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Abstract

There is an unmet need to accurately identify the locations of innervation zones (1Zs) of spastic
muscles, so as to guide botulinum toxin (BTX) injections for the best clinical outcome. A novel 3-
dimensional 1Z imaging (3DIZ1) approach was developed by combining the bioelectrical source
imaging and surface electromyogram (EMG) decomposition methods to image the 3D distribution
of 1Zs in the target muscles. Surface 1Z locations of motor units (MUs), identified from the bipolar
map of their motor unit action potentials (MUAPS) were employed as a prior knowledge in the
3DIZI approach to improve its imaging accuracy. The performance of the 3DIZI approach was
first optimized and evaluated via a series of designed computer simulations, and then validated
with the intramuscular EMG data, together with simultaneously recorded 128-channel surface
EMG data from the biceps of two subjects. Both simulation and experimental validation results
demonstrate the high performance of the 3D1ZI approach in accurately reconstructing the
distributions of 1Zs and the dynamic propagation of internal muscle activities in the biceps from
high-density surface EMG recordings.
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1. Introduction

Stroke represents a huge health and economic problem?!, with the subsequent incidence of
spasticity reported to be 20-40% in post-stroke survivors. This not only has adverse effects
on the patients’ quality of life, but it also imposes a substantial burden on the caregivers and
the society at large.? Botulinum neurotoxin (BTX) is considered as the first-line treatment
for focal spasticity management.3, 4 Intramuscular BTX injection has proven to be a
relatively safe procedure,® but it may still cause side effects or even severe problems in
patients, such as blocking of autonomic nerves, muscle atrophy by anatomical denervation,
and immunological reactions.6=9 The occurrence and severity of side effects are dependent
on the delivered dose of toxin, 1% 11 and it has been clinically shown that the injection of a
minimum effective dose reduces the incidence of adverse effects.12 BTX acts on the
neuromuscular junction (NMJ) and the effectiveness of the BTX injection depends on the
proximity of the injection site to the NMJ.13 Studies have demonstrated that increasing the
injection distance by 1cm from the NMJ, indicated by the innervation zone (1Z) of muscles,
reduced the effect of BTX by 46%.14 Therefore, it is critical to accurately identify the
locations of 1Zs of the target muscles to guide BT X injections for the best clinical outcome
with a minimal dose.

Unfortunately, the location of the 1Zs varies measurably between muscles and individuals,
and currently there is no consensus about techniques which can be used to define 1Zs for
guiding BTX injections for specific patients and particular muscles.1® Clinically, the motor
point (MP) is used as the injection site of BTX since it is broadly homologous to the 1Z.
However, a significant difference between the MP and 1Z locations has been reported.1>
Bipolar high-density surface Electromyography (EMG) mapping has also been used to
localize 1Zs over the skin surface to improve the BTX injection outcome,4 but the
application of this surface localization method is limited by the lack of the depth information
of the I1Zs, particularly due to peripheral adaptive changes including atrophy and fat tissue
deposit.16 3D 1Z location is therefore needed in order to improve clinical outcomes with
minimal treatment dosages and thus minimize side effects.

The bioelectrical activity imaging approach has been well developed and successfully used
to localize bioelectrical activities in the brain and the heart from scalp electroencephalogram
(EEG) and body surface electrocardiogram (ECG) recordings, respectivelyl’=22, Similar to
EEG and ECG recordings, surface EMG signals, which contain important functional
information of muscles,3 are composed of the superimposed action potentials of many
muscle fibers and are the summation of different motor unit action potentials (MUAPS).
Several methods have been developed to localize internal muscle activities from multi-
channel recordings of the surface EMG to improve its specificity to particular muscles. The
bioelectrical activity imaging approach was first performed with an exhaustive search
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method based on a single sinusoidal current source model to localize internal muscle
activities from surface EMG recordings.24 Later, a distributed tripole model was employed
to model muscle activities and a generalized Tikhonov regularization approach was utilized
to solve the inverse problem to reconstruct internal muscle activities from multi-channel
surface EMG signals.2>: 26

We have previously demonstrated the feasibility of imaging internal muscle activities from
multi-channel intra-vaginal surface EMG measurements in computer simulation.?” In
addition, we also developed a spatiotemporal muscle activity imaging approach to improve
the reconstruction accuracy in skeletal muscles by incorporating the spatial and temporal
components in the multi-channel surface EMG measurements.28 The feasibility of imaging
the muscle activities in the 3D space of the biceps using the weighted minimum-norm
(WMN) algorithm was recently verified with multi-channel surface EMG measurements
recorded from the upper arm of a healthy subject.2”: 2% Those previous studies have
demonstrated the feasibility of utilizing bioelectrical activity imaging methods to localize
internal muscle activities from noninvasive multi-channel surface EMG recordings, but
currently available muscle activity imaging approaches suffer from low accuracy and
specificity, which limits their application and prevents them from being utilized to accurately
localize muscle 1Zs.

Composite surface EMG signals can now be decomposed into their constituent MUAP
trains.3% A novel 3-dimensional innervation zone imaging (3D1ZI) approach has been
developed in this study by combining the bioelectrical source imaging and surface EMG
decomposition methods to image the distribution of 1Zs in the 3D space of the biceps, from
high-density surface EMG recordings. The 128-channel surface EMG signals were first
decomposed into their constituent MUAP trains. The surface location of the IZ of each
decomposed motor unit (MU) was identified from the bipolar high-density MUAP trains and
was then utilized to constrain the bioelectrical source imaging solution in the 3DIZI
approach to improve its 3D localization accuracy. The 3DIZI approach was validated with
both simulated surface EMG signals as well as with surface and intramuscular EMG signals
simultaneously recorded from the biceps of 2 male subjects. The validation results
demonstrated the capability of the proposed 3DIZI approach to accurately localize the 1Zs in
the 3D space of target muscles.

2. Methodology

2.1. Experiment

Simultaneous surface EMG and intramuscular EMG measurements were acquired from the
biceps of the two healthy male subjects with a 136-channel Refa (TMSi, Enschede, The
Netherlands) according to a protocol approved by the Institutional Review Boards (IRBs) of
the University of Houston and the TIRR Memorial Hermann Hospital (Houston, USA). The
128 unipolar channels were employed for surface EMG measurements with two flexible 64-
channel surface electrode arrays (TMSi, Enschede, The Netherlands). The electrode array is
in 8 x 8 formation with the individual recording probe diameter of 4.5 mm and the center-to-
center probe distance of 8.5 mm.
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One bipolar channel was employed for simultaneous intramuscular EMG measurements
using a sterile needle with fine wire electrodes (VIASYS Healthcare, Madison WI) for the
validation purpose. The EMG recording configuration is shown in Fig. 1 (al) and (b1). The
depths of the wire electrodes inserted in the biceps were characterized from the ultrasound
images (green circles in Fig. 1 (a2) and (b2): 1.53 cm and 1.50 cm, respectively) obtained
from the skin surface of the 1st and 2nd subjects. The locations of electrodes 40, 48, 88 and
96 are marked in Fig. 1(al) for the 15! subject, and the locations of electrodes 36, 39, 40, 42,
46, 47, 86 and 94 are marked in Fig. 1(b1), in order to better interpret reconstruction results
presented in Fig. 6 and Fig. 7.

Subjects were seated comfortably in chairs and their right arm was placed on a table and
arranged to lie naturally. The upper arm and forearm were almost parallel to the ground and
the palm of the hand was rotated upward, placing the forearm in a supine position. The
target area of the skin was well prepared by using an alcohol wipe with mild abrasion. The
surface of each EMG electrode in the electrode array was coated with conductive gel to
reduce the impedance between the skin and electrodes. Then the two 64-channel surface
EMG electrode arrays were placed over the skin of the biceps of the subject and stabilized
using medical tape to maintain a good skin-to-electrode contact. The reference electrodes
were placed on the dorsum of the left wrist. A sampling rate of 2 kHz per channel was
adopted for both surface and intramuscular EMG recordings.

Visual inspection of the signal was performed prior to the data recording to ensure
background noise and artifacts were minimized. The subjects were then instructed to
perform isometric bicep contraction at 10% MVC level and the surface and intramuscular
EMG signals were recorded simultaneously for 30 seconds. The test was repeated for 10
trials for each subject. The ultrasound scanning of the cross-sectional area of the biceps was
conducted with a portable B-mode ultrasound scanner (M Turbo, SonoSite, Bothell, WA). A
linear probe, with a dynamic frequency range of 6-13MHz, adjustable gains, and a
detectable depth over 6 cm was utilized to detect the insertion depth of the intramuscular
wire electrode. The probe was kept perpendicular to the skin surface of the biceps region
during scanning.

EMG signal decomposition

Our newly developed K-means clustering and Convolution Kernel Compensation (KmCKC)
approach3® was utilized to decompose the 128-channel surface EMG signals into their
constituent MUAP trains. Very briefly, the K-mean clustering (KMC) method was firstly
utilized to cluster firing times of the same MU via evaluating a distance function. During
this process, the initial innervation pulse train (IPT) can be estimated by choosing an
appropriate number of clustered groups and time instants so that the time instants fired by a
single MU can be gathered into one group as completely as possible. Then, an improved
multi-step iterative convolution kernel compensation (CKC) method is employed to update
the estimated IPTs to improve the decomposition accuracy in a noisy environment.
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2.3. Geometry Model and Source Model

Two realistic geometry upper arm models consisting of the skin, fat, biceps, triceps, compact
bone and cancellous bone were constructed from a general magnetic resonance (MR) image
data set and modified to match the ultrasound images of the subjects’ upper arms, then
meshed into finite element (FE) models with ANSY'S 13.0 (ANSYS, Canonsburg, PA), as
shown in Fig 2. The upper arm FE model of the first subject consists of 225,462 tetrahedral
elements and 39,605 nodes, and the upper arm FE model of the second subject includes
231,421 tetrahedral elements and 40,596 nodes. The conductivity values assigned to the
skin, fat, muscle, compact bone and cancellous bone were 4.55x10-4 S/m, 0.0379 S/m,
0.2455 S/m, 0.02 S/m and 0.075 S/m, respectively.31

The electrical current dipole source model,32 tripole source model,33 quadrupole source
model,3* and analytical waveform source model®® have all been used to model action
potentials (muscle activities) in EMG studies. Considering the irregular and arbitrary shapes
of muscle fiber groups in the human body, a distributed source model?”: 36: 37 which has the
capability of accurately describing bioelectric activities without requiring any prior
assumptions about its shape was employed in the proposed 3DIZI approach. Specifically, a
total number of 42,840 and 43,589 dipoles were evenly distributed in the 3D space of the
biceps of the first and second subjects, respectively, with a dipole-to-dipole distance of 2
mm. Each dipole had three orthogonal components that need to be determined.

2.4. Bioelectrical source imaging

The linear relationship between the source space and the measurement space can be
expressed as2’- 36

L-X=0 (1)

where @=(®;, @5, -+, &) T is the vector of surface EMG measurements, X=(xz, X5, -,
x3p) T is the vector representing the strength of the distributed dipoles in the 3D space of the
biceps, L = (L1, Ly, ..., Lp) is the transfer matrix and L;is a Mx3 matrix that represents the
electrical lead field of the th dipole. The transfer matrix L can be constructed by solving the
forward problem.38 M refers to the number of surface recording electrodes over the skin and
N refers to the number of dipole sources in the source space. Since the number of surface
measurements is much smaller than the number of dipoles, the inverse problem described in
Eg. (1) is an under-determined problem. In order to achieve a unique and high-accuracy
solution, a surface EMG decomposition informed weighted minimum norm approach was
developed and utilized to solve the inverse problem in the 3D1ZI approach by minimizing
the following equation:

19— L XIHAIXTE ()

The corresponding inverse solution to above equation can be given as follows:39-41
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where W isa 3Nx 3N weighted matrix which accounts for the undesired depth dependence,
A iis the regularization parameter which is determined by means of the Z-curve method,*2 R
is a 3Nx3N diagonal source covariance matrix, which assumes that the dipole strengths at
different locations are completely independent. Once the surface location of the 1Z is
identified from the bi-directional propagation pattern of decomposed MUAPSs, a cylindrical
space is then defined directly underneath the identified surface 1Z location and axially
pointed to the normal direction of the skin surface. Different factors are assigned to the
elements of the R matrix corresponding to the dipoles inside (0.9) and outside (0.1) the
cylindrical sub-spaces to constrain the solution to the cylindrical sub-spaces with a higher
weighting factor.

The 1Z is defined as the region of a MU including the end-plates (neuromuscular junctions)
where the MUAPSs are generated and propagate in two opposing directions towards the fiber
endings. The signals propagating in opposite directions appear with opposite phases in the
bipolar MUAP maps. Therefore, the surface position of the 1Z of a particular MU can be
localized from the bipolar map of the decomposed high-density MUAPs by checking the
phases of the propagating signals. The surface location of the IZ can be employed to
construct the source covariance matrix /Rin Eq. (3) to constrain the muscle activity imaging
solution in the 3DIZI approach and improve its localization accuracy. A cylinder with the
diameter of 20 mm33. 43 is defined directly underneath the identified surface 1Z location and
axially pointed to the normal direction of the skin surface, and this cylinder will create a
cylindrically shaped sub-space in the target muscle space. A high weighting factor (0.9) is
assigned to the elements of the /# matrix for the dipoles inside the cylindrical sub-space and
a low weighting factor (0.1) is assigned to the elements of the /Z matrix for the dipoles
outside of the sub-space.

2.5. Computer simulation

A series of designed computer simulations were conducted based on the FE model of the
subject1’s upper arm, presented in Fig. 2 (a2), to evaluate and optimize the performance of
the 3DIZI approach in localizing 1Zs in the 3D space of the biceps. An IZ with different
depths was simulated at multiple locations with different noise levels. The depths of the
center of the assumed 1Zs were set at 15, 20, 25, 30, and 35 mm from the surface of the
skin.*4 45 At each depth, five different locations were assumed in the biceps along the
muscle fiber direction. The 1Zs were assumed ellipsoidal, with semi-axes length of 5 and 4
mm in parallel and normal to the muscle fiber directions, respectively.33: 43

In order to mimic the measurement noise in the surface EMG signal, different levels of
Gaussian white noise (GWN) were added to the noise-free synthetic surface EMG
measurement. Previous studies show a SNR of 24.89 dB can be achieved in the recorded
surface EMG on biceps with low level muscle activations,*6 so the GWNs with SNRs of 30,
25, 20 and 15 dB were considered in our computations. The SNR was defined as
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10log (02 /o2) " 48 where osand o, are the respective standard deviations of the synthetic
noise-free measurement and the added noise. Thirty sets of independent noise with a mean
of zero and standard deviation of o, were generated and added to the synthetic noise-free
measurement.

The distance localization error (LE) was employed to evaluate the accuracy of the 3DI1ZI
results. The LE is defined as the spatial distance between the center of the assumed target 1Z
and that of the reconstructed 1Z, which is composed of dipoles with the strength over 60%
threshold of the maximal strength value. The mean and standard deviation of LE were
calculated based on the reconstruction results of 150 noise-contaminated measurements for
each simulated 1Z depth where 5 different positions were considered.

3.1 Simulation results

Fig. 3 summarizes the mean and standard deviation of the LEs of the reconstructed 1Zs using
the 3DIZI approach from simulated surface EMG signals at five noise levels and five source
depths. As we can see, both the mean values and standard deviation of the LEs of the
reconstructed 1Zs increase as the noise level increases. However, there is no significant
difference in localization accuracy for different 1Z depths at the same noise level. The largest
LE among all the 1Zs reconstructed using the proposed 3DIZI approach is lower than 2.65
mm, which indicates the high accuracy of the 3DIZI approach in localizing 1Zs in the 3D
space of target muscles. Specifically low mean LEs of 0.64, 0.88, 0.99, 1.06, and 1.41mm
were achieved for simulated 1Zs at the depth of 15, 20, 25, 30, and 35 mm respectively with
the SNR of 25 dB, which is very close to the SNR of 24.9 dB typically achieved in real
surface EMG recordings.** As an example, The mean LEs of 0.54, 0.59, 0.64, 1.72, and 2.27
mm were achieved for simulated 1Zs with the depth of 15 mm and with SNR = oo (no
noise), 30, 25, 20, and 15 dB respectively. Fig. 4 shows the distribution of the 1Zs in the 3D
space of the biceps reconstructed using the proposed 3DIZI approach at the depth of 15 mm
(close to the depth of inserted intramuscular wire electrode in our experiment) with the SNR
of 25 dB. As we can see, the reconstructed 1Zs can accurately reflect the locations of
assumed target 1Zs.

3.2. Experiment results

The K-means clustering and Convolution Kernel Compensation method (KmCKC) that we
have developed recently?® was employed to decompose the 128-channel surface EMG
signals into their constituent MUAP trains. The correlations between each decomposed
MUAP train and the simultaneously recorded intramuscular EMG signals were calculated. A
high correlation indicates the MU which generated the MUAPs decomposed from the
surface EMG recordings was also recorded by the inserted fine wire electrode
simultaneously. The correlation calculation results showed that the 3™ and 61" MUAP trains
in Subject 1 and the 15t and 51" MUAP trains in Subject 2 each have a significantly high
correlation with their intramuscular EMG signals. The bipolar action potentials of the MU3
and MUS in the 1st subject are presented in Fig. 5 (al) and (a2) and the bipolar action
potentials of the MU1 and MU5 of the 2nd subject are presented in Fig. 5 (b1) and (b2).
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It can be seen from the bipolar map of the decomposed action potentials of the 1st subject
presented in Fig. 5 (al) and (a2), the 1Z of the MU3 is located between 48th and 88th
surface EMG electrodes and the 1Z of the MUG is located between 40th and 96th surface
EMG electrodes. The intramuscular wire electrodes were located in the area enclosed by
those four surface EMG electrodes (48, 88t 40t and 96" electrodes). Fig. 6 shows the
distributions of the 1Zs of the MU3 and MU6 reconstructed using the 3D1ZI approach from
their MUAPs at the time instant when the 48t and the 96t electrodes, which are closest to
the 1Zs of the MU3 and MUSG respectively, achieved their maximum values. The best
correlations between the decomposed MUAP trains and paired intramuscular EMG
recordings were achieved by the MU3 and MUG of the 1st subject, which indicates that the
muscle activities generated by these two MUs were recorded by both the surface EMG
electrodes and the intramuscular wire electrode at the time instant when their MUAPS were
generated in their 1Zs. As we can see from the top view of the reconstruction results
presented in Fig. 6, the reconstructed muscle activities cover the surface locations of the 1Zs
of the MU3 and MU identified by the 48t, 88th, 40t and 96t surface electrodes and the
wire electrode. It can also be clearly observed from the side view of the reconstruction
results that the inserted wire electrode stays in the overlap zone of reconstructed I1Zs of these
two MUs.

The performance of the proposed 3DI1Z1 approach was further tested on the upper arm of the
2nd subject. Similarly, the correlation calculation results show that the decomposed MUAP
trains of the MU1 and MU5 have the best correlation with the simultaneously recorded
intramuscular EMG signals. The correlation results indicate that muscle activities generated
by the MU1 and MUS5 were simultaneously recorded by the surface EMG electrodes and the
intramuscular wire electrode. The IZ of the MU1 was identified as the position between the
46" and 47t surface EMG electrodes, and the 1Z of the MUS was identified as the position
between the 39t and 40t surface EMG electrodes, respectively, by checking the phase
changes of the their MUAP trains from their bipolar map in Fig. 5 (b1) and (b2). The
intramuscular wire electrode was inserted into the biceps via a location between the 86th and
94th surface EMG electrodes. The muscle activities generated by the MU1 and MU5 were
reconstructed using the 3DIZ1 approach from their MUAPs at the time instant when the 86t
and the 94 surface EMG electrodes, which are closest to the inserted wire electrode,
achieved their maximum values, as shown in Fig. 7. As we can see, two groups of focal
muscle activities symmetric to the 1Z were successfully reconstructed. The overlap zone of
the reconstructed muscle activities underneath the 94™ and 86! surface EMG electrodes
fully covers the inserted wire electrode.

4. Discussion

Studies have demonstrated that increasing the injection distance by 1cm from the NMJ as
indicated by the 1Z of muscles reduced the effect of BTX by 46% in treating muscle
spasticity.24 Unfortunately, the location of 1Zs varies between muscles and individuals, and
currently there is no consensus about techniques which can be used to define 1Zs
accurately.® To bridge this gap, the 3DIZ1 approach was developed to accurately image the
distribution of 1Zs in the 3D space of the target muscles from high-density surface EMG
recordings. The surface location of the 1Z of each decomposed MU identified from the
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bipolar map of their MUAP trains was utilized to constrain the source space of the muscle
activity imaging solution in the 3DIZI approach to greatly improve its localization accuracy.

The bipolar high-density surface EMG mapping has been used to localize the 1Zs of the
target muscles over the skin surface.13 High-density surface EMG signals are usually
acquired in a monopolar montage with a reference electrode from high-density electrode
grids placed over the target muscles. A bipolar electrode montage is then determined by
subtracting the consecutive monopolar signals in the direction of the muscle fiber. The
position of 1Zs could be identified over the skin surface from the bi-directional propagation
pattern of the MUAPs, resulting in low amplitude and opposite signal polarity on both sides
of the endplates in the bipolar montage. However, surface EMG signals are comprised of
action potentials produced by the muscle fibers contained in different MUs and it may be
challenging to detect the surface 1Z locations from the composite surface EMG signals. In
this study, the high-density surface EMG signals were first decomposed into their
constituent MUAP trains using our newly developed KmCKC approach.3 The surface 1Z
location can then be clearly identified for each decomposed MU from the bipolar montage of
its MUAP trains, as shown in Fig. 5.

The bioelectrical activity imaging approach has been widely used in EEG/ECG source
imaging research. However, it is also well known that bioelectrical activity imaging methods
suffer from their low spatial resolution because of the ill-posed inverse nature. In the present
study, surface locations for 1Zs identified from the bi-directional propagation properties of
their MUAPs were employed as prior constraints in the inverse solver of the 3DIZI approach
and greatly improved its performance. The prior constraints were implemented into the
3DIZI approach via incorporating a source covariance matrix R into the minimum norm
framework.

Both simulation and experimental results validated the capability of the proposed 3DIZI
approach in imaging the distributions of 1Zs in the 3D space of the biceps. In the computer
simulations, an extremely low mean LE of 0.54 mm was achieved by the 3DIZI approach in
reconstructing 1Zs with a depth of 15 mm from skin surface when no noise is considered,
which demonstrates the high-performance of the 3DIZI approach in ideal cases. The LEs of
0.64, 0.88, 0.99, 1.06, and 1.41 mm were achieved for simulated I1Zs at the depths of 15, 20,
25, 30, and 35 mm respectively with the SNR of 25 dB, which is very close to the SNR of
24.9 dB typically achieved in real surface EMG recordings.** The computer simulation
results demonstrate the capability of the proposed 3DIZI approach in imaging the 1Z
distributions in the 3D space of target muscles with high accuracy. The experimental
validation study conducted on the biceps of two male subjects further confirmed the high-
performance of the 3D1ZI approach in imaging the distributions of 1Zs in the 3D space of the
biceps. In the 1st experiment, the muscle activities generated by the MU3 and MU6 were
recorded by both the surface EMG electrodes and intramuscular wire electrode at time
instant when their MUAPS were just generated in their 1Zs. As we can see from Fig. 6, the
overlap of the two 1Zs reconstructed from their MUAPs fully covers the position of the wire
electrode inserted into the biceps, which validates the accuracy of the 3DIZI approach in
localizing 1Zs in the 3D space of the target muscles.
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The goal of this study is to develop and validate the 3DIZI approach for 3D 1Z imaging. It is
worthy to note that the proposed 3DIZI approach can also be utilized to image the
propagation of the internal muscle activities from the high-density surface EMG recordings.
The developed 3DIZI approach was also preliminarily tested for its feasibility in imaging the
dynamic bi-directional propagation process of the internal muscle activities, i.e., propagating
from the 1Z to the two end termination zones.

Figure 8 shows the reconstructed muscle activities of MUS5 in the second subject. Three time
instants when the 38, 36™, and 34t surface EMG electrodes achieved maximum values
were considered. It can be seen from Fig. 8 that two groups of muscle activities symmetric
to the 1Z position along muscle fiber direction have been reconstructed at each of these three
time instants from the surface EMG recordings for the MUS5. For example, one group of
muscle activities was reconstructed underneath of the 38t surface EMG electrode at the 1st
time instant while the other group of muscle activities was reconstructed underneath of the
96 surface EMG electrode. The 38t and 96t electrodes are located symmetrically about
the 1Z of MU5 (between 39t and 40t surface electrode). The same phenomena were also
observed from the reconstruction results at the other two time instants. It is well known that
the MUAP is generated in the 1Z (the neuromuscular junction) and propagates bi-
directionally toward the tendon. The bi-directional propagation property of MUAP along the
muscle fiber was clearly captured by the 3DIZI approach.

Surface EMG recordings are utilized in the proposed 3DIZI approach for 1Z reconstruction.
It is well known that surface EMG cannot capture the muscle activities generated by deep
MUs. Therefore, one limitation of the 3DIZI approach is that it cannot be used to reconstruct
1Zs of deep MUs in large muscle groups. Furthermore, the KmCKC algorithm is utilized in
the 3DIZI approach for surface EMG decomposition. The KmCKC requires a large number
of surface EMG channels in order to satisfactorily decompose surface EMG signals. The
number of MUs that can be reconstructed decreases as the number of surface EMG channels
decreases. This limitation was overcome in this study by using 128 high density channels for
surface EMG acquisition. The KmCKC algorithm used in the proposed 3DIZI approach also
favors constant force isometric contraction, which would yield optimal decomposition
results. The two subjects tested in our study were instructed to perform constant force
isometric contractions in order to achieve the best possible decomposition outcome.

In conclusion, a novel 3D innervation zone imaging (3DIZI) approach was successfully
developed to image the distributions of 1Zs in the 3D space of target muscles. The 3DIZI
approach was tested and validated with simulated EMG data as well as with simultaneously
recorded high-density surface EMG and intramuscular EMG data. Results demonstrate the
highly favorable performance of the 3D1ZI approach in accurately reconstructing the
distributions of the 1Zs and the dynamic propagation of internal muscle activities in the 3D
space of target muscles from high-density surface EMG recordings at low force isometric
contractions.
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(b2)

Fig. 1.
Placement of the surface EMG electrodes and insertion location of the wire electrode (green

star) over the (al) 1st subject’s upper arm and (b1) 2nd subject’s upper arm; Location of the
wire electrode (green circle) identified from the ultrasound image of the (a2) 1st subject’s
right upper arm and (b2) 2nd subject’s right upper arm.
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(a2) (a3)

(bl) (b2) (b3)

Fig. 2.

Crgoss-sectional view of the geometry model for the right upper arm of the 1st subject (al)
and 2nd subject (b1). FE models of the entire upper arm of the 1st subject (a2) and 2nd
subject (b2). FE models of the bones and muscles of the 1st subject (c1) and 2nd subject
(c2). The different colors indicate different types of tissues involved in the upper arm model:
light gold — skin, yellow — fat, red — bicep, magenta — triceps, grey — compact bone, bronze —
cancellous bone, green — elbow fill, blue — shoulder fill
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Fig. 3.
Means and standard deviations of the LEs of the IZ reconstruction results achieved using the
3DIZI approach from simulated surface EMG signals at 5 noise levels and 5 source depths.
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(a) (b)

Fig. 4.
(a) Top view and (b) side view of the distributions of the 1Zs reconstructed from simulated

surface EMG signals with the source depth of 15mm and the SNR of 25 dB. Red dots
represent the simulated target 1Zs and blue, white, light blue, green, and yellow dots
represent the reconstructed I1Zs at different locations of the biceps.
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Fig. 5.
Calculated bipolar action potentials of (al) MU3 and (a2) MU6 of the 1st subject’s biceps;

Calculated bipolar action potentials of (b1) MU1 and (b2) MU 5 of the 2nd subject’s biceps.
The red rectangles indicate the locations of the 1Zs correspondingly.
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(a) (b)

Fig. 6.
Reconstructed 1Zs of the MU3 and MUG of the 1st subject and their overlap zone at the time

instant when the MUAP trains were generated. White dots represent the muscle activities
generated by MU3 only; yellow dots represent the muscle activities generated by MUG6 only;
blue dots represent the overlap of the muscle activities generated by both MUs. The two
green stars represent the locations of 48t and 96 surface EMG electrodes and the large red
dot represents the location of wire electrode inserted in the biceps.
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(a) (b)

Fig. 7.
Reconstructed internal muscle activities of MU1 and MUS5 of the 2nd subject and their

overlap zone at the specific time instant when the 86th and the 94th surface EMG electrodes,
closest to the inserted wire electrode, achieved maximum values. White dots represent the
muscle activities generated by MU1 only; yellow dots represent the muscle activities
generated by MUS5 only; blue dots represent the overlap of the muscle activities generated by
both MUs. The green stars represent the locations of 42th, 86!, 36t and 94t surface EMG
electrodes and the large red dot represents the location of wire electrode inserted in the
biceps.
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Fig. 8.

In?ernal muscle activities reconstructed from the 128-channel surface EMG recordings of the
MUS for the 2nd subject during the bi-directional propagation from the 1Z towards the two
ends of termination zones. (al, b1 and c1) Top view and (a2, b2 and c2) side view of the
internal muscle activities reconstructed at time instants during the bi-directional propagation
process. Blue dots represent the reconstructed internal muscle activities; the green stars
represent the locations of the surface EMG electrodes that achieved maximum values and
the symmetric electrodes about the 1Z; and the large red dot represents the location of the
intramuscular wire electrode.
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