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A B S T R A C T

Background: Essential tremor (ET), the most common movement disorder in adults, presents with involuntary 
shaking of the upper extremities during postural hold and kinetic tasks linked to dysfunction in the cerebello- 
thalamo-cortical network. Recently, transcutaneous afferent patterned stimulation (TAPS), applied through a 
wrist-worn device, has emerged as a non-invasive treatment for medication-refractory ET. However, its mech
anism remains unclear.
Objective: We hypothesize that TAPS reduces tremors through modulation of the VIM thalamus in the cerebello- 
thalamo-cortical network.
Methods: Employing refractory pure ET patients seeking VIM deep brain stimulation (DBS), we quantified clinical 
tremor improvement following TAPS treatment in a pre-operative setting, followed by intra-operative micro
electrode recording of the contralateral thalamus with concurrent TAPS treatment on and off.
Results: After one preoperative session, TAPS significantly reduces upper limb tremor average (0.61, p = 0.002), 
with an asymmetric effect favoring the treated limb (p = 0.047) and the greatest improvement tending to kinetic 
tremor (R2 = 0.943, p = 0.002). The magnitude of TAPS-related tremor reduction demonstrates a positive 
correlation with the modulation of alpha (R2 = 0.213, p < 0.001) and beta band LFPs (R2 = 0.255, p < 0.001) in 
the VIM. TAPS also suppressed spiking activity in the VIM (R2 = 0.104, p = 0.029), though it was uncorrelated 
with the degree of tremor reduction. Of note, TAPS-related modulation of LFPs and spiking activity was greatest 
near the optimal placement location for the DBS lead in treating ET (R2 = 0.122, p = 0.006).
Conclusion: In sum, TAPS likely reduces tremor in ET by modulating the VIM and connected nodes in the 
cerebello-thalamo-cortical pathway.
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1. Introduction

Essential tremor (ET), the most common movement disorder in 
adults, grows in impact every year as the world population ages [1,2]. 
Patients with pure ET experience debilitating action tremor of their 
upper extremities, especially in the hands, which manifests in two 
clinically distinct forms with different frequencies: kinetic tremors, 
typically under 6 Hz, and postural tremors, which range from 6 to 12 Hz 
[3–8]. While their exact etiology remains unclear, complementary 
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evidence from histological [9,10], imaging [11], electrophysiological 
[12], and computational [13] studies indicate dysfunction in the 
cerebello-thalamo-cortical (CTC) network—a network that links the 
deep cerebellar nuclei to the motor cortex via the motor and sensory 
thalamus, including the ventral intermediate (VIM) nucleus. Disruption 
of this network impairs one’s control of goal-directed movement 
[14–20].

There remains a significant gap in the treatment of ET despite its 
increasing prevalence. Frontline medications (primidone and propran
olol) provide modest tremor reduction, but 50% of patients discontinue 
their use due to side effects [21,22]. Deep brain stimulation (DBS) tar
geting the VIM reduces tremor by 60–75%, but up to 86% suffer ataxia, 
dysarthria, or dysgeusia and 15–73% lose tremor control over time [23,
24]. Thus, side effects and habituation, plus cost, deter half of eligible 
candidates, limiting the application of VIM DBS to patients with severe 
ET [25]. The use of magnetic resonance-guided focused ultrasound 
(MRgFUS) to lesion the VIM, though promising for moderate to severe 
ET, has shown limited adoption due to specialized equipment re
quirements, irreversibility, and high relapse rates [26–30]. Taken 
together, the limitations of current therapies leave many ET patients, 
especially those with mild to moderate symptoms, without effective 
treatments.

Transcutaneous afferent patterned stimulation (TAPS™) has 
emerged as a non-invasive, on-demand treatment to reduce hand 
tremors in ET [31]. TAPS delivers alternating electrical bursts to the 
median and radial nerves at the wrist—where, by tuning stimulation to 
each patient’s tremor frequency, TAPS aims to traverse afferent pro
jections back to the VIM and disrupt synchronized, pathological firing 
through a process called coordinated reset [32]. Randomized clinical 
trials showed that TAPS reduces tremor by 38–83%, with effects lasting 
1 hour after treatment [33,34]. These effects accumulated over months 
of use without habituation or significant side effects [35]. However, 
despite its FDA approval status for ET treatment, evidence for the 
mechanism of TAPS remains limited outside of a small FDG-PET/CT 
study [36,37].

In theory, TAPS achieves tremor reduction by desynchronizing 
pathological neural oscillations in the CTC network [38]. Electrical 
stimulation of the median nerve is known to directly modulate neural 
activity throughout the somatosensory thalamus, including the VIM 
[39–41]; however, there is limited evidence elucidating the underlying 
mechanism of TAPS and its potential impact on the brain. Here, we 
examined TAPS’s effect on the clinical components of refractory pure ET 
and how it may modulate the CTC network, hypothesizing that tremor 
reduction correlates with VIM modulation. Our results provide strong 
evidence suggesting that tremor improvement resulting from TAPS 
treatment is related to modulation of neural activity in the CTC network, 
in particular, modulation of alpha band local field potentials (LFP).

2. Materials and methods

2.1. Subject inclusion & exclusion criteria

We enrolled 9 adults with a clinical diagnosis of medication- 
refractory pure ET (i.e. no impaired tandem gait, dystonic posturing, 
memory impairment, or other mild neurologic signs to indicate ET plus) 
seeking DBS placement in the VIM [5]. Inclusion criteria required (1) 
age 18–85 years and (2) a baseline dominant hand Essential Tremor 
Rating Assessment Scale (TETRAS) Archimedes spiral drawing score of 
2+, matching the initial tremor severity of subjects in previous studies 

[33,42]. Subjects were excluded if they (1) were pregnant or (2) had 
cognitive impairments affecting study consent or completion. All sub
jects provided informed consent, with their privacy rights observed, 
under the protocol approved by the University of Wisconsin – Madison 
Institutional Review Board (ID: 2018-1052).

2.2. Transcutaneous afferent patterned stimulation (TAPS)

Each subject was fitted with a wrist-worn stimulator (Cala TWO 
band, Cala Health, CA, USA) on their dominant upper limb, with pad 
electrodes targeting the median and radial nerves plus a dorsal return 
electrode (Fig. 1A). Prior to delivering TAPS, the maximum tolerable 
stimulation current (0–10 mA) and alternating burst frequency (4–12 
Hz) were calibrated. We attained the maximum tolerable current 
amplitude by increasing stimulation in 0.25 mA steps until paresthesia 
occurred in the hand dermatomes of both nerves without visible motor 
response (i.e. muscle twitch), and the subject reported that they could 
not tolerate a higher level for 40 min. We matched the alternating burst 
frequency to the higher of two tremor frequencies observed during the 
forward and lateral postural hold tasks, measured via on-board accel
erometry. The alternating burst frequency controlled the rate at which 
pulse trains were delivered to the median and radial nerves (Fig. 1B). 
Stimulation of each nerve was delivered in biphasic pulses at 150 Hz, 
with 300 μs phases and 50 μs interphases.

2.3. Part 1: pre-operative quantification of tremor changes following 
TAPS

We assessed tremor using TETRAS, chosen for its high sensitivity to 
tremor changes and reliability between raters [6]. Across 9 items, 
TETRAS scores the severity of action tremor from 0 to 4 in 0.5 in
crements with higher scores indicating larger tremor amplitude (cm). 
Tremor was measured in both upper limbs before and after 40 min of 
TAPS delivered to the dominant limb (Fig. 1C). Here, the total tremor 
improvement for each limb was taken as an average of the differences in 
scores across 5 TETRAS tasks before and after treatment (Eq. S(1)): (1) 
forward postural hold (item 4), (2) lateral postural hold (item 4), (3) 
kinetic finger-to-nose (item 4), (4) spiral drawing (item 6), (5) dot 
approximation (item 8). In addition, the impact of tremor on quality of 
life was surveyed using QUEST as these measures also hold a modest 
insight into tremor severity [43].

2.3.1. Characterizing Tremor improvement in the treated limb
To isolate the effect of TAPS in the treated limb from what may be 

common to both limbs, we normalized tremor improvement in the 
treated limb using a within-subject factor, the improvement in the un
treated limb. Subsequently, the fractional Tremor Reduction (fTR) of the 
treated limb following TAPS was computed as:  

In this characterization, fTR estimates the effect of TAPS in the treated 
limb over and above the effects common to both limbs.

2.3.2. Comparative analysis of clinical Tremor improvement
Improvement (i.e. the difference between pre- and post-treatment 

TETRAS scores) in the 5 individual tremor tasks and the average total 
score were compared to zero and between limbs using two-sided Wil
coxon signed-rank tests (α = 0.05). To explore the differential impact of 
TAPS on kinetic and postural tremors and how the improvement of each 

fractional Tremor Reduction (fTR)=
Improvementtreated limb total − ImprovementUNtreated limb total

ImprovementUNtreated limb total
(Eq. 1) 
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contributed to the overall fTR, we classified kinetic finger-to-nose 
tremor, spiral drawing tremor, and dot approximation tremor as ki
netic tremors while grouping forward postural and lateral postural 
tremor as postural tremors [4]. Subsequently, multilinear regression 
(MATLAB fitlm function) assessed the relationship between fTR and the 
improvement in either kinetic or postural tremors (Supplementary Eq. 
S2 A,B, α = 0.05). We also performed an analogous analysis examining 
the relationship between fTR and TETRAS scores of either tremor type 
before treatment, a proxy for patients’ initial tremor severity (Supple
mentary Eq. S2 C,D, α = 0.05).

2.4. Part 2: intra-operative thalamic recording with concurrent TAPS 
treatment

To assess if TAPS causally modulated contralateral VIM LFP and 
spiking activity, we used microelectrode recording (MER) during the 
mapping phase of awake DBS surgery (Fig. 1D). Subjects discontinued 
tremor medications 24 h pre-surgery and were fitted with the wrist 
stimulator on their dominant limb, where paresthesia was confirmed in 
median and radial nerve dermatomes of the hand. Following a 15-min 
washout of remifentanil sedation, we recorded from three 

microelectrodes (2 mm apart, anterior-posterior) in the hemisphere 
contralateral to TAPS, starting 10 mm above VIM target. We descended 
toward the target on a double oblique (anterior, lateral) approach that 
avoided the third ventricle and approximated the axis of the VIM [44]. 
Here, the middle of the 3 electrodes targeted the VIM using consensus 
coordinates for stereotactic planning, x-coordinate 11 mm lateral to the 
third ventricle wall at the z-level of the AC-PC plane and y-coordinate 
5.7 mm posterior to the midcommissural point [45]. Borders of the 
ventralis oralis posterior, ventral intermediate, and ventral caudal 
nuclei were mapped based on neural responses evoked by motor, 
kinesthetic, and somatosensory stimuli on the face and upper extrem
ities [44]. In intervals of 2–4 mm (where an interval on the longer range 
was occasionally used in operations that needed to be hastened) from 10 
to 0 mm along the descending trajectory for mapping, we collected 60-s 
bipolar MER between each microelectrode and their distal macro
electrode (1 cm offset) during TAPS treatment ON and treatment OFF 
conditions (Mean number of depths per subject ± SD: 4.6 ± 1.0). TAPS 
treatment for each subject retained identical stimulation parameters 
calibrated in Part 1. Signals were bandlimited at 20 kHz and digitized at 
48 kHz using the Guideline 4000 LP+ (FHC, Inc, Bowdoin, ME).

After mapping, stimulation was delivered through each 

Fig. 1. Investigating the effect of TAPS on clinical tremor scores and thalamus neural activity in essential tremor patients. 
A Demonstration of the wrist stimulation band placement on the dominant hand, showing the 3 electrodes used for the TAPS paradigm. Stimulator unlatched from 
the dorsal wrist, seen more clearly in (C). B TAPS delivers alternating pulse trains to the median and radial nerves at a burst frequency matched to each patient’s 
tremor frequency. Stimulation amplitude is set to the maximum tolerable level reported by each patient. C During part 1 (pre-operative), tremor severity is assessed 
using TETRAS scores before and after a 40-min TAPS session. D During part 2 (intra-operative), MER are collected along the planned DBS trajectory targeting the VIM 
nucleus of the thalamus, with TAPS alternating between the ON and OFF states.
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macroelectrode (biphasic, cathode leading pulses: 100μs, 150 Hz, 0–4 
mA) to verify therapeutic efficacy and assess the side-effect profile. The 
final implant location for the DBS lead was selected where test stimu
lation produced maximal tremor suppression with minimal therapy- 
limiting side effects (i.e. paresthesia, muscle contractions, and dysar
thria), and where MER revealed the presence of tremor cells or neural 
activity responsive to passive movement of the forearm and hand. This 
putatively describes the optimal placement of VIM DBS leads for ET 
treatment, projected to be in the ventral VIM, 2–4 mm anterior to the 
border of the ventral caudal nucleus [44]. In the subsequent analyses, 
the final implant location references the coordinate of the distal edge of 
the most distal contact on the DBS lead.

2.4.1. Characterizing thalamic local field potentials
Prior to analysis, raw MER were low-pass filtered at 7500 Hz and 

motion artifacts were removed using a modified version of Banks et al.’s 
algorithm (see Supplementary Methods 1.1, Supplementary Fig. S1) 
[46]. We further verified that TAPS did not introduce stimulation arti
facts in thalamic MER (Supplementary Fig. S2). Then, each 60-s MER 
time series was segmented into 1-s bins for power spectral density (PSD) 
estimation using Thomson’s multi-taper method with Slepian tapers 
(MATLAB pmtm function, time-half bandwidth product = 3). Next, we 
calculated power (PSD area under the curve) within canonical frequency 
bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), 
low gamma (30–70 Hz), and high gamma (70–200 Hz) [47–50]. Prior to 
further analysis, representative power for each band was selected from 
the median value across the sixty 1-s bins. To characterize how TAPS 
modulated VIM LFP in each band, we quantified a LFP modulation index 
(MILFP) as the fractional change in power from the TAPS treatment ON 
versus OFF conditions:  

2.4.2. Characterizing thalamic neural spiking activities
Equally important, we examined the effect of TAPS on spiking ac

tivity (see Supplementary Methods 1.2). Within preprocessed MER time 
series, spikes were identified where the measured voltage crossed a 
threshold of 5 standard deviations above the mean signal. Next, we 
analyzed channels with baseline firing rates ≥1 Hz during TAPS treat
ment OFF. Spike rates were calculated in 1-s bins for each time series, 
where the rates were resampled in a bootstrap procedure to minimize 
potential bias from time series with unequal duration after artifact 
removal. The most likely rate was selected from the median of the 
generated distribution. Similar to MILFP, we computed a modulation 
index for spiking activity (MISpikes) as a fractional change in spike rate 
from the TAPS treatment ON versus OFF conditions: 

Modulation Index (MI)Spikes =
SpikesTAPS ON − SpikesTAPS OFF

SpikesTAPS OFF
(Eq. 3) 

2.4.3. Comparative analysis
We used linear regression to examine the relationship between the 

modulation indices (MILFP or MISpikes) and either the distance from the 
implant location (DIL, mm) (see Supplementary Methods 1.3) or frac
tional tremor reduction (fTR) (Supplementary Eq. S3, S4). The VIM 
measures 4 mm anterioposteriorly, 4 mm mediolaterally, and 6 mm 
dorsoventrally [51–53]. Thus, we approximated the diameter of the VIM 
to be 5 mm and segregated MER data at this threshold. Statistical sig
nificance was set at α = 0.05 for MISpikes comparisons and α’ = 0.008 
(Bonferroni-corrected) for MILFP comparisons across six frequency 
bands. All analyses were performed in MATLAB 2024a (Mathworks, 
Natick, MA).

Table 1 
Demographic, baseline severity, and TAPS settings.

Subject 1 2 3 4 5 6 7 8 9 Cohort Summary

Age (decade) 50s 70s 70s 60s 50s 70s 60s 60s 60s 65 ± 7
Sex M M F M M M M F M Male: 78%
Age of Onset (decade) 10s 10s 60s 30s 20s 10s 20s 40s 50s 29 ± 17
Family History 1 1 0 1 1 1 0 0 0 56%
Specific Current Co-Therapy ​ ​ ​ ​ ​ ​ ​ ​
Propranolol 1 1 1 0 0 1 0 1 1 67%
Primidone 1 1 1 0 0 0 0 0 0 33%
Gabapentin 0 1 1 0 0 0 0 0 0 22%

Initial QUEST Life Disability Scores (Frequency Range: 0–100%)
Tremor During Waking Hours 89 83 56 89 89 89 94 94 56 82.1 ± 15.4
Communication 17 0 0 67 0 42 25 0 25 19.5 ± 23.2
Work and Finance 50 0 38 8 42 67 33 0 8 27.3 ± 24
Hobbies and Leisure 83 92 100 100 75 100 58 92 67 85.2 ± 15.5
Physical 64 28 100 64 31 97 75 78 58 66.1 ± 25.2
Psychosocial 61 17 58 33 39 31 64 28 8 37.7 ± 19.8

Initial TETRAS Scores (Averaged Across Tasks, Severity Range: 0–4)
Archimedes Spiral (Task 6) 3.0 3.0 4.0 2.0 2.0 2.0 3.0 4.0 2.0 2.8 ± 0.8
Upper Limb Tremor (Tasks 4, 6, 8) 2.0 2.4 3.1 1.7 2.0 2.1 2.7 3.0 1.8 2.3 ± 0.5
Total Task Score (Tasks 1–9) 1.7 1.5 2.2 1.5 1.5 1.3 1.7 2.2 1.0 1.6 ± 0.4

TAPS Settings
Dominant Hand Right Left Right Left Right Right Right Right Right Right: 78%
Tremor Frequency (Hz) 5.4 4.5 4.5 4.5 5.7 8.1 5.3 6.5 4.1 5.4 ± 1.3
Stimulation Current (mA) 7.0 7.0 6.5 7.3 5.8 6.5 7.8 6.0 9.5 7.0 ± 1.1
Range displayed as mean ± 1 standard deviation.

Modulation Index (MI)LFP band =
PowerTAPS ON, LFP band − PowerTAPS OFF, LFP band

PowerTAPS OFF, LFP band
(Eq. 2) 
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3. Results

3.1. Study demographics, design, and TAPS

We enrolled 9 adults with medication-refractory ET (2 female, Mean 
age ± SD: 65 ± 7 years) awaiting VIM DBS, further described in Table 1. 
Subjects presented with moderate hand tremor (Mean ± SD of spiral 
drawing score: 2.8 ± 0.8; total upper limb tremor: 2.3 ± 0.5) approxi
mating an average tremor amplitude of 5 cm. Tremors were present 
during most of their waking hours (Mean ± SD: 82.1 ± 15.4%), with the 
greatest impact on hobbies/leisure (Mean ± SD: 85.2 ± 15.5%) and 
general physical activities (Mean ± SD: 66.1 ± 25. %).

Patients participated in the 2-part study to characterize the effect of 
TAPS across tremor types and on thalamic activity (Fig. 1A–D). TAPS 
treatment was personalized for each patient (Mean ± SD tremor fre
quency: 5.4 ± 1.3 Hz; maximum tolerable stimulation amplitude: 7.0 ±
1.1 mA) and maintained throughout the study. Of note, subject 8 was 
excluded from analysis because the individual reported an atypical, 
month-long tremor suppression after TAPS treatment in Part 1.

3.2. Individual and aggregated upper limb tremor tasks significantly 
improved in the dominant limb following TAPS treatment

Our first goal was to quantify how 40 min of TAPS treatment 
modulated tremor severity. Consistent with a previous randomized 
controlled trial [33], TAPS significantly improved the average upper 
limb score for the treated limb (0.61, p = 0.008). Interestingly, we also 
found that TAPS resulted in a significant improvement in the average 

upper limb score of the untreated limb (0.35, p = 0.008). However, 
improvement in the treated, dominant limb was significantly greater 
than the untreated limb (p = 0.047) (Fig. 2A). Given that ET manifests 
with distinct postural and kinetic tremor components, we were also 
interested in examining TAPS related improvements in the individual 
upper limb tremor tasks. The treated hand showed a significant 
improvement in the forward postural hold (0.625, p = 0.016), spiral 
drawing (0.875, p = 0.039), and dot approximation (0.563, p = 0.031) 
tasks (Supplementary Fig. S3). In contrast, the untreated limb showed no 
significant improvement in any of the five individual tasks (p > 0.05). 
Handwriting was assessed independently from other measures because 
it was only collected in the treated limb. Here, we found handwriting 
improved significantly after TAPS (0.79, p = 0.002) (Supplementary 
Fig. S4).

3.3. TAPS treatment enhanced improvement of kinetic tremor in the 
dominant limb

Knowing that tremor reduction may be seen in both limbs, we iso
lated the effect of TAPS on the treated limb using the fractional tremor 
reduction (fTR) score. Subjects’ responses to TAPS demonstrated a wide 
dynamic range (fTR = − 0.67 to 5.00) corresponding to observed qual
itative tremor improvement (Fig. 2B and C). Here, half of the subjects 
achieved fTR ≥1, indicating at least double the tremor improvement in 
the treated limb compared to the untreated limb.

We then explored the differential impact of TAPS on the kinetic and 
postural components of ET. Initial tremor severity, which may be pre
dictive of ET onset and progressive atrophy along the neural pathways 

Fig. 2. TAPS treatment improves essential tremor symptoms, with enhanced impact on kinetic tremor relative to postural tremor in the treated limb (n = 8). 
A Mean ± SEM improvement in average upper limb tremor scores after 40 min of TAPS treatment, comparing the treated versus untreated limb across all patients 
(*two-sided signed-rank p = 0.029). B–C Representative examples showing changes in spiral consistency and amplitude following TAPS treatment in patients with (B) 
low fTR (cyan) and (C) high fTR (orange). D–E Multiple linear regression analyses showing the relationship between fTR and aggregated improvement in (D) kinetic 
tremor tasks and (E) postural tremor tasks. To visualize the regression model, the x-axis rescales the combined effect of all independent variables, adjusted using the 
Frisch–Waugh–Lovell theorem (MATLAB fitlm).
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[54,55], showed no correlation with fTR for either the postural or ki
netic component (Fig. S5). However, TAPS treatment appeared to favor 
the improvement of kinetic tremors. In the treated limb, we discovered 
that improvement in kinetic tremor scores strongly predicted a greater 
fTR, explaining 94.3% of variability (F(3,4) = 39.623, p = 0.002) 
(Fig. 2D). Meanwhile, postural tremor showed no relationship with fTR 
(p = 0.967) (Fig. 2E).

3.4. Fractional tremor reduction in the dominant limb directly correlates 
with LFP modulation in the VIM

To explore TAPS’s therapeutic mechanism, we investigated the link 
between tremor reduction and VIM LFP modulation. Given the wide 

variation in patient response to TAPS, we examined if there was a cor
relation in neural modulation with the differences in fTR. Visual com
parison showed a greater difference in PSD area under the curve when 
TAPS treatment was ON, but only for the subject with the higher fTR 
(Fig. 3A and B). Regression analysis supported this pattern. Putatively 
within the VIM (≤5 mm from implant location, Fig. 3C), patients with 
larger fTR following TAPS showed significantly increased MILFP—in the 
alpha (R2 = 0.213, F(1,52) = 15.313, p < 0.001) and beta bands (R2 =
0.255, F(1,52) = 19.16, p < 0.001) (Fig. 3D–F). These relationships were 
notably absent outside the VIM (Fig. 3E and F; Supplementary Fig. S6) 
and when using non-normalized tremor scores.

We hypothesized that TAPS acts on the same neural substrate as DBS; 
so, we quantified the relationship between MILFP and distance from the 

Fig. 3. TAPS treatment modulates thalamic local field potentials with varied effects based on location and degree of tremor control. 
A–B Representative power spectral density (PSD) estimates comparing (A) low α-band modulation index (MILFP-α) in a patient with low fTR (cyan) versus (B) high 
MILFP-α in a patient with high fTR (orange). Black and gray lines show Treatment ON and OFF conditions, respectively. C Schematic illustrating MER distance relative 
to the final implant location within the thalamus (defined as the distal edge of the DBS lead’s distal contact). MER locations are classified as within VIM (red) or 
outside VIM (blue). D–E Correlation between MILFP-α and distance from implant location (DIL) for recordings within VIM (red) and outside VIM (blue) (n = 8). Points 
indicate MER data from individual depths, superimposed by best-fit lines and 95% confidence intervals. F Mean regression slope coefficients ± 2 SEM showing the 
relationship between MILFP-Band and DIL for recordings within VIM (red) and outside VIM (blue). § indicates regression slope coefficient with p ≤ 0.008 (Bonferroni- 
corrected α′ threshold) (See Supplementary Fig. S6 for expanded regression plots.). G–H Correlation between MILFP-α and fTR for recordings within VIM (red) and 
outside VIM (blue). I Mean regression slope coefficients ± 2 SEM showing the relationship between MILFP-Band and fTR for recordings within VIM (red) and outside 
VIM (blue). § indicates regression slope coefficient with p ≤ 0.008 (Bonferroni-corrected α′ threshold). (See Supplementary Fig. S8 for expanded regression plots.).
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final DBS implant location. Regression analysis initially, however, found 
no relationship between MILFP and distance from the final implant 
location (Supplementary Fig. S7). We examined this relationship more 
deeply by parsing MER recordings made within the VIM (≤5 mm from 
implant location) or outside of it (>5 mm). Here, regression analysis 
found that the alpha band MILFP was strongly modulated closer to the 
DBS implant location, but only within the VIM (R2 = 0.122, F(1,52) =
8.371, p = 0.006) (Fig. 3G–I). In contrast, no relationship between MILFP 
and distance to implant location was found outside of the VIM (Fig. 3H 
and I; Supplementary Fig. S8), suggesting that TAPS and DBS may share 
a common mechanism for mitigating tremor.

3.5. TAPS suppresses multiunit spiking in the VIM

Beyond LFP analysis, we also examined the effect of TAPS on 
multiunit spiking activity. A representative VIM recording (0.5 mm from 
the final implant location) demonstrated a pronounced reduction in 
spike rate with TAPS treatment ON (Fig. 4A and B). We analyzed VIM 
recordings (≤5 mm from the final implant location) with baseline firing 
rates ≥1 Hz, bootstrapping to estimate the most likely spiking rate 
(Fig. 4C and D). In 37 qualifying recordings, MISpikes decreased signifi
cantly when closer to the final implant location where it approached 
complete suppression (MISpikes = − 1), indicating that TAPS suppressed 
spiking activity to near 0 (R2 = 0.104, F(1,35) = 5.197, p = 0.029) 

(Fig. 4E). No significant relationship was observed between MISpikes and 
fTR (p = 0.777) (Fig. 4F). At distances >5 mm, MISpikes (Range: − 1 to 
0.5) showed no relationship with either distance from implant location 
(p = 0.768) or fTR (p = 0.949).

4. Discussion

While transcutaneous afferent patterned stimulation has been shown 
to reduce limb tremors in ET, its mechanism of action remains unclear. 
Putatively, alternating median and radial nerve stimulation on the wrist 
provides a desynchronizing input to the sensorimotor thalamus of the 
CTC network either directly via projections ascending in the dorsal 
column/spinothalamic pathways or indirectly via projections from the 
cortex or cerebellum. The VIM, being a major node in the hypothesized 
network of dysfunction in ET [9–12], is also the target for established 
treatments such as DBS [23,24] and lesional therapies [26–29]. Given 
this anatomical and therapeutic context, we hypothesized that the VIM 
is a likely site of the therapeutic effect of TAPS. Here, we demonstrated 
that TAPS directly modulates both local field potentials and spiking 
activity in the VIM thalamus, strongest when closest to the optimal 
placement sites for DBS leads in ET treatment.

Fig. 4. Modulation of spiking activity in thalamic MER under TAPS treatment ON and OFF conditions. 
A–B Sample time series of multiunit activity recorded 0.5 mm from the final implant location within the VIM thalamus during TAPS treatment (A) OFF and (B) ON 
periods. Spike rates (Hz) were calculated in consecutive, non-overlapping 1-s segments of the recordings, then aggregated for bootstrap resampling. C–D Spike rate 
distributions obtained through 10,000 bootstrap resampling iterations of the rates collected from recordings shown in (A) and (B), during TAPS (C) OFF and (D) ON 
conditions, respectively. Vertical lines indicate median spike rates, representing the most likely spike rate for each recording. E–F Simple linear correlations between 
MISpikes and (E) DIL or (F) fTR. Data points represent individual recordings taken ≤5 mm from the implant location (red) with baseline spike rates >1Hz during TAPS 
OFF. Best-fit lines with 95% confidence intervals are shown.
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4.1. TAPS acts on the cerebello-thalamo-cortical network

Upper limb tremor is an emergent property of the neuromuscular 
system, observed during both normal function and in neurodegenerative 
diseases [56,57]. The relative contributions of central and peripheral 
mechanisms of tremor remain debated, but current thoughts suggest 
that it arises from hypersynchronous activity within central neural 
networks and/or inherent resonances in limb biomechanics and 
segmental reflex arcs (see Ref. [57] for review). In ET, evidence points 
toward a central mechanism for tremor genesis where dysfunction in the 
olivocerebellar pathway results in aberrant neural activity that propa
gates throughout the CTC network [13]. Cerebellar involvement in the 
emergence of limb tremor aligns with its role in adaptive coordination of 
motor control [58,59], particularly in estimating limb state via forward 
predictions of the sensory consequences of action [60,61]. Here, 
dysfunction may create discrepancies between cerebellar predictions of 
limb state and actual sensory feedback, resulting in instability and 
tremor. Concordantly, many report dysfunction throughout the CTC 
network, particularly in thalamocortical circuits, as central to ET path
ophysiology [12,62–66]. For example, Kane et al. reported increased 
theta (4–8Hz) and alpha (8–12Hz) LFP power in thalamic nuclei 
receiving cerebellar input (i.e. VIM) compared to nuclei receiving input 
from the basal ganglia or somatosensory afferents. In conjunction, LFPs 
recorded from the VIM demonstrate increased synchrony in ET patients 
compared to individuals with other neurodegenerative diseases [64], 
and motor cortex alpha LFP power is altered in ET patients compared to 
healthy controls [12]. Moreover, electrical stimulation of the median 
nerve is known to modulate neural activity throughout the CTC network 
with the most direct effects in the somatosensory thalamus [39–41]. Our 
findings bridge the evidence describing CTC network dysfunction in ET 
and a putative therapeutic mechanism for TAPS, that is the modulation 
of neural activity in VIM. Specifically, we showed that TAPS had the 
greatest modulation of alpha and beta LFPs in patients who experienced 
the largest fractional tremor reduction (Fig. 3F), indicating a mecha
nistic role for VIM in reducing tremor. This effect was limited to the VIM 
as no LFP modulation was observed at distances >5 mm from the 
location of the implanted DBS lead (Fig. 3E-F, and H-I). Notably, mod
ulation of multiunit spiking activity was also only observed within the 
VIM; but, unlike alpha and beta LFP, had no relationship to the reduc
tion of tremor symptoms (Fig. 4E and F).

The dissociation between LFP and spiking activity modulation’s 
relationship to tremor reduction (i.e. fTR) during stimulation is partic
ularly interesting and potentially meaningful given their distinct roles. 
Low-frequency field potentials typically reflect summed synaptic cur
rents—potentially representing inputs to an area—while single/multi
unit activity likely represents outputs [67]. In this light, the mechanism 
of TAPS may be thought to act on the CTC network more broadly via the 
VIM, and not on local neural populations in the VIM alone. This premise 
is supported by recent work demonstrating that tremor reduction from 
VIM DBS strongly correlates with the strength of both thalamocortical 
network connectivity and thalamus-periphery connections [68]. It fol
lows that a similarly organized network might support the role of the 
VIM in the therapeutic mechanism of TAPS, one where inputs from the 
cerebellum and sensorimotor cortex might serve to drive the observed 
alpha and beta LFPs during stimulation. Notably, we quantified 
TAPS-related tremor improvement as the difference in tremor severity 
before and after 40 min of treatment, suggesting persistent effects on 
tremor generators. Post-treatment tremor suppression, combined with 
evidence that TAPS efficacy increases with repeated sessions [35], fa
vors a speculative interpretation where TAPS is modulating hyper
synchronous CTC network activity rather than directly interfering with 
tremorgenic activity. Since we did not measure hand kinematics during 
stimulation, future work is needed to fully understand how TAPS pro
vides tremor relief both during stimulation and persistently afterward.

A critical discussion of VIM nomenclature is warranted given 
ongoing debates about human motor thalamus subdivision and 

classification [15]. Following neurosurgical convention, we referenced 
Hassler’s nomenclature, which divides the motor thalamus into Vop, 
Vim, and Vc nuclei [69]. The consensus indirect coordinate used to 
target the VIM for DBS treatment of ET, along with electrophysiological 
mapping of the motor thalamus and stimulation testing to avoid side 
effects, historically lead to implant at the medial region (y-axis) of the 
ventral VIM, 2–4 mm anterior (x-axis) to the Vc border [44]. Since Vim 
is approximately 4 mm anteriorposteriorly, the implant may be found at 
the Vop and Vim border, or the ventral lateral anterior (VLa) and ventral 
lateral posterior (VLp) border according to Jones and colleagues’ 
nomenclature [70]. This region coincides with the presence of neurons 
that respond to kinesthetic stimuli or those that are synchronically 
triggered at the same frequency as contralateral peripheral tremors, 
aptly named tremor neurons [71]. Regardless of nomenclature, this re
gion also receives projections from the dentato-rubro-thalamic tract of 
the CTC network originating from the contralateral dentate, globose, 
and emboliform cerebellar nuclei [72,73]. It was in this region that we 
observed the greatest thalamic modulation by TAPS.

In validating our neural results, we believe that they are not 
confounded by artifacts from TAPS applied at the wrist. First, raw time 
series showed no evidence of stimulation artifacts (Fig. 4A and B; Sup
plementary Fig. S2). Second, neural modulation related to fractional 
tremor reduction was spatially restricted to a defined region, putatively 
within the VIM, whereas stimulation artifacts would appear across all 
recording depths given the small (~10 mm) recording range. Third, the 
wrist stimulator is battery-powered with a localized, bipolar electrodes 
design, respectively mitigating the effect of ground loop contamination 
and broad spread of the applied electric field.

4.2. Heterogeneous tremor improvement in response to TAPS treatment

Consistent with previous studies [33–35], we found that patients 
experienced varied degrees of tremor improvement in response to TAPS. 
This therapeutic heterogeneity may stem from inherent instabilities in 
tremor frequency and amplitude that potentially limited TAPS effec
tiveness in some participants. Spontaneous fluctuations in tremor pa
rameters are well documented [68,74–77], and they are known to 
influence the efficacy of various therapeutic interventions [68,75,78,
79], with greater tremor instability strongly associated with decreased 
therapeutic outcomes [68]. In our study, the alternating burst frequency 
of TAPS (i.e. the rate at which stimulation switches between the median 
and radial nerves) was set based on tremor oscillations measured at the 
wrist during a postural hold task before the start of treatment. It follows 
then that tremors exhibiting complex phase properties or greater fre
quency variations might be less effectively modulated by the constant 
alternation frequency applied by TAPS. Some have proposed using 
phase-dependent stimulation strategies to modulate tremor severity via 
phase-interference [75,79]. In these approaches, tremulous movements 
are measured in real-time and stimulation delivery is locked to specific 
phases of the tremor oscillation to reduce amplitude. Similar to our re
sults with TAPS, these phase-dependent stimulation strategies have 
yielded heterogeneous improvement. For example, Reis et al. applied 
transcutaneous electrical stimulation to the median nerve in ET patients 
locked to different tremor phases and found significant tremor modu
lation in 55% of participants [75]. Interestingly, stimulation at many 
phases resulted in amplification of tremor rather than suppression. It is 
unclear how the efficacy of TAPS might change if closed-loop stimula
tion strategies were incorporated. Future work could assess how 
phase-aligned alternation of median and radial nerve stimulation affects 
tremor characteristics and whether adapting alternation frequency in 
real-time based on tremor frequency might yield greater improvement, 
especially for patients with more unstable tremor patterns.

Other possible explanations for this heterogeneity include the 
following. First, target engagement is often variable in non-invasive 
therapies, opening the possibility that engagement of the median and 
radial nerves at the wrist differed between participants. Improper 
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alignment of the stimulation electrode with the underlying anatomy or 
inadequate stimulation intensity could have diminished therapeutic ef
fects. Here, wristband sizing, positioning, and stimulation parameters 
for TAPS were calibrated based on manufacturer’s instructions. Impor
tantly, all subjects verified paresthesia in the median and radial nerves’ 
hand dermatomes with TAPS activation during both parts of the 
experiment. The presence of paresthesia referred to the fingertips, 
lacking reported pain or visible muscle recruitment, indicates engage
ment of large myelinated proprioceptive and cutaneous afferents (A- 
alpha and A-Beta fibers) in the median and radial nerve trunks [80,81]. 
Therefore, subjects likely experienced adequate engagement of the 
target nerves. Second, dysfunction in the transmission of afferent in
formation from the peripheral nerves to the central nervous system 
could contribute to the varied efficacy of TAPS. Such dysfunction may be 
due to the severity of the disease or another unknown factor. Impor
tantly, our data showed no relationship between fTR and pre-treatment 
tremor severity, and no patients in our cohort reported sensory 
dysfunction, which is consistent with the diagnosis of pure ET. There
fore, we expect that sensory dysfunction did not impact our results. We 
did not, however, explicitly characterize proprioceptive or somatosen
sory acuity, and are not able to definitively rule out sensory deficits as a 
factor in the heterogeneous response to TAPS. Thus, the relationship 
between sensory perception and tremor reduction from TAPS remains 
unclear; it warrants further extra-operative investigation, particularly 
regarding the role of specific fiber type recruitment in perceived 
sensation and therapeutic outcomes.

4.3. Bilateral effects of unilateral TAPS treatment

Unexpectedly, TAPS displayed a significant tremor reduction in both 
the treated and untreated limbs. While TAPS likely improves tremor in 
the treated limb through modulation of the contralateral VIM and CTC 
network as described, the mechanism for ipsilateral improvement is 
unclear and speculative. One possibility involves the recently discovered 
decussating and non-decussating branches of the dentato-rubro- 
thalamic (DRT) tract emerging from the superior cerebellar peduncle 
[82,83]. Through these anatomical projections, it is possible that TAPS 
modulated cerebellar output originating from the treated hemisphere 
could exert bilateral influence on movement. Another plausible expla
nation is cross-hemispheric coupling in thalamocortical circuits. For 
example, He et al. compared LFPs from bilateral motor cortices and 
thalamic nuclei to ET hand tremor amplitude and instability, finding 
significant coupling of the thalamus and motor cortex to their contra
lateral counterparts [68]. Cross-hemispheric coupling increased when 
patients had higher tremor amplitude and instability in the hand 
contralateral to the first hemisphere, even when removing contributions 
from the ipsilateral tremulous hand. Given that approximately 80% of 
patients with initially unilateral ET eventually develop bilateral tremor 
[84], cross-hemispheric coupling suggests that the mechanism of tremor 
on the second side could be linked to neural activities in the thalamus 
and motor cortex of the first side. Thus, we speculate that the modula
tory effect from TAPS may have transferred from the thalamus contra
lateral to the treated hand to the ipsilateral thalamus, leading to mild 
tremor reduction in the untreated hand. However, outcomes from direct 
VIM stimulation with DBS treatment do not corroborate this proposed 
mechanism well. While one report suggests unilateral VIM DBS signifi
cantly reduces tremor in the ipsilateral upper extremity [85], two others 
contradict this finding [86,87]. Alternatively, the tremor improvement 
observed in the untreated limb of our subjects may have originated from 
a sham effect—supported by results from Pahwa et al.‘s randomized 
controlled trial on the clinical effects of TAPS [33]. Their study reported 
tremor improvements in concordance with our observations: their 
treatment group paralleled the magnitude of our treated limb results, 
while their sham group matched our untreated limb improvements 
(Fig. 2A). Thus, the improvement in the untreated limb seen in our 
study, while statistically significant, is likely a sham effect. Without 

direct sham controls to provide conclusive evidence, however, future 
research is needed to determine if unilateral TAPS exerts a bilateral ef
fect on upper limb tremor.

Due to the unknown origin of tremor reduction in the untreated limb, 
we used a fractional difference measure, fTR, to estimate the effect of 
TAPS in the treated limb over and above the effects common to both 
limbs. Importantly, tremor reduction measured by fTR stratified patients 
into low and high responders in a similar proportion to previously 
published methods, with half showing strong responses (fTR≥1) [34,
35]. Furthermore, fTR was primarily driven by improvements in kinetic 
tremors rather than postural tremors. This selective effect is particularly 
interesting given that kinetic and postural tremors have different char
acteristic frequencies of oscillation, <6Hz and 6–12Hz, respectively 
[5–8]. Such specificity suggests the alternating burst frequency of TAPS 
could be tuned to target different tremor subtypes, enabling more 
personalized treatment based on individual symptom profile. Additional 
exploration of this hypothesis may set alternating burst frequency to a 
range centering at 6 Hz, or calibrate it to the postural tremor and kinetic 
tremor frequencies of each patient, and analyze for differential impacts 
on clinical tremor reduction and modulation of neural activity in the 
CTC network.

4.4. Limitations

First, our small sample of nine patients reflects the exploratory na
ture of this research, as TAPS’s effect on the CTC network has not been 
previously documented. Despite this limitation, we maintain high con
fidence in our primary finding that TAPS significantly improved tremor 
in the treated upper limb, as this result aligns with previous prospective 
trials [33,34]. We also consider robust our finding that TAPS acts on the 
VIM close to the optimal DBS lead implant location. Three key obser
vations strengthen this observation: (1) negative findings in recordings 
superior to the VIM nucleus, (2) correlation between VIM modulation 
and clinical tremor reduction (fTR), and (3) established efficacy of 
VIM-targeted lesions and DBS for ET treatment. However, the minor but 
statistically significant tremor reduction in the untreated upper limb 
represents a weaker conclusion as our design lacked rigorous testing of 
this effect. Our observations regarding TAPS’s differential impact on 
kinetic versus postural tremor also need additional confirmation. While 
previous studies occasionally showed TAPS may preferentially treat 
forward postural tremors [33,88], they did not categorize tremors into 
the two categories as we have done. Future pre-registered sham-con
trolled trials with active sham stimulation will be essential to validate 
the bilateral tremor reduction effect and preferential improvement of 
kinetic tremors. Second, our ability to assess the effect of stimulation on 
tremor properties and neural activity in real-time is limited as we did not 
directly measure hand kinematics during TAPS treatment in either part 
of the study. Acquisition of hand kinematics time-locked to neural ac
tivity will be necessary to better understand how TAPS alters connec
tivity between central and peripheral activity. Third, research using 
intraoperative neural recordings faces inherent limitations due to the 
clinical priorities of the surgery. For example, the use of sedatives during 
the DBS procedure may have influenced microelectrode recordings. This 
concern is likely muted, however, due to the rapid clearance of remi
fentanil and its minimal effect on neural activity [89,90]. In addition, we 
also limited surgery duration to minimize infection risks and patient 
discomfort; thus, we could not test multiple stimulation parameters at 
each recording depth. Future work that aims to explore or optimize the 
effect of stimulation parameters on VIM neural activity should employ 
chronically implanted recording methods. Such methodology would 
track long-term changes, enabling more robust analyses to address the 
cross-sectional limitations of this study. It could also provide a larger 
dataset to train a machine learning model to predict and optimize 
TAPS-related tremor reduction on an individual basis. Fourth, the 
lab-based quantification of TETRAS tremor scores may have induced 
stress in patients through a “white coat effect,” potentially biasing our 
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