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Abstract

Surface electromyography (sEMG) is useful for studyingmuscle function and controlling prosthetics, but cross talk fromnearbymuscles of-
ten limits its effectiveness. High-density surface EMG (HD-sEMG) improves spatial resolution, allowing for the isolation of M-waves in the
densely packed forearmmuscles. This study assessedHD-sEMG for localizingM-waves and evaluated the impact of spatial filters on cross
talk reduction.Weadministeredperipheral nerve stimulation to activate forearmmuscles infiveparticipants.Weanalyzed cross talkby cor-
relating the shape of M-waves between electrodes and used ultrasound to confirm muscle identity and location. At low-stimulation inten-
sities, we successfully isolated M-waves with minimal cross talk without spatial filtering. Higher recruitment levels produced significant
cross talk, which was reduced by applying bipolar or tripolar spatial filters. M-waves from themonopolar HD-sEMGmontage showed high
correlations between electrodes (r¼ 0.97 transversely; r¼ 0.95 longitudinally), while bipolar and tripolar montages showed lower correla-
tions (bipolar: r ¼ 0.41 transversely; r ¼ 0.19 longitudinally; tripolar: r ¼ 0.17 transversely; r ¼ 0.01 longitudinally). The tripolar filter signifi-
cantly reduced cross talk (51.10% amplitude decay one electrode away) compared with no filter (10.32% amplitude decay one electrode
away), effectively reducing cross talk to negligible levels at distances �2.55 cm. Ultrasound was crucial for distinguishing true activation
from artifacts caused by converging signals alongmuscle boundaries. Spatially filteredHD-sEMGaccurately detects and isolatesM-waves
in the forearm, and ultrasound imaging is useful for verifying the location and identity of themuscles underlying theHD-sEMGgrids.

NEW & NOTEWORTHY This study introduces an innovative approach to enhancing evoked potential measurements using high-den-
sity surface electromyography (HD-sEMG). The precision and localization of evoked potentials are significantly improved by spatial fil-
ters and ultrasound imaging, offering a novel method for better assessingmotor pathway integrity. These advancements could lead to
more accurate tools for detecting and treating neurological deficits, making it a significant contribution to neurophysiological research.

cross talk; high-density electromyography; M-waves; peripheral nerve stimulation; ultrasound

INTRODUCTION

Stroke and spinal cord injury often damage the neural cir-
cuits controlling muscle activity and are the leading causes of
paralysis (1–3). Surface electromyography (sEMG) is used to

measure muscle activation and changes in recruitment pat-
terns after neurological injury. Understanding these changes
may aid in developingmotor rehabilitation tools (4, 5).

Motor-evoked potentials (MEPs), generated by stimulating
the brain or spinal cord, and compound muscle action
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potentials (CMAPs), including M-waves, produced by periph-
eral nerve stimulation, are measured by their amplitude, a key
indicator of neuromuscular function (6–8). However, cross talk
from nearby muscles can distort amplitudemeasurements (9–
12), especially in the forearm where muscles are closely posi-
tionedandoverlap.

MostMEPandM-wave studies usebipolar sEMGelectrodes
(9). When measuring evoked responses from a single muscle
location, it is impossible to definitively determine whether
the sEMG signal originates from the targetmuscle or a neigh-
boring muscle. Furthermore, the amplitude of target muscle
signals themselves canbedistortedby cross talk signals (13).

High-density sEMG (HD-sEMG) offers more accurate
measures of MEP/M-wave amplitude by providing better
coverage of the target muscle and allowing the application
of spatial filters to improve the isolation of signal sources.
Spatial filters combine signals from multiple electrodes to
amplify the desired signal while suppressing interference
from nearby muscles (14). The bipolar montage records
the voltage difference between two adjacent electrodes
while the tripolar montage takes this a step further by
measuring the difference between two bipolar signals,
enhancing signal isolation. Despite the preference for spa-
tial filtering techniques in HD-sEMG studies, monopolar
processing is still used in some applications. For example,
studies have used monopolar HD-sEMG to control pros-
thetic limbs (15) and assess muscle function during ges-
tures (16) and dynamic contraction conditions (17, 18),
where capturing the full extent of muscle engagement is
prioritized over reducing cross talk.

This paper evaluates a technique for isolatingM-waves from
multiple muscles using HD-sEMG. We generated M-waves in
five able-bodied subjects by applying single pulses of electrical
stimulation to peripheral nerves in the arm. We then assessed
howwell the bipolar and tripolarmontages reduced cross talk,
with themonopolarmontage (without spatialfiltering) serving
as the control. The tripolar montage provided more effective
cross talk reduction. After the stimulation trails, we used ultra-
sound imaging to accurately identify the muscles beneath the
HD-sEMGgrids.

These results highlight key challenges in measuring mus-
cle recruitment, particularly in areas where several muscles
are close together. Although HD-sEMG provides better cov-
erage of target muscles, careful signal processing is required
to detect and eliminate cross talk, ensuring more accurate
measurements ofmuscle activity.

METHODS

Participants

Five right-handed able-bodied volunteers (3 males; ages
24–40, mean ¼ 30.4 yr) provided informed written consent
to participate in this study (Table 1). Inclusion criteria
included being 18–70 yr old, medically stable, with normal or
corrected vision, no neurological or motor impairments, no
implanted devices, seriousmedical conditions, or joint deform-
ities, and the ability to provide informed consent. All partici-
pants completed the study. All experimental procedures were
approved by the Institutional Review Board at CarnegieMellon
University.

HD-sEMG Electrode Placement and Recording

We recorded muscle activity from each subjects’ right fore-
arm at 4,000 Hz using HD-sEMG electrode grids (SAGA 64þ ,
TMSi, Oldenzaal, Netherlands) comprising 64 Ag jAgCl elec-
trodes (diameter¼4.5mm; interelectrodedistance¼ 8.75mm)
(Fig. 1A). The 8�8grid spans�7 cmoneach side, coveringmul-
tiple forearm muscles (19). After cleaning the forearm, ankle,
and wrist with abrasive gel (Lemon Prep, Mavidon, Flat Rock,
NC) we applied conductive gel (Signa Gel, Parker, NJ) to each
electrode. The HD-sEMG grids were then positioned around
the forearm,withgroundelectrodeson theankleand reference
electrodeson thewrists.

Cross Talk Study

We placed one HD-sEMG grid on the anterior forearm, 1 cm
medial to the biceps tendon, and an average of 3.88 cm (range:
3.5–4.5 cm) distal to the elbow crease. We electrically stimu-
lated the median nerve to selectively recruit muscles in this
area using themonophasic, cathodal pulses (1 ms pulse width)
at a 1-Hz repetition rate with a DS8R constant current stimula-
tor (Digitimer Ltd, Welwyn Garden City, Hertfordshire, UK). A
customMATLAB (MathWorks, Natwick, MA) script controlled
the stimulator output, which generated a 5 V trigger at each
stimulation pulse, recorded as a digital event input on theHD-
sEMG system.We identified the twitch threshold as the lowest
intensity at which muscle twitches were first observed. We
generated recruitment curves by measuring M-waves across a
range of stimulation amplitudes, starting 1 mA below the
twitch threshold up to each participant’s maximum comfort
level. We repeated each intensity level 10 times in a random
order, with all intensities delivered once before starting the
next repetition.

ForearmMusculature Mapping Test

After the cross talk study, wemappedM-waves inmultiple
forearm muscles by placing 3–4 HD-sEMG grids around the
forearm. The ulnar, anterior, and posterior grids were posi-
tioned over the ulnar muscles [extensor carpi ulnaris (ECU)
and flexor carpi ulnaris (FCU)], the anterior forearm, and the
posterior forearm, respectively. We used an additional grid
for subjectswith larger forearm circumferences, while the an-
terior grid retained its position from the Crosstalk Study. The
other gridswere aligned adjacent to the anterior grid (Fig. 1B).
Weelectrically stimulated themedian,ulnar, and radialnerve
individually to selectively recruit targetmuscles (20).

Table 1. Subject demographics, forearm circumferences,
and number of HD-sEMG grids placed around the
forearm for musculature mapping

Subject ID # Sex Age, yr

*Forearm

Circumference, cm

Number of

HD-sEMG Grids

1 Male 40 27.83 ± 1.15 4
2 Female 26 21.87 ± 1.46 3
3 Male 24 28.03 ± 1.33 4
4 Female 38 20.83 ± 1.61 3
5 Male 24 22.60 ± 1.64 3

�Forearm circumferences were calculated by averaging three
measurements taken at the proximal end, center, and distal end of
the HD-sEMG.
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Stimulation Electrode Placement

Median nerve stimulation.
We placed electrodes along the elbow crease (21), positioning
the cathode 2 cmmedial to the biceps tendon (2.5 cm for one
participant) and the anode 2.5 cm medial to the cathode
(Fig. 1C). We stimulated in steps of 3 mA from 3mA to 24mA
(n¼ 2) or 30mA (n¼ 2). For subject 2, the range was 2–12 mA
in steps of 2 mA. This stimulation targeted the flexor carpi
radialis (FCR), pronator teres (PT), palmaris longus (PL), and
flexordigitorumsuperficialis (FDS).

Ulnar nerve stimulation.
We placed electrodes near the elbow with the cathode
between themedial epicondyle and olecranon, and the anode
was positioned proximal-medial to the cathode (Fig. 1C).
Stimulation ranged from 3mA to 18mA (n¼ 3) or 24mA (n¼
1) in steps of 3 mA. For subject 2, the range was 2–10 mA in
steps of 2 mA. This stimulation targeted the FCU and flexor
digitorumprofundus (FDP).

Radial nerve stimulation.
We placed electrodes on the upper arm with the cathode
positioned 7 cm proximal to the lateral epicondyle (the
offset was 0.5 cm lateral for subject 1) and the anode
on the inner arm opposite to the cathode (Fig. 1C).
Stimulation intensity ranged from 3 mA to 18 mA (n ¼ 1),
24 mA (n ¼ 1), or 30 mA (n ¼ 3), in steps of 3 mA. This
stimulation targeted the brachioradialis (Brach), extensor
carpi radialis (ECR), extensor digitorum communis (EDC),
andECU.

HD-sEMG Processing and Analysis

WeprocessedHD-sEMGdata using customMATLAB code.
We removed the stimulation artifact by excluding data from2
msbefore to 5ms after the pulse onset andfilling the gapwith
linear interpolation. Then, we applied a second-order 10-Hz
high-pass Butterworth filter. We quantified M-wave ampli-
tude as the peak-to-peak value within a time window that
excluded late responses like H-reflexes and F-waves. We
measured M-waves between 5 and 30ms after stimulation in
themonopolarmontage for all subjects and in the spatiallyfil-
tered montages for subject 1 due to longer-latency M-waves.
For the remaining spatially filtered montages, the measure-
mentwindow for theM-waveswas 5–16ms.

We used the average peak-to-peak amplitudes for each
electrode across trials to build recruitment curves. We
defined the activation threshold (AT) as the intensity at
which amplitude exceeded 5% of the maximum ampli-
tude, and the maximal motor response (Mmax) as the in-
tensity where the recruitment curve saturated, with less
than 2% amplitude change. As different muscle regions
had varying recruitment profiles, we reported the median
AT and Mmax. We excluded electrodes with excessive
noise, artifacts, or no signal, pruning 5% of electrodes (0–
11% per grid).

Topographic heat maps.
We generated topographic heat maps of M-wave peak-to-peak
amplitudes from all HD-sEMG electrodes at each stimulation
intensity (Fig. 2). Contour heat maps displayed the normal-
ized amplitudes, with hotspots identified as areas of larger
peak-to-peak values. For excluded electrodes, we substituted
the mean value of adjacent electrodes in the medial-lateral
direction. If the excluded electrode was on the grid edge, we
used the value of the nearest electrode. These adjustments
weremade solely for visualization.

Cross talk detection.
We calculated linear correlation coefficients between elec-
trode pairs along rows (transverse) and columns (longitudi-
nal) to detect cross talk. A correlation above 0.9 indicated
cross talk. Across all subjects, trials, and stimulation levels,

Figure 1. Experimental setup and ultrasound-guided muscle boundary
identification. A: we placed an HD-sEMG grid on the anterior forearm while
participants held a neutral pose. A block supported the wrist and elbow to
avoid pressure on the grid, and we secured the upper arm and hand with
straps. B: we positioned 3–4 HD-sEMG grids around the forearm. C: we
stimulated the radial nerve near the lateral humerus (i), the medial nerve at
the elbow crease (ii), and the ulnar nerve between the medial epicondyle
and olecranon (iii) using bipolar electrodes. D: we identified muscle boun-
daries beneath the HD-sEMG grids with ultrasound imaging (red arrows).
HD-sEMG, high-density surface electromyography.
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there were 65,163 (monopolar), 52,010 (bipolar), and 42,994
(tripolar) observations in the transverse direction, and 65,163
(monopolar), 44,740 (bipolar), and 31,026 (tripolar) in the
longitudinal direction. We plotted the cumulative distribu-
tion function (CDF) of the correlation coefficients for each
direction.

M-wave source localization.
After stimulation, we applied ultrasound gel (Pro Advantage,
Portland, TN) and used a portable ultrasound probe (Butterfly
IQ, Matamoros, Mexico) to locate muscles beneath the HD-
sEMG electrodes (Figs. 1C and Fig. 2B). The source electro-
des were those within the ultrasound-defined muscle
boundary and with M-wave amplitudes at least 50% of the
maximum recorded for that muscle. To minimize the
effect of cross talk, we limited monopolar montage local-
ization to the highest stimulation level where correlations
stayed below 0.9. For bipolar and tripolar montages, we
localized at Mmax or the highest stimulation level if Mmax
was not reached.

Amplitude decay.
Cross talk amplitude decays rapidly with distance from the
source electrode (9, 22, 23). We calculated decay as the per-
cent reduction in signal amplitude at one electrode distance

from the source. We also measured cross talk at increasing
distances from the source. These values were averaged
across all stimulation intensities at or above the AT, with a
focus on the muscle with the lowest AT tominimize interfer-
ence from adjacent muscles (Fig. 3). Only intensities up to
Mmax for the muscle with the lowest AT were used in the
calculation to further mitigate cross talk from adjacent
muscles. Electrode selection was guided by the tripolar mon-
tage due to its effectiveness in isolating muscle activity. The
threshold for negligible cross talk was defined as a 15%
reduction in M-wave amplitude from the source electrode
(7). Due to excessive muscle activation, amplitude decay
could only be assessed in two subjects (subjects 1 and 5).

RESULTS

Visualizing Cross Talk in Muscle Activity Maps

We stimulated the median nerve to evoke responses in the
anterior forearm muscles. Figure 4 shows heat maps that
highlight the impact of cross talk and how spatial filtering
reduces it. With the monopolar montage, activationmaps for
the FDS and FCR muscles began to merge at higher stimula-
tion intensities, making it difficult to separate their contribu-
tions. However, applying spatial filtering kept the activation
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zones distinct, reducing cross talk and improving muscle
differentiation.

Measuring and Eliminating Cross Talk

We quantified cross talk by calculating the correlation
between M-waves measured on pairs of electrodes in the
transverse and longitudinal directions. We aggregated
the results across trials, intensities, and participants.
In the transverse direction, over 81.9% of correlations in
the monopolar montage were greater than 0.9 (Fig. 5),
indicating high cross talk. In contrast, 82.6% and 93.7%
of correlations in the bipolar and tripolar montages,
respectively, were less than 0.9, showing that spatial fil-
tering effectively reduces cross talk.

In the longitudinal direction, correlation values in the
bipolar and tripolar montages were weaker due to action
potential propagation (88.5% and 98% of correlations were
less than 0.9, respectively). However, time-aligning action
potentials increased correlation values beyond 0.9, similar
to the monopolar montage (Supplemental Fig. S6). This
shows that propagation effects are masked by cross talk in
the monopolar montage.

We also measured cross talk through amplitude decay.
In the monopolar montage, amplitude decayed minimally
(10.32 ± 5.30%), while decay was greater in the bipolar
(35.43 ± 10.49%) and tripolar (51.10 ± 8.10%) montages,
confirming the spatial filters’ effectiveness in reducing
cross talk. Finally, we defined cross talk’s spatial extent as
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the distance from the M-wave source to the nearest elec-
trode with negligible cross talk. The spatial filters were the
only methods that achieved negligible cross talk, with the
bipolar montage reaching this level between 3 and 5 elec-
trodes (2.55–4.25 cm) and the tripolar montage between 2
and 3 electrodes (1.70–2.55 cm) (Fig. 6).

Removing Cross Talk’s Effect on Recruitment Curves
with Spatial Filters

Cross talk also affected recruitment curves. Although the
bipolar and tripolar montages produced similar recruitment
curve shapes, the monopolar montage displayed altered
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curves (Fig. 7) due to a lower AT. Spatial filtering corrected
these distortions, demonstrating the filters’ effectiveness in
producing reliable recruitment curves. These distortions and
corrections are evident in Table 2, where the AT values align
closely for the bipolar and tripolar montages but deviate
notably for the monopolarmontage.

Applying Ultrasound Imaging to Visualize the Muscle
Under Each Hotspot

The diverse muscle recruitment patterns seen in the tripolar
montage heat maps were colocalized with ultrasound to define
muscle boundaries (Fig. 8). Although heat maps alone could
separate two muscles, identifying distinct sources became
harder as more muscles were recruited (Fig. 8C). Cross talk
remainedan issuebetween2and3electrodes (1.7–2.55 cm) from
the source (Fig. 6), especially near muscle boundaries, where
overlapping responses fromsurroundingmuscles created artifi-
cial peaks (Fig. 9). Ultrasound imaging was essential for distin-
guishingmuscle responses frombelliesversusboundaries.

Mapping Muscle Activation Across the Full
Circumference of the Forearm

We generated activationmaps usingHD-sEMG grids around
the entire forearm, capturing specificmuscle group activations
in response to nerve stimulation (Supplemental Fig. S1–S5).
Median nerve stimulation activated the FDS and FCRmuscles,
ulnar nerve stimulation activated the FCU and lateral FDP,
and radial nerve stimulation activated the Brach, ECR, and
EDCmuscles. Ultrasound confirmed themuscle identities and
locations beneath the hotspots, validating the maps’ accuracy.
Contour lines across grids connected smoothly, enabling a full
forearm muscle activation map. The tripolar montage signifi-
cantly improved muscle localization and reduced cross talk
compared with the monopolar montage, which showed signal
spread across nontarget muscles.

DISCUSSION
We used HD-sEMG combined with spatial filtering techni-

ques to isolate M-wave responses from individual muscles,
which were identified through ultrasound imaging. The

findings showed that a tripolar montage significantly out-
performed monopolar and bipolar configurations in mini-
mizing cross talk. In addition, this approach allowed for
precise mapping of forearm musculature by cross-refer-
encing EMG hotspots with muscles identified through
ultrasound. This combination of electrical activity local-
ization and anatomical identification provides a more
detailed understanding of muscle recruitment, offering
valuable insights for neuromuscular studies.

Distinguishing Cross Talk fromMuscle Activation

Amplitude measures are critical for studying motor con-
trol and identifying neurological markers (6–8). However,
cross talk can distort these measures, leading to inaccurate
assessments of muscle activation, recruitment properties,
and prosthetic control (9, 11, 24). Without cross talk reduc-
tion, the resulting sEMG signals may not accurately reflect
the true amplitude of muscle activity.

Our findings demonstrated that M-waves measured via the
monopolar HD-sEMG montage exhibited high levels of cross
talk, as evidencedbyhigh correlation (>90%) and zero-lag prop-
agation inboth transverse and longitudinal directions. In con-
trast, applying bipolar and tripolar spatial filters revealed
delayed muscle action potential propagation, significantly
reducing correlations (bipolar <20%, tripolar <1%). When
accounting for propagation delays, the correlations in the
bipolar and tripolarmontages increased tomatch those of the
monopolar montage, confirming that the monopolar setup
washighly susceptible to cross talk (Supplemental Fig. S6).

Although some researchers question the use of cross-cor-
relation for detecting cross talk due to nonpropagating com-
ponents (22), our data suggest this concern is minimal at
close electrode spacing (8.75 mm). High correlations (�0.9)
were observed in monopolar recordings despite the presence
of nonpropagating components, indicating that they do not
significantly distort correlationmeasures at close distances.

After reducing cross talk with spatial filters, amplitude-
based measures reliably distinguished between true muscle
sources and cross talk. The tripolar montage showed a 51.1%
amplitude decay outside source boundaries, characteristic of
volume conduction, whereas the monopolar setup exhibited
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much lower decay, with high correlations suggesting that
the sustained amplitude was due to cross talk.

As modern EMG systems can implement these and other
types of spatial filters digitally and with minimal computa-
tional delay, these methods can be applied in real-time
across various applications, including intraoperative neuro-
monitoring (25). Real-time cross talk reduction enhances
the specificity and accuracy of HD-sEMG for monitoring
muscle activation, making it highly suitable for dynamic
clinical environments.

Improved Accuracy of Cross Talk Measurement

Accurately measuring cross talk during voluntary con-
tractions is challenging due to the difficulty in isolating
individual muscles. Our study overcame this limitation by
using a more controlled method, employing peripheral
nerve stimulation to measure cross talk with greater preci-
sion. We observed that cross talk decayed rapidly in the
transverse direction using the tripolar montage, falling
below 15% of the source amplitude (7) within 1.70–2.55 cm.
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Previous studies, such as one examining forearmEMGduring
gripping, reported slower decay with cross talk only becom-
ing negligible between 3 and 6 cm (26). This discrepancy is
likely due to interference fromadjacentmuscles,which artifi-
cially elevated the amplitude in those studies, as illustrated in
Fig. 9. In contrast, our findings are consistent with studies on
larger muscles, such as the quadriceps, wheremuscle separa-
tion is greater, and cross talk decay is more rapid (27). This
highlights the increased accuracy of ourmethod, particularly
in regionswith closely spacedmuscles like the forearm.

Improved Precision in Muscle Mapping

The combination of HD-sEMG and ultrasound imaging
enabled precise mapping of muscle activity by combining
electrical and anatomical data. This approach allowed us to
identify EMG hotspots and map them to specific muscles
visualized via ultrasound, providing a detailed spatial repre-
sentation of muscle recruitment. Unlike single-point meas-
urements in bipolar montages, which are prone to cross talk
and offer limited spatial detail, the combination of HD-
sEMG and ultrasound gave us a clearer, more complete view

ofmuscle activation. This method significantly enhances the
accuracy of muscle mapping, providing valuable insights for
neuromuscular studies, motor control research, and clinical
applications such as prosthetics, where precise muscle local-
ization is critical.

Limitations

Although the tripolar montage reduces cross talk, it also
removes some information from the target muscle (28). As
the tripolar montage was applied to all HD-sEMG electrodes,
all electrodes were affected equally, thus, amplitude compar-
isons between muscles remained valid. We did not account
for cross talk from deeper muscles, which may require other
filteringmethods.

Conclusions

Research on the small, interconnected forearm muscles is
crucial for advancing our understanding of hand function in
both healthy individuals and those with neurological impair-
ments. However, cross talk from adjacent muscles can dis-
tort measurements of muscle amplitude and localization,
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Table 2. M-wave activation thresholds for each montage

Subj. 1 Subj. 2 Subj. 3 Subj. 4 Subj. 5

Median FDS, mA FCR, mA FDS, mA FCR, mA FCR, mA FDS, mA FCR, mA FDS, mA FCR, mA

Mono 3 3 4 4 12 6 6 12 12
Bi 3 15 6 6 18 6 6 12 12
Tri 3 15 6 6 18 6 6 9 12

FCR, flexor carpi radialis; FDS, flexor digitorum superficialis.
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reducing control accuracy in EMG-based prosthetics and
affecting the reliability of research results. Our findings dem-
onstrate that the tripolar montage significantly minimizes
cross talk, enhancing the precision of muscle activity local-
ization. In addition, combining HD-sEMG with ultrasound
imaging enables accurate identification and mapping of
forearm muscles. These results highlight the importance of
optimizing electrode placement and employing spatial filter-
ing techniques to improve the accuracy of EMG applications,
ultimately leading to more consistent and reliable outcomes
in both research and clinical settings.
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