270 um to 500 um increased N1 and P2 phase energy by 32% and 110%,
respectively, and decreased N2 phase energy by 71%, whereas increasing the diameter to
1500 pum increased the energy of the N1 phase (158%) and reduced only the N2 phase
(=70%) (figures 6(a), (d)). The larger diameter electrode also distorted the typical ECAP
waveform (figure 6(a)), greatly reducing the P1 and P2 peaks to below 0 mV. DBS
amplitude was adjusted to maintain similar activation across the diameters tested, and there
was a difference of only 8% in total neural activation within the first 0.2 ms after the DBS
pulse (figure 6(g)). Nevertheless, small differences in neural activation across contact
diameters remained, and this may have contributed to ECAP distortion. Reducing the
contact length from 1500 um to 1000 um increased N1 energy by 21% but decreased N2
energy by 24%, whereas increasing the contact length to 2000 um decreased N1 (-35%) and
increased N2 (23%) phase energies (figures 6(b), (d)). Lastly, reducing inter-contact spacing
from 1500 pum to 100 um reduced the overall ECAP amplitude, particularly the N1 (-86%)
and N2 (-98%) phases, whereas increasing the spacing to 2000 pm increased N2 energy by
76% (figures 6(c), (e)).

The LFP amplitude, calculated as the standard deviation of the signal, was relatively stable
across the geometries tested (<10% change compared to the Medtronic 3387 design), except
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for a large increase (24%) when the diameter was reduced to 500 pm and decrease (—34%)
when the contact spacing was reduced to 100 pym.

3.4. Effect of recording conditions

We investigated the effect of acute edema or chronic glial encapsulation on the recorded
signals by introducing a 500 um thick peri-electrode space with the appropriate conductivity.
Edema or glial encapsulation decreased or increased signal energy, respectively, in
recordings from a single local cell or passing axon, particularly when the element was
located within the peri-electrode space, i.e. within 500 pm (figure 7(a)). We attempted to
maintain a similar extent of neural activation in the population ECAP model across
conditions, with or without representation of the peri-electrode space, and there was a
difference of only 8% in total neural activation within the first 0.2 ms (figure 7(c)). Despite
these adjustments, removing neural elements from the peri-electrode space, as would occur
following edema or gliosis, alone had a large effect on the ECAP, with increases in phase
energy of P1 (846%) and N2 (380%), and a reduction in that of N1 (-100%), due to changes
in electrode to element distances (figures 7(b), (d)). Subsequent changes to the peri-
electrode space conductivity to represent edema caused decreases in the energy of all phases
(—25% to —88%), whereas glial encapsulation increased the energy of all phases (7% to
131%).

The composition of the peri-electrode space also had a substantial impact on the LFP.
Removing neural elements from the peri-electrode space alone reduced the LFP magnitude
by 31%, and acute edema led to further reductions, with a magnitude 43% smaller than that
under the original conditions. Conversely, glial encapsulation generated only a 28%
reduction in LFP magnitude, or a 5% increase over the condition where neural elements
were removed from the peri-electrode space, but the conductivity was equal to that of the
surrounding grey matter.

4. Discussion

We conducted a systematic investigation of how the presence and geometry of the DBS
electrode, as well the changing conditions between acute and chronic electrode placements,
affected recorded evoked (single-unit and ECAP) and intrinsic (LFP) neural signals. The
highly conductive contacts had a negligible effect on the single element responses, ECAP
(RMSg=7%) and LFP (5% magnitude change), in agreement with prior work [9]. Van Dijk
and colleagues suggested that the effect of the contact was mitigated only if the impedance
of the electrode-tissue interface (ETI) was high relative to the effective tissue impedance,
although we did not include the ETI in our model. The differences in ECAPs recorded with
the DBS electrode versus a point electrode indicated that spatial averaging across the larger
contact surface decreased the signal magnitude, although in a phase-dependent manner
(RMSg=74%). Analysis of single element responses indicated the decrease in signal
magnitude with spatial averaging was only observed for lateral distances < 1 mm, with the
opposite true at longer distances, perhaps as a result of the summation of otherwise
dispersed transmembrane current sources. Further, there was a substantial reduction in LFP
magnitude by 25% with the point el ectrode model, which may be explained by substantial
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signal contributions from distant elements in the original DBS contact model. Finally, these
results differed from a previous study, which found small differences in single-unit
recordings made with a microelectrode compared to those made with a point source
representation [10], but this likely resulted from the already small surface area of the
microelectrode (0.0004 mm?2) compared to the DBS macroelectrode (5.98 mm2).

Smaller contact diameters and shorter contact lengths increased signal energy in single-unit
recordings. This increase in signal strength for smaller contact surfaces confirmed previous
findings [10-12, 38, 39], and can be explained by considering that recording the full
potential generated by a nearby neuron requires that the contact area be small compared to
the "steepest portion" of the corresponding extracellular field [40]; otherwise, potentials are
reduced by spatial averaging. This is also in line with the point electrode model results for
single elements within 1 mm of the electrode. Similar trends were observed between ECAP
energy and electrode diameter or contact length, although with variable effects on different
phases of the ECAP. Changing electrode dimensions can also alter neural activation, and we
attempted to mitigate this effect by adjusting DBS amplitude accordingly. Nevertheless,
distortion of the traditional ECAP waveform with a larger electrode diameter may have led
to the non-monotonic relationship found between diameter and N1, P2, and N2 phase energy
(figure 6(d)). In addition, we confirmed that smaller recording contacts were more sensitive
to signals from nearby neurons, whereas larger contacts exhibited more uniform volumes of
recording sensitivity. This observation can be used to tune the size of the recorded volume to
encompass only the neuronal population that is critical to therapeutic effectiveness. Finally,
we demonstrated that electrodes with diameters smaller than the Medtronic 3387 had
increased recording selectivity for local cells over passing axons, whereas the opposite was
true with larger electrode dimensions. Selective recording from cerebellothalamic passing
axons may be desired, given that their activation during thalamic DBS for tremor appears
critical to effective therapy [15, 24, 41, 42].

Reducing spacing between contacts from 1500 pm to 100 um decreased the ECAP energy,
particularly the N1 and N2 phases, whereas increasing contact spacing to 2000 um increased
the N2 phase. Similarly, shorter contact-to-contact distances reduced substantially the LFP
signal magnitude. We initially expected that moving the recording contacts closer to the
stimulating contact would increase ECAP signal strength by reducing the distance between
activated neurons and recording contacts. However, this was more than offset by the reduced
contribution from distant neurons associated with shorter distances between bipolar
recording contacts [11]. Alternatively, use of a monopolar recording configuration could
maximize contributions from distant neurons, but it is still unlikely that the ECAP would
include contributions from all activated neurons. Recording ECAPs from single model
neurons indicated that neural elements contributing to the ECAP were at lateral distances of
< ~1 mm, whereas the average radius of neural activation may extend to ~2.8 mm during
clinical DBS, assuming a spherical volume of activation of 91 mm?3 about a monopolar
stimulating contact [43].

These results inform electrode design for improved ECAP recording. Reducing the
recording contact length and diameter, as well as increasing contact spacing, can increase
the signal magnitude, and the two former changes can also increase spatial sensitivity. We
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envision a novel electrode design that, compared to the Medtronic 3387 electrode, has a
smaller recording contact length (1000 um) and diameter (500 um), as well as greater
contact spacing (2000 um). After adjusting stimulation voltage to maintain equal neural
activation between the Medtronic 3387 electrode and this design (5% difference in the
percentage of total neural activation in the first 0.2 ms), the ECAPs recorded with the new
electrode exhibited greater energy of phases P1 (199%), N1 (119%), and P2 (2171%),
although N2 was reduced (-64%) (figure 8). Moreover, the greater spacing between
stimulating and recording contacts in the novel electrode are expected to reduce the artefact
magnitude, as confirmed with a prior computational modeling study [26]. Potential
shortcomings of this design include an increase in stimulation voltage requirements (0.5 V,
20%), due to the smaller stimulating contact diameter, and increased recording selectivity
for local cells, such as thalamocortical neurons, relative to passing axons, such as
cerebellothalamic afferents, even though the latter may mediate the therapeutic effectiveness
of Vim-DBS. Additionally, if contacts on the new electrode are used for stimulation, there
are changes in the risks for tissue damage and electrode corrosion due to increases in current
and charge density. Finally, the increased contact spacing may reduce the ability to
compensate for lead implant misplacement by activating adjacent contacts near the brain
target.

The ECAP was affected by changes in the composition of the peri-electrode space that
represented recording following acute or chronic implantation of the electrode. Neuronal
cell loss in the peri-electrode space had a substantial effect on ECAP and LFP recordings,
even with adjustments in stimulation amplitude to maintain similar overall levels of neural
activation. Acute edema decreased the signal energy in single-unit recordings, ECAPs, and
LFPs, while chronic glial encapsulation had the opposite effect. Similarly, Moffitt and
Mclntyre found that reductions in current density with glial encapsulation were counteracted
by increases in resistivity and resulted in a net increase in recorded electric potentials, per
Ohm's law, while the opposite was true for edema [10]. Changes in synaptic activity with
ongoing high frequency DBS, potentially arising from neurotransmitter depletion and less
reliable synaptic transmission [44] and/or synaptic plasticity could also impact the ECAP
response, but accounting for these changes was beyond the scope of this study.

The computational model used in this work provided insight into how properties of the
electrode and peri-electrode space affect recorded neural activity, but there were several
limitations. First, geometrical approximations were made for the location of the DBS
electrode and for the neural fibre trajectories, which could have affected neural activation
during DBS and the resulting ECAP signal. Second, the model did not include
representations of the ETI, tissue capacitance, or tissue inhomogeneity, which could have
influenced both neural activation during DBS [19, 20, 45-47] as well as the recorded
signals. In a modeling study of beta band LFP recordings made from a DBS electrode, the
capacitance of the ETI and bulk brain tissue had no significant effect on the signal, although
these effects are expected to be frequency-dependent [11]. Specifically, tissue capacitance
and tissue inhomogeneities generate a low-pass filtering effect [48-50] that could impact the
higher frequency components of the ECAP signal. Conversely, the ETI acts as a high-pass
filter [45, 51], which can affect theta LFP recordings [21, 22], but should not substantially
alter the ECAP. The electrode impedance is related to the surface area of the contacts [25],
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meaning that the effects of the ETI on the LFP may vary across electrode designs. Third, we
did not consider the impact on signal fidelity of thermal noise (or other noise sources),
which would increase with the higher ETI impedance expected for a smaller contact surface
area [12, 38]. Consequently, both the signal and noise amplitudes may increase with the use
of smaller electrode diameters or contact lengths, leading to a potentially ambiguous effect
on the signal-to-noise ratio. Fourth, the DBS amplitude was not maintained at a constant
level across the variables tested, but rather the stimulation amplitude was adjusted to
maintain a nearly constant extent of neural activation. The population of active neurons
served as the input (or source) that produced the ECAP output, and we sought to have
equivalent input across conditions so that we could quantify the effects of alterations in the
recording conditions on the output, and not have this be confounded by their effect on the
input.
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Figure 1.
Computational model used to determine the effects of the electrode geometry and peri-

electrode tissue properties on recorded neural signals. (a) The finite element method (FEM)
geometry of a Medtronic 3387 deep brain stimulation (DBS) electrode is shown, surrounded
by a peri-electrode space domain, and implanted in a prism representation of the ventral
intermediate (Vim) nucleus of the thalamus. The locations of 500 thalamocortical (TC)
somata within Vim thalamus are indicated by the dots, and the axon positioning is shown for
one neuronal unit, which includes a TC neuron and presynaptic inputs from the cortex
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(CTx), cerebellum (CER), reticular nucleus (RN), and thalamic interneurons (TIN). (b)
Schematic description of electrode dimensions. (c) Synaptic connections between neural
elements. Used with permission from [8].
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Figure2.

Evoked compound action potential (ECAP) and local field potential (LFP) signals recorded
with the Medtronic 3387 electrode. (a) Composite ECAP response with 3 VV DBS, and
individual contributions from activation of CTx and CER inputs. The average ECAP and
single responses are shown in the bold and light traces, respectively, and phases of the
ECARP are labeled. (b) LFP signal arising from intrinsic network activity. The LFP
magnitude (standard deviation) was 37.04 uV. (c) FFT power spectrum of LFP signal from
(b), with a peak frequency at 7.2 Hz.
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Figure 3.
Evoked responses measured from a single local cell or passing axon across electrode

designs. (a) The evoked response at various lateral distances between the neural element and
electrode using the dimensions of the Medtronic 3387 electrode with the original model. (b)
Signal energy versus lateral distance for the original, insulating contact, and point electrode
models, represented by black, gray, and white points, respectively. The lateral distance is
measured to the location of the point electrodes for the latter model. The inset on the left is a
cartoon describing the conditions used in the: (i) original model, with separate
conductivities for the DBS electrode contacts and insulation, (ii) insulating contact model,
in which the conductivity of contacts was set to that of insulation, and (iii) point electrode
model, in which point sources were placed at the center of the contacts and the DBS
electrode was no longer explicitly represented. Contacts 0 and 2 (CO and C2) were recording
contacts across the three conditions, and were set to 1 A in turn, with all other contacts set to
a passive condition, to solve for the reciprocal FEM solutions and calculate the recorded
neural signal. Separately, C1 was the stimulating contact and set to 1 V (with a distant
ground) in the forward FEM model used to calculate potentials during DBS (not shown).
The position of the single local cell or passing axon, relative to the DBS electrode, is shown

in (i).
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(a) ECAP responses for different electrode representations in the reciprocal FEM model.
The DBS amplitude was 3 V for the original and insulating contact models, and 35 V for
the point electrode model. (b) Percentage of elements activated in 0.1 ms bins after DBS
pulses, for the conditions tested in (a). This was calculated for each element type
individually (TC, CTx, CER, RN, or TIN) and is shown in a summed, stacked bar format, in
which activation of a specific element type (0-100%) is given by the height of the
corresponding segment within the bar. (c) Signal energy of each phase from the ECAP
responses in (a).
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cell or passing axon, shown across electrode diameters (a), contact lengths (b), and contact

spacings (c).

J Neural Eng. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Kent and

Grill

(a) Elec. Diameter
0.

Pl P2 @ []
J Fos
> 0.5
g
0.4
503
502
5 —1270 pm A
. -1500 um| S O1 H
25 =
0 2 3 5 P1 N1 P2
Time (ms) ECAP Phase
(b) Contact Length (e) Contact Length
0.5 Pl ~08
o P2 rﬁ
> 0.6
-0.5 g
% -1 850.4
o
1.5 / —1000 pm uf_:}
. N2 —1500 ym| & 0.2
—2000 pm 5 H
- m =
25— B 3 3 Y NI P2
. Time (ms) . ECAP Phase
(c¢) Contact Spacing (f) Contact Spacing
Ir Pl _
g 1 100 um
o' 0 g M1500 um
50,
e |[12000 ym
506
g
—2000 pm| ZC)
3 H o0
0 2 3 4 5 Pl NI P2
Time (ms) ECAP Phase
Figure®6.

N2

N2

7~
D
Percentage Activated
— [38) ) P W
o (=) (=) (e} o

(=)

—_— N w B W
(=} (=) oSO O

Percentage Activated

(=]

[\e] (S I N W
(=) oSO (=)

oS

Percentage Activated

(=}

Page 20

500 um (3.5V)

.2 3
Time (ms)

1270 pm (3V)

2 3
Time (ms)

1500 pm (3.5V)

) 3
Time (ms)

ECAP responses across electrode geometries, including electrode diameters (a), recording
contact lengths (b), and contact spacings (c). The initial negative and positive peaks of the
ECAP with a 100 um contact spacing in (c) corresponded to a residual stimulus artefact.
DBS amplitude was 3 V for all electrode designs except with diameters of 500 or 1500 um,
for which DBS amplitude was increased to 3.5 V. (d-e) Signal energy of each phase from
the corresponding ECAP responses in (a-c). (g) Neural activation for the three electrode
diameters tested. Data presentation is as in figure 4(b).
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Neural responses recorded in the original, acute edema, and chronic glial encapsulation
models. (a) Signal energy from single neurons versus lateral distance between the electrode
and the local cell or passing axon. (b) ECAP responses for the original model with and
without elements in the peri-electrode space (PES), and for the edema and glial
encapsulation models, with no elements in the PES. DBS amplitude was 2 V with neurons in
the PES, and 3 V otherwise. (c) Neural activation for the conditions tested in (b). Data
presentation is as in figure 4(b). (d) Signal energy of each phase from the ECAP responses

in (b).
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Figure8.
(a) ECAPs recorded with the original electrode (Medtronic 3387) and the novel electrode

with smaller recording contact area and larger contact spacings. DBS amplitude was 2.5 V
for the original electrode and 3 V for the novel electrode. (b) Neural activation for the
electrodes tested in (a). Data presentation is as in figure 4(b). (c) Signal energy of each
phase from the ECAP responses in (a).
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