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Abstract

Background—Deep brain stimulation (DBS) treats the symptoms of several movement 

disorders, but optimal selection of stimulation parameters remains a challenge. The evoked 

compound action potential (ECAP) reflects synchronized neural activation near the DBS lead, and 

may be useful for feedback control and automatic adjustment of stimulation parameters in closed-

loop DBS systems.

Objectives—Determine the feasibility of recording ECAPs in the clinical setting, understand the 

neural origin of the ECAP and sources of any stimulus artifact, and correlate ECAP characteristics 

with motor symptoms.

Methods—The ECAP and tremor response were measured simultaneously during intraoperative 

studies of thalamic DBS, conducted in patients who were either undergoing surgery for initial lead 

implantation or replacement of their internal pulse generator.

Results—There was large subject-to-subject variation in stimulus artifact amplitude, which 

model-based analysis suggested may have been caused by glial encapsulation of the lead, resulting 

in imbalances in the tissue impedance between the contacts. ECAP recordings obtained from both 

acute and chronically implanted electrodes revealed that specific phase characteristics of the signal 
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varied systematically with stimulation parameters. Further, a trend was observed in some patients 

between the energy of the initial negative and positive ECAP phases, as well as secondary phases, 

and changes in tremor from baseline. A computational model of thalamic DBS indicated that 

direct cerebellothalamic fiber activation dominated the clinically measured ECAP, suggesting that 

excitation of these fibers is critical in DBS therapy.

Conclusions—This work demonstrated that ECAPs can be recorded in the clinical setting and 

may provide a surrogate feedback control signal for automatic adjustment of stimulation 

parameters to reduce tremor amplitude.
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evoked compound action potential; neural recording; computer simulation; stimulus artifact; 
movement disorders

Introduction

Deep brain stimulation (DBS) is an effective therapy for movement disorders, including 

essential tremor (ET) (1, 2). To treat ET and some patients with tremor-dominant 

Parkinson’s disease (PD), the DBS lead is typically implanted in the ventral intermediate 

(Vim) nucleus of the thalamus, and is connected to an internal pulse generator (IPG) via a 

subcutaneous wire. The subsequent selection of stimulation parameters is an ad hoc, 

empirical process. Parameter adjustment sessions are inconvenient, time-consuming, and 

costly (3), and due to a lack of standardized programming approaches, parameters can often 

be improved (4). Moreover, inappropriate parameter settings can lead to side effects (5) and 

deplete the battery more quickly than optimized settings (6). An automated selection of DBS 

parameters could reduce follow-up visits and improve patient outcomes, using either 

external tremor measurements or internal neurological activity as a rapid feedback signal.

Implementing closed-loop DBS systems may provide an approach to automated selection 

and optimization of stimulation parameters. Neural activity measured during DBS may 

provide information related to symptoms, and both single-unit recordings and local field 

potentials (LFPs) have been proposed as potential feedback signals. Closed-loop DBS of the 

globus pallidus interna (GPi), triggered from single-unit activity measured from the primary 

motor cortex (M1), generated greater motor symptom reduction in MPTP-treated monkeys 

than continuous, open loop stimulation (7). However, this approach required implantation of 

additional hardware, and the long-term stability of microelectrode recordings may not be 

sufficient for clinical use (8). Alternatively, LFPs can be recorded from the DBS lead, and 

reflect synchronized oscillatory neural activity across wide networks (9). Theta oscillations 

recorded from the thalamus may be related to tremor in ET and PD (10, 11). Proposed LFP-

based closed-loop systems would titrate stimulation in response to changes in ongoing LFP 

activity (12), or select the most effective stimulation contacts and inform DBS voltage 

settings, as demonstrated for DBS treatment of PD (13–15). However, further work is 

required to demonstrate that LFPs are sufficiently correlated with clinical symptoms to 

provide a surrogate closed-loop measure.
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In the present work we investigated the evoked compound action potential (ECAP) as a 

potential feedback control signal for thalamic DBS. The ECAP is generated by synchronous 

activation of an ensemble of neural elements near the lead, and can be recorded from two 

non-stimulating contacts on the DBS lead implanted for therapy (16). An ECAP-based 

closed loop DBS system could potentially adjust stimulation settings automatically to 

generate activation of the appropriate neural elements. An analogous ECAP-based approach 

has successfully guided stimulation levels in cochlear implants (17, 18) and spinal cord 

stimulation systems (19). We showed previously the feasibility of recording ECAPs using a 

novel stimulus artifact suppression system in acute, preclinical experiments (16), and 

demonstrated the insight provided by ECAPs into the extent and types of neural elements 

activated during thalamic DBS (20). The objectives of the present work were to determine: 

1) whether ECAPs could be recorded during clinical DBS, 2) the source of the ECAP and 

any artifact, 3) changes in ECAP characteristics across DBS parameters, and 4) correlation 

of ECAP characteristics with changes in tremor across DBS parameters.

Methods and Materials

We conducted intraoperative recordings of ECAPs under acute and chronic lead 

implantation conditions and investigated correlations between ECAP characteristics and 

tremor across stimulation parameters. Computational modeling was used to investigate the 

origin of the ECAP signal and stimulus artifact.

Human subjects

The protocol was reviewed and approved by the Institutional Review Boards at Duke 

University and Emory University, and subjects participated on a volunteer basis after 

providing written informed consent. The study enrolled 19 participants, 15 with ET, 3 with 

tremor-dominant PD, and 1 with Fragile X-associated tremor/ataxia syndrome (FXTAS) 

(21). Two of the enrolled subjects did not complete the study. We recruited patients who 

were either undergoing surgical implantation of the Medtronic 3389 DBS lead in Vim (acute 

setting, n=8) or replacement of their battery-depleted IPG and were at least three-months 

post-implant of a Medtronic 3387 or 3389 DBS lead in Vim (chronic setting, n=11), as 

detailed in Table 1. Additional subject inclusion criteria included neurologically stable 

patients who could understand the study and consent form; exclusion criteria were an 

inability to execute motor tasks during the study, and clinically ineffective DBS for those 

persons receiving a replacement IPG. Subjects undergoing IPG replacement surgery were 

given monitored anesthesia care together with local anesthetic (1% lidocaine), such that they 

were responsive during the study, and were asked to decline sedation, which can otherwise 

reduce motor symptoms. Subjects undergoing initial DBS implantation are normally given 

local anesthesia, and sedation was provided only as necessary so as to minimize the effect 

on motor symptoms. If sedation was given, it was discontinued prior to data collection, such 

that the patient was no longer drowsy. All subjects were asked to withhold anti-tremor 

and/or dopaminergic medications overnight prior to the study, and subjects that were unable 

to tolerate withholding medications were excluded from the study. Demographic 

information and relevant medication and anesthesia details for the subjects are provided in 

Table 1.
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One adverse event unrelated to the study occurred: a postoperative reaction to antibiotics 

directly administered at the IPG site, which resolved uneventfully. Some patients also 

reported transient paresthesias during stimulation delivered during the study.

Intraoperative experimental setup

After implantation of the DBS lead or removal of the battery-depleted IPG, the DBS brain 

lead or extension cable, respectively, was externalized and connected to hardware for 

stimulation and recording via a temporary, sterile cable (22). For subjects undergoing initial 

lead implantation, the connection to the DBS lead was made through a Twistlock Screening 

Cable (3550-03, Medtronic). In subjects undergoing IPG replacement, the connection to the 

DBS extension cable was made through a Multi-Lead Trialing Cable (355531, Medtronic) 

and a 1×4 Pocket Adaptor (64001, Medtronic) (22).

ECAPs were recorded differentially between two non-stimulating contacts using three series 

AC-coupled amplifier stages (A1, A2, and A3) and additional circuit components to reduce 

the stimulus artifact (Fig. S1A) (16). The more ventral and dorsal contacts provided the 

positive and negative inputs, respectively, to the differential amplifier. The gains at each 

amplifier stage were set to ensure that amplifier saturation did not occur, and the signal was 

band-pass filtered at A2 and A3 using a low-pass cutoff of 10 kHz and a high-pass cutoff of 

0.1 Hz (or 10 Hz, EP12A–D only). Further, the second and third amplifier stages were 

blanked for the duration of the stimulus pulse and the subsequent 60 μs. DBS was delivered 

through an isolated stimulator (bp isolator, FHC) connected in series with two 100 μF 

capacitors, with stimulation pulses controlled via a high-speed digital-to-analog converter 

using a custom LabView program (National Instruments), which also controlled digital 

pulses to operate circuit components (16) and sampled the ECAP at 80 kHz.

Stimulation was applied unilaterally with symmetric, biphasic, voltage-regulated pulses. 

Charge densities were below the manufacturer’s recommended limit of 30 μC/cm2, using a 

conservative impedance estimate of 500 Ω (6). We used a monopolar stimulation 

configuration with symmetrical recording contacts to minimize the size of the artifact (16). 

In choosing the hemisphere for stimulation in subjects that had or were receiving bilateral 

lead implants, we decided laterality based on dominance, side with greater tremor symptoms 

with DBS off, and side with lower clinical amplitude and pulse width (IPG replacement 

subjects only). Further, we preferred the side that used a clinical stimulation configuration 

with contacts 1 or 2 (where contacts are labeled 0–1–2–3 in the ventral-to-dorsal direction), 

as it was necessary to use one of these contacts in the monopolar stimulation – symmetrical 

recording configuration, and we sought to match the clinical configuration as closely as 

possible (Table 2). For subjects undergoing lead implantation, clinical settings were 

determined by a neurologist during surgery as the parameters and contacts that maximized 

tremor reduction without side effects. The recording reference electrode (RedDot M2255, 

3M) was placed on the skin, either on the chest opposite the surgical site (EP12A only) or 

the thigh ipsilateral to stimulation (Fig. S1B). For subjects undergoing IPG replacement, the 

stimulation counter electrode (StimCare Carbon Foam Electrode, Empi) was placed on the 

thigh (EP12A only) or the chest opposite the surgical site, and in subjects undergoing lead 
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implantation, the retractor at the cranial burr hole or implant cannula (EP13I and EP13J) was 

used as the counter electrode.

We measured tremor with an accelerometer (5 V/4 g sensitivity, CXL04LP3, Crossbow 

Technology, sampled at 1 kHz) taped to the dorsum of the hand contralateral to stimulation. 

Tremor was measured by having the supine subject hold their arm in a position that was 

predetermined to produce tremor, and with the wrist extended such that it was parallel with 

the forearm (Table 2).

Stimulation and measurement protocol

We measured ECAPs and tremor in single study sessions lasting approximately 45 min or 

until the patient was fatigued. In the first phase of the study, we determined the maximum 

tolerable voltage by slowly increasing the amplitude up to 140% of the clinical voltage 

(VCLIN) of DBS delivered for 5 s at 130 Hz with the clinical pulse width and cathodic-phase 

first polarity. In the second phase, we measured ECAPs and tremor across a range of 

stimulation parameters delivered in a randomized manner with both the subject and the 

experimenter who was interacting with the subject blinded. Frequency was 10 Hz or 130 Hz, 

and we typically tested only VCLIN for the former and a range of amplitudes for the latter. 

However, if the subject had low tremor power in the DBS off condition, a range of 

amplitudes was instead tested at 10 Hz. Due to the expected tremor exacerbation at 10 Hz, 

this was an attempt to generate differential tremor measurements, compared to baseline, 

across a larger number of trials. Amplitudes were 20%, 60%, 100%, and 140% of VCLIN, 

but if a higher voltage was not tolerated in the first study phase, then we used lower 

proportions of VCLIN. Additionally, we tested both cathodic- and anodic-phase first 

polarities, and pulse width was fixed at the clinical setting.

Each trial within the block was 2 min in duration, with DBS off for the first minute (baseline 

period) and DBS on for the second minute (stim period) (Fig. 1A). At approximately 30 s 

into the baseline and stim periods, we measured the subjects’ tremor for 20 s. We recorded 

ECAPs in the stim period, either just when tremor was measured (EP12A–C only) or 

through the entire period. Depending on patient fatigue, we conducted a second block with 

different randomized presentation of stimulation parameters in some studies. We were 

unable to complete the first block of the second phase in subjects EP13B, EP13C, EP13H, 

and EP13J due to subject fatigue. A poor connection between the hardware and DBS lead or 

between the reference electrode and skin in EP13C, EP13E, and EP13H led to low ECAP 

signal fidelity, and no further analysis was conducted for these studies.

Postoperative measurement of impedance

Following completion of the study, an IPG (Activa, Medtronic) was implanted (except in 

some patients undergoing initial DBS lead implantation surgery), and post-operative 

electrode impedance measurements were taken with the Activa device. The Activa 

impedance measurement used trains of 0.7 or 1.5 V, 80 μs/phase, and 100 Hz, applied 

between pairs of contacts or between one contact and the IPG case. Impedance was 

measured at the beginning of the pulse, and since the double-layer capacitance of the 
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electrode-tissue interface (ETI) is shorted at high frequencies (23), the impedance 

measurement was dominated by the tissue resistance.

Data analysis

Tremor was analyzed by calculating the power spectral density (PSD) of the acceleration 

measured along each axis (AX, AY, and AZ). The acceleration signals were detrended using 

local linear regression (2 s window size, 1 s step size) (Fig. 1B), the PSD was calculated in 

MATLAB using the psd function (Welch’s averaged periodogram, Hanning window, fast 

Fourier transform (FFT) length of 5,000 samples) with corrected amplitude scaling (Fig. 

1C), and tremor power was calculated in the X-, Y-, and Z-dimensions by integrating each 

spectrum over the 2–7 Hz band, to get PX, PY, and PZ (24). This band was chosen to include 

the fundamental frequency and first harmonic (Fig. 1C). Finally, we summed PX, PY, and 

PZ, and change in tremor was quantified for each of n trials as:

where Pn,stim was tremor power measured during the stim period of trial n and Pn,baseline was 

that measured during the baseline period of trial n.

The ECAP was analyzed by calculating signal power in different ECAP phases (20). First, 

the raw ECAP signal (Fig. 1D) was averaged using stimulus-triggering across the first 64 

responses for an 8× increase in signal-to-noise. Second, in studies with a large stimulus 

artifact tail, we used a polarity averaging technique common in cochlear ECAP recording 

(25), in which responses recorded with opposite polarities (but other stimulation parameters 

identical) were averaged together. The artifact was expected to be inverted for opposite 

stimulation polarities and was removed with this technique, whereas the ECAP response was 

expected to be similar for opposite polarities with symmetric, biphasic DBS pulses and so 

was relatively unaffected by polarity averaging (20). Third, any signal offset was calculated 

as the average of the final 1 ms of signal and subtracted. Finally, we squared the signal and 

integrated across distinct ECAP phases. The resulting signal energy measure accounted for 

both the magnitude and duration of the phases.

Pearson correlation coefficients were calculated for linear regressions between tremor and 

ECAP signal energy values. One-tailed t-tests were performed to determine whether the 

slope of the regression was significantly different from zero (α=0.05), with an expected 

negative slope at 130 Hz DBS and positive slope at 10 Hz DBS.

Computational model of ECAP recording during thalamic DBS

A computational model of thalamic DBS was used to calculate the ECAP and corresponding 

neural element activation, and thereby investigate the origin of the recorded signal. This 

three stage model was discussed in detail in (20), and is reviewed briefly here.

The first stage of the model used the finite element method (FEM) in COMSOL v3.4 to 

calculate the potentials generated by a three-dimensional representation of the DBS lead 
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within brain tissue (Fig. S2A). A clinical DBS lead (Medtronic model 3387 or 3389) was 

placed within a prism representation of the Vim thalamus (26), all encompassed within a 

cylindrical representation of surrounding brain tissue with height and diameter of 190.5 mm. 

The conductivity of brain tissue was  (27), and that of the DBS contact and 

insulation were 5×106 S/m and 1×10−13 S/m, respectively (28). Sensitivity analysis of the 

FEM model volume and mesh size was conducted previously (29).

In the second stage, multi-compartment cable NEURON models with appropriate 

geometrical and ion channel representations of the dendrites, soma, and axon of 500 

thalamocortical (TC) neurons were randomly distributed in the thalamic nucleus, along with 

axonal inputs from the cortex (CTx), cerebellum (CER), reticular nucleus (RN), and 

thalamic interneurons (TIN) (26). The model included excitatory glutamatergic synaptic 

connections to TC neurons from CTx and CER, inhibitory GABAergic synapses from RN 

and TIN, and 1:1 excitatory synapses (one input spike corresponded to one time delayed 

output spike) from CTx and CER to TIN, and from CTx and TC to RN (Fig. S2B). The 

voltages calculated in the FEM model were interpolated at the neural element compartment 

locations, scaled to match the desired DBS amplitude, and applied to elements as a 

stimulation train with a specified frequency, pulse width, and polarity. Transmembrane 

potentials were measured over time at the TC initial segment or proximal node of Ranvier in 

presynaptic inputs to detect neural activation, and transmembrane currents were measured in 

all neural compartments within the population to calculate the ECAP signal in the third stage 

of the model. The simulation duration was 1.5 s, with a pre-stimulation period of 0.5 s for 

initialization. The model was solved using a backwards Euler implicit integration solver 

with a fixed 25 μs time step.

The third stage used the reciprocity theorem to calculate the differential voltage across the 

two DBS recording contacts generated by neuronal transmembrane currents over the course 

of the simulation (27, 30). The FEM model described in the first stage was solved with a 

unit current placed at the boundary of one recording contact (with all other contacts set to an 

open condition), and the resulting potentials were measured at the neural compartment 

locations. This was repeated for the second recording contact. The resulting scale factors 

were used to calculate potentials at the recording contacts as a function of the 

transmembrane current amplitude. The magnitude of the model-generated ECAP signal was 

scaled by 364 to account for the cell density of 1,300 cells/mm3 derived from (31). This 

signal was then filtered with two cascaded first-order 10 Hz – 10 kHz bandpass filters to 

replicate typical experimental filtering, the stimulus artifact generated by passive charging 

of neural elements was removed using a template subtraction method in which the artifact 

was calculated using a sub-threshold stimulus (32), and averaging 8 individual responses 

using stimulus-triggering.

Model outcomes included ECAP signals and measurements of neural activation, and were 

compared across different lead positions. The monopolar symmetric configuration was used, 

with DBS applied at contact 1 using a range of amplitudes, 10 and 130 Hz frequency, 50 μs/

phase pulse width, and both cathodic- and anodic-phase first polarities, and differential 

ECAP recordings were made from contacts 0 and 2, as performed in prior work (20). In 

addition to recording the composite ECAP generated by all neural elements, we selectively 
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measured the ECAP contribution derived from activation of distinct types of elements 

within the population (e.g., TC, CTx, CER, RN, or TIN). Finally, we calculated the 

percentage activation of each type of neural element that fired an action potential in 0.1 ms 

bins following the stimulus pulse.

Modeling the stimulus artifact

Computational modeling was also conducted to investigate how changes in the properties of 

the tissue or ETI affected the stimulus artifact. Two models were constructed: one using an 

electrical circuit equivalent of the recording setup and the second using a FEM model to 

determine the effect of heterogeneity in tissue conductivity.

The electrical circuit equivalent model was implemented using PSpice (Cadence OrCAD 

Capture CIS v16.3). This model represented the tissue medium, ETI, DBS voltage source, 

and components of the recording instrumentation used for ECAP measurement. The model’s 

development and validation against artifact waveforms recorded experimentally in vitro and 

in vivo were discussed in detail in (16); it is reviewed briefly here. DBS was delivered using 

the monopolar symmetric configuration between contact 1 and a distant return electrode, and 

contacts 0 and 2 served as inputs to an AC-coupled recording amplifier, with input 

impedance matching that of the amplifier used experimentally. Stimulation parameters were 

1 V, 10 and 130 Hz, 50 μs/phase, and cathodic-phase first polarity. The ETI was modeled as 

the parallel combination of a double-layer capacitance (CDL) and Faradic resistance (RF) 

with values from literature (33). The DBS contacts and return were electrically 

interconnected by impedance representations of neural tissue, including properties of bulk 

resistivity (RV) and permittivity (CV), with values determined from a finite element model 

(16). The circuit values used in the initial iteration of the model are provided in Table 3. The 

PSpice model solved for the differential voltage across the amplifier impedance over time to 

calculate the stimulus artifact.

A FEM volume conductor model was implemented in COMSOL to determine the effect of 

heterogeneity in tissue conductivity on the artifact (Fig. 2A,B). A two-dimensional 

representation of the clinical DBS lead was placed within a square volume conductor with 

63.5 cm length and with contact 1 centered in the volume. The model included a 

representation of the peri-electrode space (34) with thickness of 100–1000 μm (35) divided 

into a checkerboard arrangement (36), with each square division having 25–100 μm length. 

Random spatial variation in conductivity was introduced by drawing conductivity values for 

each square from a normal distribution with mean of  (35) and standard 

deviation (SD) of 0–0.05 S/m (Fig. 2A). Outside of the peri-electrode space, the tissue 

conductivity was fixed at , and the conductive properties of the DBS lead matched 

those used in the FEM model described previously. The model was solved by setting a 1 V 

boundary condition at contact 1 and grounding the outer boundary of the volume conductor 

(Fig. 2B). The differential voltage generated at the boundaries of recording contacts 0 and 2 

was calculated as a measure of the artifact magnitude. For each parameter variation, the 

artifact magnitude was measured across ten replicate trials, each time drawing a new 

distribution of conductivity values in the peri-electrode space. Sensitivity analysis indicated 

that the volume conductor was sufficiently large, as doubling the size changed the calculated 
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artifact magnitude by <7.5%, and the mesh density was sufficient high, as doubling the 

number of elements changed the magnitude by <0.04%.

Results

ECAPs were recorded during thalamic DBS and various characteristics of the signal were 

then correlated with tremor power. 130 Hz DBS reduced tremor across subjects (Figs. 

1B,C), while 10 Hz DBS exacerbated tremor, with few exceptions (Table 4). Administration 

of sedatives or anesthetics to subjects EP12D, EP13A, EP13F, EP13J, and EP13K may have 

limited the expected exacerbation of tremor (Table 1). Similarly, little to no tremor was 

observed in the DBS off condition in several subjects (Table 4), presumably resulting either 

from a transient microlesion effect in patients undergoing lead implantation surgery or from 

administration of sedatives or anesthetics. If tremor was determined to be minimal in the 

DBS off condition at the start of the study, the subject was asked to perform a counting task 

during each tremor measurement (Table 2) and/or DBS was delivered predominately with a 

10 Hz frequency (EP12B, EP13E, and EP13N) to exacerbate tremor. Subsequently, 

computational models were used to investigate the neural origin of the ECAP signal and the 

source of the stimulus artifact recorded in some studies.

ECAP measurement and characterization

We measured the effects of stimulation polarity, amplitude, and frequency on the ECAP 

during intraoperative DBS (Fig. 3). The evoked waveform included a primary negative 

phase (N1), followed by a primary positive phase (P1), and in some cases, a secondary 

negative phase (N2) and/or secondary positive phase (P2). The ECAP was similar for 

opposite polarities with symmetric, biphasic stimulation waveforms (20).

Recording ECAPs was technically challenging due to the presence of a stimulus artifact, 

which had variable amplitude between studies (Fig. 4). The ECAP was recorded without any 

artifact in EP12D (chronic) as well as EP13B, EP13I, and EP13N (acute), and there was a 

small residual artifact in EP13L (chronic) as well as EP13G and EP13J (acute). A relatively 

large artifact tail was observed in all remaining studies. Therefore, low artifact recordings 

were obtained in all 5 acute studies (excluding studies with poor signal fidelity), but in just 2 

of 9 chronic studies (Table 4). Averaging the responses for opposite stimulation polarities 

reduced the stimulus artifact, and revealed an underlying ECAP signal in EP12A and EP12B 

(chronic). There were negligible ECAP responses even after polarity averaging in EP12C, 

EP12E, EP13A, EP13K, and EP13F (chronic), except at 20% of VCLIN for the latter.

When present, the ECAP had a waveform shape characterized by N1-P1-(N2-P2) phases, 

where N2 and/or P2 were not always present (Fig. 4). The N1 phase was smaller or 

negligible in acute recordings made with the model 3389 lead compared to that in chronic 

recordings made with model 3387 or 3389 electrodes. Across subjects and all DBS 

parameters tested, the peak-to-peak (P-P) ECAP magnitude ranged from 0.08–1.48 mVP-P. 

For a fixed DBS voltage (~1 V), the ECAP magnitude was larger in the acute condition 

(range of 0.40–1.33 mVP-P) than in the chronic condition (range of 0.17–0.39 mVP-P). The 

latency range for the different ECAP phases from the start of the DBS pulse were: N1 at 

0.20–0.43 ms, P1 at 0.33–0.8 ms, N2 and P2 at 0.69–2.38 ms. The N1 phase was not as clear 
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in EP13B, EP13G, EP13I, EP13J, or EP13N (acute recordings) at the clinical voltage, but 

was more evident at lower amplitudes (Fig. 4, insets). The magnitude of the ECAP phases 

generally increased with higher DBS amplitudes, particularly the N1 and P1 phases (Fig. 

3A). Nevertheless, this trend was not always monotonic, as exceeding the clinical voltage 

led to a decrease in primary phases in some subjects (Figs. 5, 6). Reducing DBS frequency 

from 130 Hz to 10 Hz increased the magnitude of secondary phases (Fig. 3B) for EP12B, 

EP12D, EP13L, and EP13N. It is unlikely that this effect resulted from the shorter interpulse 

interval at 130 Hz (7.7 ms) than at 10 Hz (100 ms), since the longest duration ECAP phase 

was observed at less than 3 ms after the start of the DBS pulse.

Correlation between tremor and ECAP characteristics

We quantified the relationship between tremor and ECAP characteristics across subjects 

(Figs. 5–7). Tremor was negatively correlated with N1 phase energy at 130 Hz for EP12D 

(R=0.6, P=0.078) and positively correlated at 10 Hz for EP12B (R=0.86, P=0.068), with 

near statistical significance. Similarly, tremor was negatively correlated with P1 phase 

energy at 130 Hz for EP12D (R=0.65, P=0.058), and with secondary phase energy at 130 Hz 

for EP13G (R=0.87, P=0.067). Finally, the greater energy of secondary phases at 10 Hz 

compared to 130 Hz observed at the clinical voltage corresponded to increases in tremor.

Neural origin of the ECAP response

Positioning the model 3387 DBS lead in its original position within Vim (26) resulted in an 

initial positive ECAP (P1-N1-P2-N2) in the computational model of thalamic DBS, rather 

than the initial negative ECAP (N1-P1-(N2-P2)) observed in clinical recordings (Fig. 8A). 

Shifting the position of the clinical lead along its axis by 2 mm dorsally or 6 mm ventrally 

resulted in an ECAP waveform that was more similar to the experimental signal (Fig. 8A). 

The former had a N1-P2-N2 waveform shape (P1 not present), whereas the latter had the P1-

N1-P2-N2 waveform, but with a relatively small P1 phase. There was a negligible effect 

when DBS frequency was reduced from 130 Hz to 10 Hz except with the DBS lead 

positioned ventrally, for which there was a polarity-dependent effect on secondary phases, 

as seen experimentally (Fig. 8A).

The neural origin of the ECAP signal was determined by analysis of the temporal pattern of 

neural excitation (Fig. 8A) and by measuring the ECAP contribution from distinct neural 

elements (Fig. 8B). For 130 Hz DBS, direct activation of neural elements occurred within 

~0.9 ms from the start of the DBS pulse, whereas post-synaptic activation of TC, RN, and 

TIN occurred between ~0.9–3.3 ms from the start of the pulse. Additionally, with the lead in 

the ventral position, CER activation occurred as late as 1.6 ms. CER received no synaptic 

input and this delayed CER contribution resulted from direct stimulation in ventral Vim and 

subsequent propagation to the proximal node of Ranvier in dorsal Vim where activation was 

detected. Reducing DBS frequency from 130 Hz to 10 Hz shifted timing for direct activation 

to earlier latencies, reduced post-synaptic activation of RN and TIN, and decreased the 

latency and increased the synchronization of post-synaptic TC cell activation (i.e., less 

temporal dispersion of activation times). Recording from different neural elements revealed 

that CER inputs generated the dominant contribution to the P1-N1-P2-N2 waveform (ventral 

lead positioning), while contributions from direct excitation of CTx reduced the magnitude 
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of P1, N1, and N2, and shifted P2 to more positive voltages (Fig. 8B). The contributions to 

the ECAP of TC and TIN elements were relatively small, and those of RN were negligible. 

Adjustment of DBS frequency predominately affected ECAP contributions from CER 

inputs, and this drove changes in the composite ECAP between 130 and 10 Hz DBS.

In comparison to the model ECAP waveform recorded with the 3387 lead, that observed 

with the 3389 lead was similar in shape and magnitude, was affected by a reduction in DBS 

frequency in a comparable manner, and had an equivalent neural origin (data not shown).

Origin of the stimulus artifact

The clinical recordings exhibited a broad range of stimulus artifact amplitudes, and we 

hypothesized that these resulted from tissue inhomogeneity and corresponding impedance 

imbalances between the stimulation contact and each recording contact. Across chronic 

study recordings, which exhibited large artifacts, and acute recordings, which displayed 

smaller artifacts, the differences in impedance between the stimulation contact and each 

recording contact were 25±9% (mean ± SE, n=8) and 6.1±3.4% (n=3), respectively, 

calculated by normalizing to the average of the two impedance values. The larger imbalance 

in chronic studies would be expected to increase the differential voltage measured between 

the two recording contacts during each stimulus pulse, resulting in larger artifacts.

Two computational models were implemented to understand the sources of the stimulus 

artifact observed in chronic recordings. An electrical circuit equivalent model was used to 

compare the stimulus artifacts with the initial parameter set (Table 3) to those after alteration 

of the ETI or bulk tissue properties (Fig. 9). Introducing impedance imbalances between the 

stimulation contact and each recording contact by decreasing RV01 and increasing RV12 by 

only 5 or 10% increased the peak-to-peak artifact magnitude by ~9 and 17 times, 

respectively. Other alterations made to the model, including doubling and halving CDL or 

RF, or introducing an imbalance in these values between contacts 0 and 2 by up to 50%, had 

a negligible effect on the artifact. These results suggest that tissue impedance is the 

dominant determinant of stimulus artifact size, particularly the extent of impedance 

imbalance between recording contacts.

The second FEM model was used to study the effect on the artifact magnitude of changes in 

the properties of the peri-electrode space, including heterogeneity in the tissue conductivity. 

A 0.68 mVP-P artifact was observed when the conductivity of the peri-electrode space was 

equal to that of the brain tissue ( ), and was generated by the axial discontinuity 

arising at the lead tip and by the presence of the highly conductive but unused contact 3. 

There was a non-monotonic trend between the conductivity of a homogenous peri-electrode 

space and the artifact magnitude. The artifact increased as conductivity of the peri-electrode 

space was reduced from  to 0.1 S/m, before declining at 0.05 S/m (Fig. 2C).

Heterogeneity of the peri-electrode conductivity generated a range of artifact magnitudes 

across ten replicate simulations. The maximum artifact was always larger than in the 

homogenous case with the same mean conductivity, the minimum was always less than the 

homogenous case, and the median value was close to the homogenous case (Fig. 2C). 

Furthermore, the range of artifact magnitudes generally increased with greater variability in 
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tissue conductivity. Increasing the thickness of the peri-electrode tissue from 100 to 1000 

μm increased the artifact magnitude when the peri-electrode tissue was homogenous, and 

shifted the range of artifact magnitudes towards higher values when the tissue was 

inhomogeneous (Fig. 2D). Finally, increasing the size of the square division from 25 to 100 

μm, thereby changing from a fine to a coarse spatial scale, increased the range of artifact 

magnitude values across trials (Fig. 2E). These results suggest that chronic changes in neural 

tissue around the DBS lead, such as the glial encapsulation layer, can increase the artifact 

magnitude, particularly as the thickness of this layer increases, and that heterogeneity in the 

conductivity can further increase the artifact magnitude.

Discussion

ECAPs were recorded from implanted electrodes during thalamic DBS in subjects with 

tremor. There was large subject-to-subject variation in stimulus artifact amplitude, with 

larger artifacts typically observed in chronic recordings, and model-based analysis revealed 

that the larger artifacts were due to imbalances in the tissue impedance between the contacts, 

perhaps arising from chronic glial encapsulation of the lead. High fidelity ECAP recordings 

obtained from both acute and chronically implanted electrodes revealed that specific phase 

characteristics of the signal varied systematically with stimulation parameters and were 

correlated with changes in tremor in some patients with near statistical significance. Further, 

results from this study suggest that excitation of cerebellar afferents during DBS is 

important for reduction of motor symptoms, consistent with prior findings (26, 37–39). The 

demonstration of high-fidelity recordings of ECAPs from both acutely and chronically 

implanted DBS leads, as well as the identification of ECAP characteristics correlated with 

motor symptoms, suggest that ECAPs may be a suitable feedback signal for automated 

selection and optimization of stimulation parameters in both the acute phase, and possibly 

chronic phase.

The neural source of LFPs is typically attributed to post-synaptic potentials (40), whereas 

the clinical ECAP response appeared to be generated by direct axonal activation. The latter 

is in agreement with preclinical results, in which direct neuronal activation generated 

primary ECAP phases, as validated by administration of agents that blocked excitatory 

synaptic transmission (20). Action potential initiation and propagation generates strong but 

short duration extracellular fields, and the synchronous activation of an axonal population 

following each DBS pulse would be expected to make substantial contributions to ECAP 

recordings, particularly at this short latency (40).

ECAP waveform and the effect of stimulation parameters

The ECAP waveform generally exhibited N1-P1-(N2-P2) phases, although in acute 

recordings made with the model 3389 lead, the N1 phase was typically not as evident at the 

higher stimulation amplitudes. Since this N1 phase was observed in the computational 

model with the 3387 and 3389 electrodes, its smaller amplitude seen experimentally was 

more likely a result of the differences in recording time point. ECAP signals recorded in 

preclinical experiments were inverted, with primary P1-N1 phases followed by secondary 

P2-N2 phases (20). We reproduced the clinical ECAP polarity in the model only with 
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ventral or dorsal positioning of the clinical DBS lead within the thalamic nucleus (Fig. 8A). 

Routine clinical lead implantation for thalamic DBS typically involves placement of contact 

0 near or below the ventral border of Vim, and the model indicated that the specific ECAP 

shape observed experimentally was dependent this lead location. The effect of lead position 

may have also accounted for some of the variability between subjects in the recorded 

ECAPs.

The experimental ECAP magnitude was larger in the acute stage than in the chronic stage, 

with DBS amplitude approximately constant. The external counter electrode used in 

conjunction with chronically implanted electrodes, but not acutely implanted electrodes, 

may have resulted in a voltage drop across the skin that reduced voltages in the brain tissue, 

ultimately decreasing neural activation. Also, glial scar formation after chronic lead 

implantation leads to axonal cell loss near the lead (41, 42), and could have reduced the 

ECAP magnitude, as suggested by prior modeling work (29). Additionally, the glial 

encapsulation layer could potentially isolate recording contacts from the surrounding axons 

and further diminish the ECAP. Finally, for chronic recordings, the highest fidelity 

responses were recorded in subjects EP12A, EP12B, EP12D, and EP13L, who did not 

receive any anesthesia or other medications during surgery. Conversely, ECAPs were not 

observed in any of the subjects who received anesthetics during surgery.

The ECAP varied systematically with stimulation parameters (Figs. 3, 5–7). Responses were 

similar for opposite stimulation polarities, as observed in our previous work (20), and this 

enabled polarity averaging to remove the stimulus artifact, when necessary. This is in 

contrast to use of asymmetric biphasic stimulation waveforms with opposite polarities, 

which would be expected to generate differential neural activation patterns (43, 44) and 

clinical outcomes (45). There was a non-monotonic relationship between ECAP magnitude 

and DBS amplitude. The ECAP magnitude is thought to reflect a spatial average of neural 

activation over a volume (20, 29), and the model indicated that the decline in N1 and N2 at 

the highest DBS amplitudes resulted from greater activation of cortical inputs, which 

reduced the negative phases through destructive interference. Exploring a broader range of 

DBS amplitudes would have better clarified the input-output characteristics of the ECAP, 

although we limited the maximum tested amplitude to mitigate potential side effects. 

Decreasing DBS frequency from 130 Hz to 10 Hz increased the magnitude of N2 and/or P2, 

and our previous study suggested that the increased post-synaptic synchronization of TC 

cells at low frequencies increased the magnitude of secondary phases (20). While this 

increased TC synchronization was still evident with lower DBS frequencies (Fig. 8A), the 

corresponding effect on the ECAP was masked by the much larger contribution from 

directly excited cerebellar afferents, which were also affected by frequency (Fig. 8B).

Relationship between ECAP and clinical effectiveness

Tremor was generally reduced with 130 Hz DBS and exacerbated at 10 Hz (46). For high-

frequency DBS, we typically observed a non-monotonic relationship between tremor and 

stimulation voltage, in which increasing the amplitude initially led to greater reductions in 

tremor before reversing beyond some optimal voltage (Fig. 5). This could have been caused 

by the activation of more distant, tremor aggravating brain areas at higher voltages (47).
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The relationship between the ECAP signal and tremor provides insights into mechanisms of 

DBS and reveals a potential feedback signal for automated parameter tuning. Increasing 

ECAP phase energy was related to reductions in tremor at 130 Hz and exacerbation of 

tremor at 10 Hz with near statistical significance in some patients. Since the ECAP signal 

energy provides a measure of the extent of neural activation (20), these results suggest that 

DBS must activate a sufficient volume of tissue for clinical benefit at 130 Hz, or for 

symptom exacerbation at 10 Hz. The thalamic DBS model revealed that cerebellar afferents 

were the dominant contributors to the ECAP response, and since the energy of ECAP phases 

was correlated with tremor in some patients with near statistical significance, this suggests 

that activation of cerebellar inputs is critical to tremor suppression by DBS. This is 

consistent with the findings that activation of cerebellothalamic afferents suppressed tremor 

in ET patients by overriding pathological bursting activity (26), and that lead contacts in the 

subthalamic area ventral to Vim may be equally effective to contacts within Vim (37–39), 

depending on the specific course of the cerebellar efferents as they cross near the base of 

Vim and synapse in the ventral oralis posterior (VOP) nucleus of the thalamus (48).

The ECAP could provide a feedback control signal for automated adjustment of stimulation 

parameters in closed-loop DBS systems. For example, DBS amplitude could be adjusted to 

attain pre-determined ECAP phase energy threshold values. However, the absolute phase 

energy values varied by an order of magnitude between subjects, and the relationship 

between ECAP phase energy and tremor varied across subjects (Figs. 5–7). Therefore, the 

threshold values used to set DBS parameters may be subject specific, and may need to be 

specified as a normalized value of some maximum signal energy within subjects. The 

dependence of ECAP waveform shape on lead location suggests that the ECAP might also 

be used to target a brain region for implantation and to select contact(s) for stimulation.

Source of the stimulus artifact

The stimulus artifact was highly variable between studies, and in some cases interfered with 

the ECAP signal, as seen also in cochlear ECAP measurements (18). A possible trend was 

observed in which ECAPs were observed in subjects with clinical voltage settings less than 

4 V, but not in subjects with higher clinical voltages (Tables 2, 4). The larger stimulus 

artifact associated with higher stimulation amplitudes may have masked the ECAP response. 

Moreover, the observation that the artifact was minimal in the acute condition, in both 

clinical and preclinical studies (16, 20), suggested that changes in the cellular milieu around 

the chronically implanted DBS lead influenced the stimulus artifact. Additionally, chronic 

DBS may have generated imbalances in electrode impedance between stimulated and non-

stimulated contacts.

The peri-electrode space is filled with cerebrospinal fluid soon after acute implantation (34) 

and is subsequently surrounded by a thin glial scar (41, 49) that increases the tissue 

impedance (50, 51). Further, protein and cell adsorption onto the contact surfaces can 

influence the double-layer capacitance, and thereby the impedance of the ETI (50, 51). The 

electrical circuit equivalent model suggested that imbalances of only 5–10% in the 

resistance between the stimulation contact and each recording contact led to substantial 

increases in the artifact magnitude. The FEM-based model corroborated this finding, also 
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indicating that increases in the thickness of the encapsulation layer led to larger artifacts. 

Further, greater heterogeneity within the encapsulation layer increased the range of artifact 

magnitudes, perhaps reflecting the range of artifact magnitudes observed across subjects. 

The imbalance in tissue impedance between contacts could result from applying chronic 

stimulation at just one of the two contacts used for ECAP recording, since this would reduce 

the impedance in the chronic condition by polarizing the surface(s) of clinical stimulating 

contact(s), causing attached proteins and cells to desorb (52–54). Differences in the brain 

composition and tissue conductivity near each contact could also contribute to the 

impedance imbalances. Regardless, these results indicate that the cellular milieu near the 

DBS lead plays a critical role in determining the size of the stimulus artifact observed in 

chronic studies, and thus the fidelity of ECAPs recorded during DBS.

Although the relatively large and variable stimulus artifact magnitude could adversely affect 

long-term recording fidelity in a closed-loop DBS system by masking the ECAP response, 

there are several potential solutions for reducing the chronic artifact magnitude. First, 

sending sub-threshold, intermittent stimulation pulses to recording contacts could mitigate 

differences in impedance imbalances on the lead array. Second, the input impedance of the 

recording circuitry could be adjusted to compensate for impedance imbalances between 

contacts.

Study limitations

There were several limitations in both the experimental and computational aspects of this 

work. First, the experimental contact configuration often differed from that used clinically 

and identified by a neurologist as the most effective for therapy. We used the monopolar 

stimulation – symmetric recording contact configuration to minimize the stimulus artifact 

(16), and thus only contacts 1 or 2 were used as the stimulation contact. Second, the 

symmetrical, biphasic DBS waveform, used to minimize the duration of the stimulation 

artifact, did not match the asymmetrical waveform used clinically in IPGs (55). Third, a 

voltage drop across the skin was likely generated with the use of a surface counter electrode 

in the chronic condition (56), which would result in a reduction in the voltage across the 

brain tissue. Nevertheless, sufficient voltage was still delivered to the thalamus to generate 

ECAPs, changes in tremor, and paresthesias. All three of these limitations could reduce the 

effectiveness of DBS in treating tremor, compared to clinical DBS delivered with an IPG.

Other limitations included the short duration of DBS prior to the assessment of motor 

symptoms, the short interval between trials, and conducting only a single trial at each DBS 

setting in most studies. While tremor reduction following the onset of DBS typically occurs 

within a few seconds (57), our trial design may have underestimated the magnitude of 

changes in tremor after 30 s of stimulation. Nevertheless, similarly short trial lengths have 

been used previously in testing the effects of parameter settings (58), and are used routinely 

for intraoperative testing and post-operative tuning (59). The washout of DBS effects on 

tremor occurs over seconds to minutes, with 85% of the return in tremor after cessation of 

DBS occurring within 5 minutes (57). However, using longer trial lengths, longer intervals 

between trials, or replicate trials would have resulted in the study becoming too long to 

conduct during an intraoperative procedure.
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The correlations between tremor and ECAP signal characteristics were variable and not 

statistically significant. Testing a larger number of DBS parameter combinations (e.g., 

stimulation amplitudes) in a given study would have increased the number of data points 

used in the correlation, and thus, the statistical power. Additionally, the relationship between 

tremor and ECAP characteristics may have been non-linear, but we restricted our analysis to 

linear regression models due to the small number of data points (4) available for fitting for 

most patients. However, we were limited in the number of trials that could be conducted 

within the intraoperative setting.

There were also limitations in the computational models, which have been discussed 

previously (16, 20). Briefly, in the thalamic DBS model, the position of the DBS lead within 

Vim and trajectories of neural elements were approximations, and using more accurate 

representations may have changed neural activation and the model ECAP response. This 

may explain the smaller positive phase observed in the model compared to the experimental 

ECAP recordings. Further, this model did not account for the ETI, tissue capacitance, or 

tissue inhomogeneities, which could filter DBS potentials (28, 53, 60–62) and the ECAP 

signal (40, 63, 64). Finally, the model was restricted to representation of Vim, and any lead 

position dependent contributions of other neural structures were not represented.

The electrical circuit equivalent model used geometrical approximations to calculate the 

resistance and capacitance of the medium, and did not account for the capacitive coupling 

between stimulating and recording leads (56, 65), the capacitance of the medium directly 

between two DBS contacts, or the frequency dependence of tissue permittivity (66).
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• We conducted recordings of evoked potentials (ECAPs) generated by thalamic 

deep brain stimulation using the same brain lead used to deliver stimulation

• Simultaneous electrical recordings and tremor recordings were made in patients 

who were either undergoing surgery for initial electrode implantation or 

replacement of their internal pulse generator.

• ECAP recordings revealed that specific phase characteristics of the signal varied 

systematically with stimulation parameters.

• Quantitative model-based analysis revealed that large subject-to-subject 

variation in stimulus artifact was caused by glial encapsulation of the electrode, 

resulting in imbalances in the tissue impedance between the contacts.

• Demonstrated that ECAPs can be recorded in the clinical setting and may 

provide a feedback control signal for adjustment of stimulation parameters.
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Figure 1. 
Intraoperative measurements of ECAPs and tremor. (A) The timeline of each trial, in which 

ECAPs were measured during DBS (stim) and tremor was recorded during baseline and stim 

periods. (B) Raw accelerometer measurements made for 20 s along the X-, Y-, and Z-axes 

for EP12E during 130 Hz DBS at the clinical voltage (VCLIN) with cathodic-phase first 

polarity, and in the preceding baseline period with DBS off. (C) Power spectral density 

(PSD) of the tremor data from (B) on both a log scale, for comparison between DBS off and 

DBS on conditions, and a linear scale, for comparison of the relative magnitude of different 

peaks in the signals. (D) Raw ECAP recording made from EP12D for 130 Hz DBS at VCLIN 

with cathodic-phase first polarity.
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Figure 2. 
Evaluation of stimulation artifacts using the two-dimensional FEM model of the DBS lead 

within heterogeneous brain tissue. (A) The peri-electrode space was represented using a 

checkerboard arrangement, with each square having a random conductivity value (refer to 

color bar legend), and the remaining brain tissue conductivity was fixed. The average 

conductivity of the peri-electrode space was 0.1±0.02 S/m (mean ± standard deviation, SD) 

in the figure. The DBS lead contacts are shown in black. The boundary of the surrounding 

tissue is not shown. (B) FEM voltage solution resulting from 1 V at contact 1 using the 

conductivity values shown in (A). (C) The artifact magnitude was calculated for different 

conductivity values within the peri-electrode space. The thickness of the peri-electrode 

space was 500 μm and the square size was 50 μm. The range (black bar) and median values 

(white line) from 10 repeated trials are indicated, except for homogenous conditions (SD=0), 

in which case a single value is indicated. (D) Artifact magnitude calculated for various 

thicknesses of peri-electrode space. The SD of conductivity was also varied for each 

thickness, whereas the mean conductivity was fixed at 0.1 S/m and the square size at 50 μm. 

(E) Artifact magnitude calculated for different sizes of the peri-electrode space squares. The 
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thickness of the peri-electrode space was fixed at 500 μm and the conductivity was 0.1±0.02 

S/m. For reference, the artifact magnitude for the homogenous condition is also indicated.
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Figure 3. 
Stimulus-triggered average ECAPs recorded during thalamic DBS across stimulation 

parameters in EP12D (chronic recording). The ECAP phases are labeled, and the stimulus 

artifact was negligible. (A) Effect on ECAPs of stimulation amplitude, provided as a 

percentage of VCLIN, and shown for both cathodic- and anodic-phase first polarities. (B) 

Effect on ECAPs of stimulation frequency, shown for both polarities at VCLIN.

Kent et al. Page 25

Brain Stimul. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
ECAP waveforms recorded during thalamic DBS across subjects, divided into high-fidelity 

ECAP recordings made in the acute condition (top panel) and chronic condition (middle 

panel), and two example recordings with large artifacts and negligible ECAP responses 

(bottom panel). Stimulus-triggered average ECAPs are shown in the bold traces, and single 

responses are shown as the dark and light gray traces for cathodic- and anodic-phase first 

polarities, respectively. Other DBS parameters were 130 Hz frequency and an amplitude 

equal to VCLIN, except for EP12C, EP13J, and EP13L, for which ECAPs are shown with an 

Kent et al. Page 26

Brain Stimul. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



amplitude that was 60%, 40%, and 59% of VCLIN, respectively, as those were the maximum 

amplitudes tested in those studies. The insets for EP13B, EP13G, EP13I, and EP13N show 

ECAP responses for voltages below VCLIN, with cathodic- and anodic-phase first polarities, 

as well as the polarity average (EP13G only), to demonstrate a more apparent N1 phase. 

Similarly, the inset for EP13F shows responses for a voltage below VCLIN for cathodic- and 

anodic-phase first polarities, and the polarity average, to demonstrate the presence of a P1 

phase.
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Figure 5. 
Relationship between changes in tremor and ECAP N1 phase energy across stimulation 

parameters. Measurements were made across DBS amplitudes, indicated both by the size of 

the marker and the adjacent text showing amplitude as a percentage of VCLIN, and DBS 

frequencies, including either 130 Hz or 10 Hz shown with circle and diamond markers, 

respectively. Further, these data are shown for cathodic- and anodic-phase first polarities 

with filled and open symbols, respectively. For studies using polarity averaging, one value 

of the ECAP characteristic is given for both stimulation polarities, and the average of the 

corresponding tremor measurements across polarities is shown with the gray symbol. 

Change in tremor was defined such that negative values corresponded to reductions in 

tremor from baseline, and positive values corresponded to tremor exacerbation. Tremor data 

was not recorded for EP12D at 130 Hz DBS frequency, 60% of VCLIN, and anodic-phase 

first polarity, and so the data point is not shown. Despite successful ECAP recording, data is 

not provided for EP13B and EP13J because a full trial block was not completed, and for 

EP13I because no tremor was evident in the DBS off condition. Linear regressions were 

calculated between tremor and ECAP measures, using the polarity average (gray fills) when 

applicable.
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Figure 6. 
Relationship between changes in tremor and ECAP P1 phase energy across stimulation 

parameters. Data presentation is otherwise identical to Fig. 5.
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Figure 7. 
Relationship between changes in tremor and ECAP secondary phase energy across 

stimulation parameters. Data presentation is otherwise identical to Fig. 5.
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Figure 8. 
ECAP responses calculated with the model of thalamic DBS using lead model 3387. (A) 

Model responses for different relative lead positions within the thalamus, including the 

original position from (26) (left column), dorsal position (center column), and ventral 

position (right column). The insets in the top row show the FEM geometries of the DBS lead 

and thalamus from a lateral view. ECAPs are shown for both cathodic- and anodic-phase 

first polarities, and the corresponding percentage activation of each neural element type in 

0.1 ms bins following DBS pulses is shown for cathodic-phase first polarity. DBS 
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amplitudes for each subplot were adjusted to generate similar percentage activation, DBS 

frequencies were 130 or 10 Hz, and pulse width was fixed at 50 μs/phase. The stimulus-

triggered ECAP and single responses are shown in the bold and light traces, respectively, 

and ECAP phases are labeled. A small stimulus artifact remained with the dorsal lead 

position following artifact template subtraction, observed as the initial inverted phases for 

opposite stimulation polarities. (B) The contribution of different neural element types to the 

composite ECAPs recorded with the ventral lead position at 3 V. The DBS frequency was 

130 Hz, unless otherwise designated.
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Figure 9. 
Stimulation artifacts calculated with the electrical circuit equivalent model prior to and 

following unbalancing of volume conductor resistances, by decreasing RV01 and increasing 

RV12 by the indicated percentage. The waveforms were independent of stimulation 

frequency (130 Hz shown). An amplifier blanking scheme was not implemented for the 

model simulations, and so a triphasic artifact waveform was observed.
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Table 3

Electrical circuit equivalent model parameters.

Parameter Value

Interface double-layer capacitance (CDL) 1.56 μF

Interface Faradaic resistance (RF) 1.50 kΩ

Volume resistance between contacts 0 & 1 (RV01) 1200.80 Ω

   contacts 1 & 2 (RV12) 1218.69 Ω

   contact 0 & return (RV0) 764.70 Ω

   contact 1 & return (RV1) 773.52 Ω

   contact 2 & return (RV2) 770.83 Ω

Volume capacitance between contacts & return (CV) 23.21 nF
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