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a b s t r a c t

Background: Novel patterns of electrical stimulation of the brain and spinal cord hold tremendous
promise to improve neuromodulation therapies for diverse disorders, including tremor and pain. To date,
there are limited numbers of experimental studies in human subjects to help explain how stimulation
patterns impact the clinical response, especially with deep brain stimulation.
We propose using novel stimulation patterns during electrical stimulation of somatosensory thalamus in
awake deep brain stimulation surgeries and hypothesize that stimulation patterns will influence the
sensory percept without moving the electrode.
Methods: In this study of 15 fully awake patients, the threshold of perception as well as perceptual
characteristics were compared for tonic (trains of regularly-repeated pulses) and bursting stimulation
patterns.
Results: In a majority of subjects, tonic and burst percepts were located in separate, non-overlapping
body regions (i.e., face vs. hand) without moving the stimulating electrode (p < 0.001; binomial test).
The qualitative features of burst percepts also differed from those of tonic-evoked percepts as burst
patterns were less likely to evoke percepts described as tingling (p ¼ 0.013; Fisher’s exact test).
Conclusions: Because somatosensory thalamus is somatotopically organized, percept location can be
related to anatomic thalamocortical pathways. Thus, stimulation pattern may provide a mechanism to
select for different thalamocortical pathways. This added control could lead to improvements in neu-
romodulation - such as improved efficacy and side effect attenuation - and may also improve localization
for sensory prostheses.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Novel bursting patterns of electrical stimulation have demon-
strated more effective pain relief in spinal cord stimulation and
greater motor improvement during deep brain stimulation (DBS)
for movement disorders than traditional tonic stimulation patterns
(trains with regularly repeated pulses) [1e6]. DBS for movement
disorders applies a tonic pattern with a frequency of 130e180 Hz,
which has been found to best reduce symptoms for the average
patient. Initial studies exploring temporally irregular (non-tonic)
patterns failed to outperform tonic designs [7e11]. However, recent
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work has shown that temporally irregular patterns reduce tremor,
bradykinesia, and power consumption as well as avoid thalamic
adaptation [2e6]. Methods to generate these patterns include use
of models to generate patterns with the optimal trade-off between
beneficial features (e.g. low power) and unwanted symptoms (e.g.
tremor) [4,5,12]. Additionally, others have shown that motor
movement can be improved if bursts of pulses are coordinated
across spatial macro-contacts (coordinated reset) or bursts are
optimally timed to occur at specific time points of a patient’s
tremor [2e5]. Finally, cycled patterns have been shown to better
resist thalamic adaptation than traditional tonic patterns [3]. Since
previous modeling work suggests that pauses in DBS stimulation
may permit brief pathological activity [10,11], additional experi-
mental insights are greatly needed to help explain how bursting
stimulation improves symptoms.

In this work, we explore tonic and bursting stimulation pat-
terns in human somatosensory thalamus (ventral caudal nucleus;
Vc), which is highly amenable to intraoperative study [13e15]. As
opposed to the terminal effects of other DBS targets that can be
challenging to quantify and measure in an intraoperative setting,
the terminal effects of Vc stimulation are sensations, called per-
cepts, that can be easily reported. All tactile information from the
face and body converge in this compact structure before being
relayed to the cortex, and Vc is somatotopically organized with
face and upper-body relay neurons located medially and lower-
body relay neurons located laterally, although individual vari-
ability can exist [14,16,17]. Thus, percept locations can be related
to anatomic pathways via this somatotopy, and neurosurgeons
routinely rely on this relationship for intraoperative localization
[18,19]. While the percept quality from Vc stimulation has been
well-studied [13,20,21], we aim to compare percept locations
during electrical stimulation with bursting and tonic patterns to
provide insight into the underlying anatomic pathways and net-
works involved.

Materials and Methods

Study design

Our study included 15 consecutive subjects undergoing awake
DBS placement in the ventral intermediate nucleus of the thalamus
(VIM) for essential tremor during a 17-month period whowere able
to complete awake intraoperative testing. Three subjects had pre-
viously undergone VIM DBS on the contralateral side. Two patients
were excluded from analysis due to suboptimal initial lead place-
ment with inability to complete intraoperative experiments. The
remaining 15 subjects included 13 males and 2 females, with ages
ranging 37e82 years and a mean age of 67 years. The predomi-
nance of men is consistent with the known prevalence of males
with essential tremor [22]. The study was approved by the Insti-
tutional Review Board of the University of Michigan. All partici-
pants signed written informed consent.

Twenty-seven anatomical sites, i.e. locations in the brain where
macrostimulationwas performed, were included if the locationwas
estimated to be in sensory thalamus and subjects were able to feel
sensations from thalamic stimulation. No sites were discarded
(although one site could not be included because of audio recording
failure) and research testing was stopped when intraoperative
constraints dictated that we resume the clinical procedure. The
subjects were blinded to the stimulation patterns.

Stimulation apparatus

Stimulation was performed using an intraoperative neural tar-
geting system, as previously described [23], schematically
illustrated in Fig. 1a. LabVIEW software (National Instruments,
Austin, TX) was programmed on a Dell T5500 computer (Dell Inc.,
Round Rock, TX) and interfaced with a commercial intraoperative
electrophysiology system (Neuro Omega™, Alpha Omega, Naza-
reth, Israel). The Neuro Omega™ applies current-controlled stim-
ulation with an output sampling rate of 44 kHz. Stimulation
pattern, stimulation amplitude, and stimulation electrodes were
selected with the custom LabVIEW software, which was interfaced
with the Neuro Omega™ via the Alpha Omega Software Develop-
ment Kit. Stimulationwas applied through themacro-contact of the
Neuroprobe microelectrodes (STR-009080-10, Alpha Omega), with
a macro-contact length of 1 mm, diameter of 0.56 mm, and
250e1250 kU impedance at 1 kHz [24].
Stimulation parameters

Stimulation patterns were created offline in MATLAB (Math-
Works, Natick, MA) and loaded into the LabVIEW software. The
pulse shape for all stimulation patterns were identical (Fig. 1b) and
consisted of a one period, 400-ms sine wave with a 200-ms positive
phase immediately followed by a 200-ms negative phase to main-
tain charge balance [25e27]. The individual sinusoidal pulses were
separated by the appropriate interpulse interval to achieve the
desired pulse frequency (e.g. 12.5 ms for 80 Hz). Pulse width and
stimulation amplitude were selected to remain within 30 mC/cm2

per phase charge density safety limits [25], while recruiting a
maximal volume of thalamocortical neurons. In offline experi-
ments, the output from the Neuro Omega™ was visually inspected
on an oscilloscope to verify that the pulse morphology was sinu-
soidal as expected. The pulse rate for tonic stimulation was 80 Hz
that is similar to the 60-Hz stimulation frequency used in many
earlier studies to map Vc [28] but increased slightly to avoid 60-Hz
noise.

Parameters for bursting stimulation include intraburst pulse
rate, burst duration, and burst repetition interval. For consistency,
we used an intraburst pulse rate of 80 Hz, equal to that of tonic
stimulation. Burst duration and burst repetition intervals were
empirically determined in Subject 1. Burst durations of around
62.5 ms and rest duration of 125 ms were perceived by Patient 1 as
qualitatively different from the other combinations of burst/rest
durations. For the remaining 14 patients we continued to use this
pattern with a burst of 5 pulses repeated every 187.5 ms (Fig. 1b,
bottom) given that the percepts were consistently distinct from
tonic patterns. We refer to this pattern as a “bursting” because it is
similar to the activity of thalamic relay cells that can burst with
intra-burst frequencies around 50e70 Hz [29]. However, this
“bursting” nomenclature is different than the bursting patterns in
the spinal cord literature, where intra-burst frequencies are typi-
cally on the order of 500 Hz [1].

In a subset of 5 patients, low-frequency tonic patterns were
created with the same stimulation amplitude and average number
of pulses as the bursting patterns above. These patterns were
similar to the tonic pattern in Fig. 1b except with a frequency of
27 Hz. In the final patient, a 30-Hz tonic patternwas comparedwith
an 80 Hz-bursting pattern of 60 ms duration and repetition interval
of 100 ms.

The 80-Hz tonic and bursting patterns were compared at the
threshold of perceptiondthe minimum amplitude needed to
perceive electrical stimulation. Amplitudes greater than this are
less likely to be perceived as naturalistic [21]. The amplitude used
for the low-frequency tonic pattern was equal to the threshold of
perception of the bursting pattern so that a charge-matched com-
parison could be made.



Fig. 1. System and experimental setup. (a) Customized LabVIEW software inputs into Neuro Omega that drives macroelectrode to provide electrical stimulation to brain tissue. (b)
Depiction of 0.5-s segment of tonic (green) and bursting (blue) patterns. All pulses are identical and pictured to scale in the cutout window. (c) Preoperative MRI as shown on
StealthStation during preoperative planning. The yellow line is the planned ventral intermediate nucleus of the thalamus (VIM) trajectory that ends in the star. The star is the
estimated final position of the to-be-implanted permanent deep brain stimulation lead. The green trajectory represents a parallel trajectory 2 mm posterior to the VIM trajectory
that passes through the somatosensory nucleus of the thalamus (Vc). The star at the tip of this trajectory signifies the same depth on this trajectory as the star on the VIM trajectory.
(d) Table shown to subjects prior to the experiment to provide a list of potential responses. Patients were verbally counselled that they could choose words not on this list. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.S. Willsey et al. / Brain Stimulation 13 (2020) 1436e14451438
Thalamic localization

Preoperative 3T cranial magnetic resonance imaging (MRI) of all
patients was obtained before DBS lead placement and co-registered
to MR imaging obtained on the day of surgery after Leksell ste-
reotactic frame (Elekta AB, Stockholm, Sweden) placement.
Computed tomography (CT) imaging was substituted for 3 patients
with existing DBS systems, which are incompatible with 3T MRI.
Images were co-registered using commercial software (Analyze,
AnalyzeDirect, Inc., Overland Park, KS) and uploaded into com-
mercial frame-based targeting software (Framelink, Medtronic,
Minneapolis, MN).

Atlas-based VIM targeting was performed. The initial ven-
trocaudal VIM target was assigned as 11.5 mm lateral to the wall of
the third ventricle and 5 mm anterior to the posterior commissure
in the intercommissural plane. A cranial entry point was selected at
the coronal suture, approximately 2.5 cm lateral to midline. The
entry point to VIM target defined the “VIM trajectory” (Fig. 1c).

To verify hand localization within VIM, a second “Vc trajectory”
was assigned parallel and 2mm posterior to the VIM trajectory. The
point of transition from the VIM to the Vc nucleus along the Vc
trajectory was estimated using the Schaltenbrand-Wahren atlas
built into the Framelink software [30]. Typically, the last 3 mm of
the posterior trajectory localized to Vc (Fig. 1c). For notational
purposes, all depths are reported relative to target depth: a depth of
3 mm is 3 mm above target and a depth of �3 mm is 3 mm below
target depth (Fig. 1c).

Testing protocol

During the operative procedure, the stimulating microelec-
trodes were advanced through VIM and Vc. Patient responses to
stimulation and stimulation parameters were recorded simulta-
neously using a high-definition video camera and a wireless
microphone. Tonic stimulation through the macro-contact on the
microelectrode was utilized to verify VIM localization and soma-
totopy, according to standard operative practices. Sites were
excluded from the analysis if no percept was elicited by either tonic
or burst stimulation or if the reported tonic percept was non-
physiological (e.g., bilateral headache, ipsilateral percepts). One
site could not be included in the analysis because of audio recording
failure. In total, twenty-seven sites within Vc were analyzed. The
number of test sites for each subject was limited by the available
time for testing. The subjects were blinded to the stimulation
patterns.

The first objective in testing a stimulation pattern was to
determine the threshold amplitude of perception. To prevent
thalamic adaptation, the initial amplitude was set to either 0.1 or
0.2 mA and incrementally increased until a percept was reported.
Also to minimize thalamic adaptation [31], stimulation was limited
to either 4 s or the minimum time needed for a subject to report a
percept. If the initial stimulation amplitude was perceived, stimu-
lation was immediately halted and the amplitude was lowered to
the threshold of stimulation.

We determined and recorded the stimulation amplitude at the
threshold for stable percepts for tonic and bursting patterns (i.e.,
the threshold of perception). As the patterns were charge balanced,
we assigned the charge per pulse as the area under a half sine wave
period multiplied by the threshold of perception. The total charge
per second was reported as the charge per pulse multiplied by the
average number of pulses per second. The threshold for perception
for the burst pattern in Subject 13 was not explicitly determined,
and this site was excluded from the amplitude and charge analysis
at the threshold of perception (in Fig. 4).
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At each site in the first 6 subjects, subjects were asked if the
stimulation was perceived (“Do you feel anything now?”). Patients
usually proceeded to describe where the percept was located and
the sensory quality. If the subject did not report location and
quality, the experimenter would ask for location (“Where do you
feel it?”) and quality (“What does it feel like?”). During the first few
trials, subjects were shown the table in Fig. 1d as a list of potential
responses, which is a slight modification of the table used to assess
sensory quality by Ohara et al. [32].

When time allowed, and simulation pattern differences pro-
duced percepts at different locations or with different qualities,
stimulation patterns were either alternated or randomly varied.
Stimulation lineups, when varied at a given site, are reported in the
Results section.

Statistical analysis

We used a one-way binomial test to exclude the null hypothesis
that percept location changes by chance and does not depend on
stimulation pattern. This test requires a probability, p, that the
locationwill change by chance even though the stimulation pattern
does not change. From experience, we know that this probability is
low because bursting and high-frequency tonic patterns were sta-
ble in 31/32 trials (see Results). Thus, we conservatively over-
estimate p as 0.1 for the binomial test.

To evaluate whether bursting patterns were less likely to
“tingle” than tonic counterparts, we used Fisher’s exact test to
compare the number of non-tingling sites between tonic and burst
percepts. Statistical significance was assessed with a 2-sided, 2-
sample t-test when comparing: the amplitude between tonic and
bursting patterns at the perception threshold, the amplitude be-
tween sites with similar vs. disparate percepts, and the depth of
stimulation sites with similar vs. disparate percepts. The relation-
ship between burst/tonic percept locations and whether the final
implanted lead required adjustments was evaluated with a Fisher’s
exact test. The number of low-frequency tonic and bursting trials
with percepts located near high-frequency tonic percepts were
compared with Fisher’s exact test. A statistical significance level of
0.05 was used.

Results

Our analysis includes fully awake and unanesthetized patients
who underwent stimulation of the somatosensory (Vc) thalamus
during DBS surgery for essential tremor. For each patient, stimu-
lation with tonic and bursting patterns were tested within Vc.
Testing was performed at a total of 27 sites in 15 patients. The
amplitude of stimulation was set to the threshold of perception,
which is the lowest amplitude at which subjects reported a percept.

Stimulation pattern controls percept location

While 14/27 sites of stimulation had similar location percepts
for both bursting and tonic waveforms, in 13/27 sites (in 8/15
subjects tested), 80 Hz tonic and bursting percepts (in Fig. 1b) were
perceived in distinct, non-overlapping locations, specifically hand
versus face. The difference in 13 sites was statistically significant
(p < 0.001; binomial test). Fig. 2a graphically illustrates typical
results for the first 6 subjects, and a table of results for all subjects is
shown in Fig. 2b. Tonic percepts arose in the hand/arm in amajority
of sites (19/27) as expected since the hand region of VIM is targeted
for DBS. Tonic percepts localized to the face/head in 6 sites, and
arose in both hand and face regions at 2 sites. Bursting percepts
occurred in the head/face region in 17/27 sites, occurred in the
hand/arm in 7 sites and arose in both areas at 3 sites. Even among
stimulation sites where tonic and burst percepts were located in
close proximity, small differences in location often existed, e.g.,
cheek versus lip in Subject 2 and 2nd/3rd fingers versus thumb in
Subject 10.

Percept size and location were assessed through detailed,
recorded subject descriptions. Spontaneous patient terminology
was clearly non-overlapping. Patients 4, 6 and 10e14 all reported
tonic percepts in the hand (e.g. “thumb” or “fingers”), whereas
bursting percepts were in the face (e.g., “jaw,” “neck,” “lip,” “side of
[the] face,” and “mouth [or] throat”). Tonic percepts were located in
the face for Patients 1 and 3 (mouth, tongue, lips or cheek) with
bursting percepts in the fingers and arm. Patient 1, with bursting
percepts in the fingers, denied any facial component. Patients
uniformly denied overlap between tonic and bursting percepts
when asked explicitly. Patients 4, 6, 10, 11, and 14 denied bursting
percepts located in the hand, where tonic percepts were located.
Patients 10 and 14 also denied tonic percepts where bursting per-
cepts arose. Finally, and similar to macrostimulation results from
Heming et al. [20], percepts for each pattern were mostly of “me-
dium” size since they typically covered parts of limbs or multiple
fingers, although more focal percepts were also reported.

Percept location as a function of tonic versus bursting stimula-
tion pattern remained stable even when stimulation patterns were
repeated or alternated (Fig. 2c). Stimulation trials were repeated in
all 8 subjects where bursting and tonic percept locations differed,
and 31/32 stimulation trials remained stable with hand percepts
remaining in the hand and face percepts remaining in the face. The
only discrepancy was in the first site of Subject 14 where the burst
perceptwas originally in the face but transitioned to the handwhen
the stimulation was repeated a few minutes later. Additionally, in 4
subjects (5 sites), tonic and burst patterns were alternated a total of
15 times, and the location remained stable.

Percept locations affected by the temporal distribution of pulses

Bursting and 80-Hz tonic patterns have three important differ-
ences: the temporal distribution of pulses, the average number of
pulses in time, and the amplitude at the threshold of perception. To
determinewhether percept location differences were caused by the
temporal distribution of pulses (and not one of the other differ-
ences between bursting and tonic patterns), we created low-
frequency (27 or 30 Hz) controls with the same number of pulses
and amplitude as the bursting patterns. These patterns differed only
in the temporal distribution of pulses. These patterns were compared
in 6 sites (in 5 subjects) where bursting produced percepts in the
face and 80-Hz-tonic produced percepts in the hand. As illustrated
in Fig. 3a and b, the burst percepts (blue data points) were located
in the head at all 6 sites. However, low frequency tonic patterns
(magenta data points) produced percepts in the hand e like 80-Hz
tonic patterns e at 4/6 sites. However, at sites 3 and 6, the percept
location was not stable and occasionally generated face percepts
like the bursting patterns. This instability led to the proportion of
head or face percepts being less than 1. For completeness, Fig. 3c
depicts the number of stimulation trials conducted for each stim-
ulation pattern at each site. Across all trials, low-frequency tonic
percepts were statistically different (p < 0.001; Fisher’s exact test)
than bursting patterns and produced hand percepts in 12 trials
(similar to 80-Hz tonic), head percepts in 10 trials (like bursting),
and percepts in both head and hand in 1 trial (see Fig. 3aec).

As an illustrative example in Subject 3, bursting and 27-Hz-tonic
stimulation patterns were compared at a constant amplitude of
1.2 mA (Fig. 3d and e). The 27-Hz tonic waveform produced hand
percepts (similar to the 0.5 mA, 80-Hz tonic percepts), while the
bursting stimulation produced percepts in the jaw/neck region. Six
trials randomly alternating between 27-Hz tonic and bursting



Fig. 2. Stimulation pattern controls percept location. (a) A body map for the first six subjects that represents the disparate percepts between tonic (green) and bursting (blue)
stimulation. All percepts for the hand and face were ipsilateral to each other, contralateral to the stimulation lead, and illustrated on the left side of the body map for illustration
purposes. (b) Table shows percept location for tonic and burst stimuli at each site tested. Sites where percept locations are widely disparate are highlighted in yellow. Research
minus implanted lead (Res. e Imp. Lead) denotes the (x, y, z) position of the research lead subtracted by the final implanted lead position. Without any adjustments to the final lead,
the research lead would be 2 mm behind the implanted lead, i.e. (0, �2, 0) mm. Testing sites that differed from this planned relationship are denoted in bold font. A positive value
for Dx > 0 indicates a research lead position lateral to the implanted lead position. The * denotes that the lead surgeon (P.G.P.) asked to move to a more lateral trajectory given the
head percepts. The ** denotes that testing was performed on a trajectory 2 mm lateral to the intended trajectory because no percepts occurred at the original trajectory (c)
Table displays an illustrative example site for subject 6 where stimulations were randomized at a single site, and a stable difference in the location of tonic and burst percepts was
demonstrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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patterns in Fig. 3b demonstrated stable, non-overlapping percepts
in all 6 attempts. Thus, the irregular distribution of pulses, inde-
pendent of amplitude and number of pulses, led to differences in
percept location.
Differences in amplitude, charge, and site location

The perception threshold was lower for high-frequency tonic
patterns compared to bursting patterns at all sites (p < 0.001; t-
test). The perception threshold was 0.50 ± 0.09 mA (mean ± S.E.M.)
for tonic patterns and 1.17 ± 0.11 mA for bursting patterns. In the
subset of sites where tonic and burst percepts were nearby, the
mean amplitude of tonic patterns, 0.64 ± 0.14 mA, was lower than
the mean amplitude of burst patterns, 1.34 ± 0.13 mA (p < 0.001; t-
test). In the subset of sites where tonic and burst percepts were
located in disparate body areas, the mean amplitude of tonic pat-
terns, 0.33 ± 0.07 mA, was lower than the mean amplitude of burst
patterns, 0.97 ± 0.18 mA (p < 0.001; t-test) as shown in Fig. 4a, left
pane.

To understand whether perception thresholds differed between
sites with nearby versus disparate tonic and burst percepts, the
perception thresholds were compared, see Fig. 4b, middle pane.
Combining the amplitude at perception for both stimulation pat-
terns revealed decreased amplitudes at sites with disparate tonic
versus burst percepts relative to sites with similarly located per-
cepts (p ¼ 0.039; t-test).

The mean charge injected between tonic and bursting patterns,
however, was not statistically different at all sites (p ¼ 0.26; t-test),
sites with similarly located percepts (p ¼ 0.19; t-test), or sites with
disparately located percepts (p ¼ 0.995; t-test). The mean charge
injected for the tonic pattern at threshold was 4.7 ± 0.8 mC/s for all
sites, 6.0 ± 1.4 mC/s at sites with percepts near burst percepts, and
3.0 ± 0.7 mC/s at sites with percepts disparate from burst percepts.
The mean charge injected for the bursting pattern at threshold was
3.7 ± 0.3 mC/s for all sites, 4.2 ± 0.4 mC/s at sites with percepts near
tonic percepts, and 3.0 ± 0.6 mC/s at sites with percepts disparate
from tonic percepts (Fig. 4c, right pane).

Similarly, there were no statistically significant differences in
depth between sites with tonic and burst percepts located nearby
and in disparate locations (p ¼ 0.55; t-test). The mean depth when
percepts were similarly located was 1.2 ± 0.3 mm. A positive value
indicates the distance superficial to target (described in Materials



Fig. 3. Controlled experiment of percept location using tonic and burst stimuli in five subjects. Six sites showing the proportion of low-frequency tonic (magenta) and bursting
(blue) patterns that generated percepts in the head (a) and in the hand (b). LF tonic denotes low frequency tonic patterns. (c) Number of stimulation trials at each site for low-
frequency tonic (magenta) and bursting (blue) patterns. (d) A body map for Subject 6 illustrates focal percepts for low-frequency, 27-Hz tonic (magenta) stimuli compared to
an anatomically distant bursting percept in the face (blue). (e) For the same site as (d), Table reports randomized stimulation trials showing the difference in low-frequency tonic
and bursting patterns that are controlled for amplitude and number of spikes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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and Methods). The mean depth when percepts were disparate was
1.7 ± 0.5 mm. There were also no statistically significant differences
among the number of sites with similarly located versus disparately
located percepts that required adjustment of the final lead position
(p ¼ 0.44; Fisher’s exact test).
Less tingling from bursting stimulation

For completeness, in the first 6 subjects, we asked subjects to
describe the quality of percepts. This was not continued in the
remaining 9 subjects due to intraoperative time constraints.
Bursting percepts were less frequently described by subjects as
“tingling” than tonic percepts (p ¼ 0.013; Fisher’s exact test). At 8
of 14 sites where percept quality differed, tonic percepts were



Fig. 4. Differences in amplitude and charge at the perception threshold. Amplitude differences in (a) demonstrate differences in tonic (green) and bursting (blue) amplitudes (in
mA) at all sites (n ¼ 26), at sites where percept locations are similar (“Similar; ” n ¼ 14), and at sites where percept locations are in disparate body regions (“Disparate; ” n ¼ 12). The
asterisks represent statistical significance. Regrouping the tonic and bursting amplitudes together in (b) highlights the differences in similar and disparate sites. In (c), the different
charge injected at the threshold of perception is depicted at all sites, those with similarly located percepts, and those with disparate percepts. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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tingling in all cases, whereas bursting percepts were sometimes
non-tingling. In particular, bursting patterns produced non-
tingling percepts in 9/14 sites and in 5/6 subjects tested. On
the other hand, tonic percepts were tingling in all but one site
(see Fig. 5a). Bursting stimulation elicited a variety of non-
tingling qualities, including pressure, sharpness, vertigo, and vi-
bration, as depicted in Fig. 5b. Of note, in Subject 5, bursting
percepts were similar to pressure, but on repeated stimulation
the subject reported either pressure or tingling. Fig. 5c illustrates
an example where bursting and tonic patterns were randomly
alternated to give non-tingling bursting percepts and tingling
tonic percepts.

Discussion

In this work, we found that bursting and tonic stimulation often
activate distinct, non-overlapping perceptive pathways. Even
though burst percepts required higher stimulation amplitudes to
be perceived, the percept was not located near tonic percepts, and
instead generated a percept in a unique, non-overlapping location.
Importantly, bursting patterns evoked percepts in different locations
than tonic patterns with the same average pulse rate and same
amplitude. Hence, in many sites tested, the temporally irregular
distribution of pulses provided control of percept location that was
independent of stimulation amplitude or average pulse rate. In
addition to the above findings, we also found that: (1) bursting
percepts required increased amplitude but similar charge as per-
cepts generated from tonic patterns, (2) the perception threshold
was lower at sites with different tonic/burst percept locations than
similar locations, and (3) tonic and bursting patterns elicited
different perceptual qualities.

Activation of distinct thalamocortical networks through patterned
stimulation

A similar phenomenon was reported by Kiss et al. in 2/19 sites
near Vc using waveforms with different pulse-widths [33]. This
difference was attributed to differential activation of local cells
and axons of passage [33,34]. Kiss et al. state that, in a site pre-
sumed to be below Vc and in medial lemniscus, auditory sensa-
tions were produced using a 5-ms pulse width and the quality
changed to tingling using a 500-ms pulse width. In the second site,
hemibody pain at 5-ms pulse width transitioned to hand coolness
at 3 ms and hand/leg tingling at 1 ms. Kiss et al. [33] proposed that
local cells were activated through activation of the soma with
high-pulse-width waveforms and not low-pulse-width wave-
forms. However, because extracellular stimulation of local cells
initiates action potentials at the initial segment or at one of the
nodes of Ranvier, this observation is likely due to relative differ-
ences in the electrode position with respect to the soma [34,35].

As opposed to varying the pulse width, we varied pulse density
using either bursting or low-frequency stimulation patterns. When
doing so, high-frequency tonic versus bursting percepts were
produced in different and non-overlapping anatomical regions in
roughly half of sites/subjects. Anatomically-distinct percepts could
arise if distinct neural populations were activated with different
stimulation patterns. Several groups have shown through compu-
tational models that stimulation patterns could potentially select
different populations of neurons with neural elements that pass
near the electrode [36e38]. McIntyre and Grill showed that high-
frequency stimulation may more efficiently activate axons of pas-
sage (because the pulse arrives at a time of increased axonal
excitability within a depolarizing afterpotential) and less efficiently
activate local cells (because the pulse arrives at a time of decreased
axonal excitability within a hyperpolarizing afterpotential) [36]. Yi
and Grill also reported that local cells are less excitable with high-
frequency stimulation compared to low frequency stimulation
when the soma was closer to the electrode than the axon [37].
While further studies are needed to establish exact mechanisms,
these studies provide insight into how distinct subpopulations of
neurons (i.e. “hand” neurons versus “face” neurons) can be
selectively activated to produce distinct percepts.

Given that various modalities of somatosensory stimuli evoke
bursting in Vc [39], burst and tonic percept locations may be
encoded differently in thalamocortical relay cells and interpreted
differently by downstream cortical mechanisms [40e42]. Some
have hypothesized that naturally occurring thalamic spiking
modes, bursting and tonic, select for different thalamocortical
pathways [41]. Iremoner et al. show that electrical stimulation of
thalamic afferents of motor cortex neurons at high frequencies does
not produce action potentials in motor cortex while low frequency
stimulation reliably produces action potentials in cortical neurons
[40]. Finally, cortical centers may process sensory information
differently when action potentials are quantized in bursts (or
packets) as opposed to those repeated at constant time intervals
[42].



Fig. 5. Tonic and burst stimuli affect percept quality. (a) The table lists percept quality evoked at all of the sites tested. The sites producing sensations of tingling, pins/needles, or
electric current are highlighted in red. (b) Two pie charts representing the sensation quality for the least artificial percept quality in each subject. The purpose is to illustrate that
percept differences existed in most patients. Specifically, 1/6 of the pie is assigned to each subject. If a non-tingling percept is produced by electrical stimulation, that subject’s slice
is assigned to that percept quality; otherwise, the slice is designated as tingling. Mech., Mechanical; Vestib., Vestibular; Movt., Movement. (c) Table is an example of percept stability
in Subject 3 when switching between stimulation patterns. Artificial percept qualities are highlighted in red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Anatomical location of stimulation sites

Not all stimulation sites produced pattern-dependent percepts.
To gain insight into the location of sites, we did note a small but
significant lower current threshold when anatomical areas were
disparate. Sites of somatosensory thalamus with relatively lower
amplitudes of perception have been found to occur in sites densely
populated with neural elements [28,43]. Tasker et al. have shown
especially low thresholds (0.1e0.5 mA; using 60-Hz, 3-ms pulses)
at the medial-ventral base of Vc where medial lemniscus fibers
enter [28]. Lenz et al. (with the same stimulation parameters)
showed a lower threshold at sites in Vcwhere the receptive fields of
numerous neurons overlapped suggesting a site densely populated
with neural elements [43]. Given that face and hand somatotopic
centers of Vc are in close proximity [44], a potentially unifying
explanation for the data herein is that sites where patterned
stimulation produces disparate hand and face percepts occur at the
border of hand/face centers and are densely populated with neural
elements, such as at the base of Vc. Specifically, burst patterns
activate local face neurons, and tonic patterns activate either
medial lemniscus fibers traveling to hand neurons or thalamo-
cortical cell axons after leaving hand neurons.
Potential for clinical application

Herein bursting patterns are shown to select for distinct
perceptive locations that may correspond to activating different
subpopulations of thalamocortical-relay neurons. To this end,
bursting patterns and multi-contact hardware designs may be
combined so that a single DBS lead activates a high number of
different neuron groups [21,45]. Additionally, since bursting pat-
terns activate different neuronal populations than tonic stimula-
tion, bursting patterns could be more effective than tonic patterns
in stimulation of Vc for neuropathic pain [18,19], although further
studies are needed. Finally, selective activation of the desired
neuron group may lead to fewer side-effects if unwanted neurons
are not activated.
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Peripheral nerve stimulation with temporally irregular patterns
(pulse-width modulation) was used for a sensory prosthesis by Tan
et al. to restore naturalistic perception [46]. Patterned stimulation
also demonstrated more tolerable paresthesias in spinal cord
stimulation [47] and could also be attempted in spinal cord stim-
ulation to restore somatosensation [48]. Previous reports using
patterned thalamic stimulation to affect percept quality are mixed
as Heming et al. found tonic patterns more naturalistic than
temporally-irregular patterns and Swan et al. found patterns with
up-ramping pulse rates were “slightly more” naturalistic than other
tonic patterns [20,21]. In this work, bursting patterns achieved a
higher number of non-tingling percepts (9/14) and increased
percept variety compared to tonic stimulation that produced arti-
ficial paresthesias in all but one site. However, since these patterns
may activate different groups of neurons, the difference in percept
quality may be mediated in large part by the difference in the
activated neuron groups and not necessarily because the patterns
themselves are being interpreted differently by downstream
cortical centers. These mechanisms await further study. Addition-
ally, even though the bursting percepts from thalamic macro-
stimulation were not endorsed as naturalistic, more naturalistic
percepts may be achieved with similar temporally-irregular
designs.
Conclusions

Temporally patterned stimulation shows tremendous promise
in advancing the field of neuromodulation, and tuning patterns of
stimulation for specific patients and applications may lead to im-
provements in chronic pain therapies, intraoperative localization,
avoidance of side-effects, and sensory prostheses. However, a
paucity of studies exists exploring patterned stimulation in Vc
where the terminal effect of stimulation pattern can be readily
observed. Herein, we showed that patterned stimulation selects for
distinct perceptive networks, and likely distinct thalamocortical
networks. This specificity for distinct networks provides insight
into the underlying mechanisms of temporally irregular patterns
and may allow selective activation of optimal neuronal targets.
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