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Abstract—Objective: Electrical impedance myography (EIM)
is a recent technology to assess muscle health. As of today, the
clinical application of EIM has been applied only to evaluate
muscle condition using non-invasive surface electrodes in contact
with the skin; however, intermediate tissues at the recording
site introduce confounding artifacts which reduce the technique’s
performance as a biomarker of neuromuscular disorders (NMD).
Here, we develop and test in humans a new approach using two
concentric needles for intramuscular EIM recordings. Methods:
First, we study the recording characteristics of dual concentric
needle EIM via analytical models and finite element models
(FEMs). Next, the validity of the models is verified by performing
experiments on saline and agar phantoms. Finally, 8 subjects
with various neuromuscular diseases were studied measuring
tibialis anterior, biceps, deltoid, adductor pollicis brevis, first
dorsal interosseous and flexor carpi radialis muscles. Results:
Analytical and FEM simulations are in good agreement with a
maximum experimental discrepancy <8% and <9% using gauge
needles 26 and 30, respectively. The inter-session reproducibility,
as measured by the intraclass correlation coefficients for all
muscles studied, was 0.926, which is comparable or exceeds the
reproducibility of other well-established electrophysiological tests
to assess muscle health. Conclusion: The reproducibility of the
technique support future clinical validation of needle EIM for
assessment of disease status, either as part of standard patient
care or as biomarker measure in clinical trials. Significance:
Needle EIM has the potential of becoming a valuable diagnostic
tool to evaluate NMD in adult population.

Index Terms—Electrical impedance myography, neuromuscu-
lar disorders, needle electrodes.

I. INTRODUCTION

LECTRICAL impedance myography (EIM) is a tech-
nology that is finding increasing application to assess
neuromuscular disorders (NMD) [1]-[3]. EIM relies on the
four-terminal electrical impedance technique [4], namely the
application of an alternating electrical current across a region
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of muscle and the measurement of the resulting electrical
voltage response. The underlying scientific premise of EIM
is that structural and morphological alterations in pathological
tissue (e.g., myofiber atrophy, inflammation, edema, and fat
infiltration) change the intrinsic electrical properties of muscle,
and these changes can be detected in the measured impedance
[5]. This important feature allows EIM to serve both as a
primary diagnostic test as well as a method for tracking disease
progression or response to therapy. In point of fact, EIM
has already been employed to follow disease progression in
a number of clinical studies including amyotrophic lateral
sclerosis and Duchenne muscular dystrophy [6]—[8].

To date, EIM has been only employed in clinical research
studies using surface electrodes placed in contact with the skin
above the muscle of interest, an approach referred hereafter as
surface EIM. The benefits of surface EIM include its non-
invasiveness and the fact that it is a procedure simple to
perform that requires minimal operator training. Examining a
muscle takes only few seconds, allowing surveys of multiple
muscles to be completed quickly. However, there are three
major technical limitations of surface EIM approaches. First,
surface data includes the electrical contribution of skin, subcu-
taneous fat, and other nearby anatomical structures including
the boundary of the conductor volume [9], [10]. In other
words, surface EIM provides non muscle-specific data includ-
ing a complex amalgam of muscle, other tissues at the site
of the recording and the dimensions of the conductor volume.
The second limitation is the intrinsic lack of spatial resolution
associated to surface EIM. It is virtually impossible to obtain
basic electrophysiological data from individual myofibers or
motor units performing surface EIM recordings. Finally, in
pre-clinical studies, skin preparation methods are necessary
to remove animals’ fur and ensure electrode contact with the
skin. The use of depilatory creams for this purpose can lead to
skin inflammation and edema, which in turn can affect surface
EIM values and be a confounding factor.

To overcome these limitations, we developed a new ap-
proach to allow intramuscular EIM recordings in patients using
needles, a new modality termed as needle EIM to distinguish
it from its surface counterpart [11]-[15]. Our previous needle
EIM simulation and animal studies revealed excellent muscle
sensitivity thus warranting its application in patients with
NMD. Accordingly, here we sought to evaluate needle EIM
by employing using a customized concentric needle, similar
to those used to perform standard electromyography (EMG)
studies in clinical practice. Concentric EIM needles used in
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this study include two electrodes: the inner electrode and the
outer cannula itself only exposed at the end of the shaft; the
two electrodes being separated by a thin layer of insulating
material.

In this study, twin concentric EIM needles were used
simultaneously to record intramuscular impedance, with the
two electrodes available at the tip of each needle serving as
current and voltage sensing electrodes. This study provides a
description of our new approach, including the development of
analytical models and finite element models (FEMs), testing
in phantom media, and finally its application in subjects with
a variety of NMD to assess its inter-session reproducibility at
the clinic.

II. TWIN CONCENTRIC NEEDLE EIM

The concept of measuring needle EIM with concentric
needles is illustrated in Figure 1. For EIM measurement, each
needle is used as current (in red color) and voltage (in blue
color) electrodes separately. Here, we have developed several
analytical models (Section II-A) and FEMs (Section II-B),
starting from the simplest geometry abstraction shown in Fig.2
model 1 to our most realistic approximation of real needles
used later in patients (same figure, model 9). Each model
builds on the one before it incorporating one additional design
parameter that brings the needle device closer to the real
experimental setup. This step-by-step approach allows us to
study the role of each EIM needle design parameter in the
measured impedance value.

A. Analytical models

Due to the mathematical complexity, analytical models have
been only developed for models 1 and 2 shown in Figure 2,
further studied below.

Model I: the needle voltage electrode is considered as a
one-dimensional curve C(8) : [0,27] — R3, parametrized as

C(6) = (Cy,Cy,C,)
= (rycos0,rysin6,ry sin cot @),

and described between the intersection of the plane deter-
mined by the origin of coordinates and the normal vector
i := (0,—cos @,sin @), and the curved face of a cylinder with
radius ry, the latter with the current electrode as the vertical
axis. In this setting, ¢ € (0,7/2] is the needle tip angle, being
¢ =0 and ¢ = /2 a sharp and flat needle, respectively.
The procedure to determine the impedance consists of three
steps. First, we determine the average electrical potential
measured by the voltage electrode in model 1 (denoted by

the subscript m1), which is

_ 1 [ aC
=g fy (vools) @ o
where L(C) := 02”||8C/86||(9) d6 is the length of the C,

namely
2
L(C)=ry / 1+cos2@cot? ¢ dO, 2)
0

'I
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Fig. 1. Schematic representation of needle electrical impedance myography
based on concentric needles. (A) Two concentric needles are inserted through
the skin and subcutaneous fat layers into the muscle. (B) Model developed.
The needle design parameters include the center-to-center distance between
needles d, the tip angle ¢, the thickness of the insulating material covering
the length of the needle shaft ¢, the exterior radius of the voltage electrode
ry, the insulating material between electrodes rg, the radius of the current
electrode ry, and the rotation angle ¢. The source (4) and sink (—) current
electrodes have coordinates rli.

(0000
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Fig. 2. Schematic illustrating the needle models considered in this study.
Starting with the simplest model abstraction (model 1), each model builds
on the previous model increasing the complexity one parameter at a time. In
the figure, the current and the voltage electrodes are shown in red and blue
color as a convention, respectively; while the insulating material is shown in
gray color. For measuring muscle impedance, the two concentric needles are
considered to be the same model from 1 to 9.
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is the voltage generated at r := (x,y,z) by an omnidirectional
point-like current electrode placed at r’ := (x',y',7’), with I (A)
the amplitude of the applied current; K := +1iw£ the impediv-
ity property of the domain determined by the conductivity o
(S m™') and permittivity € (F m~'); i := \/—1 the imaginary
unit (dimensionless); @ the (angular) frequency (rad s™h;
K =2m,4n (dimensionless) a constant factor for half space
R3 and full space R® domains, respectively; and | e | the
euclidean norm operator. Inserting (2) and (3) into (1) gives,

_ 2 /1 20 cot2
Vol =G ry + cos< 6 cot” @ 40
0 V(C—X)2+(C—y )2+ (C.—2)?
with G; := G/L(C) and G := kI /K.
Next, we compute the total voltage measured by the high
voltage electrode, which is

Vorr = Vo () = Vit (),
—_— Y=
T =V

where V;T and V:;f represent the averaged electrical potential
on the high voltage electrode created by the positive and
negative current electrodes with coordinates r/, = (0,0,0) and
r’_:= (—dsing,dcos 9,0), respectively, with ¢ € [0,27) the
needle counterclockwise rotation angle along the z-axis. Their
expressions can be simplified as follows

- 27 1+ cos2Bcot? @
Vi =G T “4)
0 1 4 sin” 6 cot” @
and
e
Vil =
G /2” 1+ cos? O cot? ¢ 26
"o % (1+sin* O cot? @) +d% —2drysiny
&)

with G} := Gyry and y := 6 — ¢.

Finally, note that due to the symmetry (i.e., the second
concentric needle is a symmetrical reflection of the first
concentric needle), we have that the voltage measured by
the low voltage electrode is V; = _Vr:p i.e., the measured
impedance is

Z = Vit =Vt ZZV;T*VL '
I I

(6)

Model 2: the voltage electrode is considered as a two-
dimensional closed area defined by the surface S lying on
a plane as defined in model 1 now enclosed by the curved
faces of two coaxial vertical cylinders whose axis contain the
current electrode point and have radii ry and ry respectively,
where ry > r,. In this setting, ry is the exterior radius of the
voltage electrode and r; is the insulating material between the
inner and outer electrodes.

Then, the average electrical potential measured by a voltage
electrode in model 2 (denoted by the subscript m2) is

_ 1
Vo = # v ds, )

N

where A :=¢fcdS =n(r3 — ré)/sin @ is the area of the voltage
electrode which can be computed as the difference of two
ellipses with semi-minor and semi-major axes {ry,ry/sin¢g}
and {rg,rg/sin@}. Then, the electrical potential is

VmZ =
2 rlicvl r drd®
Ga// — 2 V) 2
0 HCgH \/(rC 'x) +(VS ys Zc) +(yc Zs)
with G, :=G/A, r.:=rcos0, ry:=rsin0, y.:=y cos @, y, :=
y'sing, z.:=7'cos @, z, :=7'sin@, and where C, and Cy are

the parametrizations of the radial integral limits defined by r,
and ry in terms of the integration angle 6, namely

Civ,g} = R{v g} (cos 6,sin Osin @, sin 6 cos ¢)

with Ryy o1 == ryy g1 (1 — sin® @ cos? @)~ 1/2.
Following the same rationale as in model 1, the total voltage
measured by the positive voltage electrode is

VnJlrz = VmZ(l'/Jr) —sz(r’_),
——— N —

= V3 )
with
- Gsi 27 1
Vig = —on? / a0 ()
m(rv+rg) Jo \/1—sin®@cos @
and
i
Vi =
G /2”/||CV r drd6
“Jo Icel /72 +d?—2d(rysin@cosd +r.sing)
)

Finally, we can compute the impedance measured in model
2 from (8) and (9) as follows

Vil Vi o
I

One can expect that the parameters overlooked in the
analysis of model 2 will cause theoretical values in (10) to
differ from FEM simulations of model 9. Furthermore, muscle
dimensions are finite and thus the assumption of (semi-)infinite
domains may not be fulfilled in practice, which implies that
boundary effects will affect the data. First, to correct the
geometrical simplifications of model 2, we Eropose to use a
constrained gain factor & € R:[0,1] on V,,, mimicking the
effect of semi-infinite and infinite domains, i.e. &€ = 1 and
& = 0 respectively. Second, to account for boundary effects,
we use the method of image charges [16]. Briefly, this method
of satisfying the boundary conditions imposed on the electrical
potential generated by a point charge next to a plane insulator
consists of using an opposite charge at the mirror image
position of the original charge (i.e., reflection, see Figure 3).
If we approximate the domain as a cuboid with dimensions
widthxlengthxheight L x (L+ d) x L delimited by insulator
planes, then there is an infinite number of reflections; however,
here we have only taken into account the first reflections being
generated by the two original current electrodes. Finally, we

Z =2
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Fig. 3. Illustration of the image point sources in the xy-plane to correct

boundary effects. The rectangle in the center represents the domain with the
original positive (blue) and negative (red) current electrodes. The original
source (+, in red) and sink (—, in blue) current electrodes have coordinates
ri whereas their boundary images have coordinates r b

propose a modified version of model 2 with gain and boundary
correction as follows
++

174 (1+§)Vm2

—+— , o>+b
Z2._2 _Vm2 +Vm2
m2 «= »

1

Y

with
Vs =Y. (Vi) = Vi (')
Jikil

the potential induced by the image current sources, with
vy = (JL,ki (2L +2d) — koL,IL) and v’ := (jL,ky(2L +
2d) +d + kyL,IL) the reflections positions with respect to
the positive r, and negative r’_ current electrodes, being
the indices j kg2, € Z, with j,I € {=1,0,1}, (ki,k2) €
{(0,0),(0,1),(1,1)} satistying {j.k1,k2,1} # {0,0,0,0} the
position of the original source and sink current electrodes. In
all, the number of reflections considered in the sum above are
the first 26 image sources in three-dimensions. The effect of
the rotation angle ¢ was not considered to compute the source
reflections as discussed in Section V-AS.

B. Finite element models

To extend our previous analysis, we simulate all the models
shown in Fig.2 by means of the finite element method. The
specifications of each simulation model are detailed below.

Model 1: Same as in Section II-A. The voltage electrodes
are made of metal with conductivity 10° S m~!

Model 2: Same as in Section II-A. The voltage electrode is
a plane surface enclosed between the ellipse in model 1 and
a smaller, concentric and homothethic ellipse with semi-axis
rg and rg/sin Q.

Model 3: The current electrode is defined as a surface
delimited by an ellipse concentric and homothethic ellipse to
the voltage electrode ellipses, with semi-axes r; and rj/sin @,
being 7y the radius of the inner cylinder of the needle.

Model 4: The electrical current flow is restricted to flow
from the bottom face along the z-axis.

Model 5: The surface in between the current electrode and
the voltage electrode is insulated.

Model 6: The inner insulated surface and the current elec-
trode are extruded along the z-axis.

Model 7: The voltage electrode is extruded and insulated
along the z-axis except the bottom face, which remains ex-
posed.

Model 8: The extruded voltage electrode is considered
metal, i.e., exposed barrel. This is our most realistic model of
the standard commercially available concentric needles used
in EMG studies.

Model 9: A thin layer of insulator with thickness is added
around the exterior extrusion face of the voltage electrode.
Thus, the only exposed metal part in contact with the domain
is the bottom face of the needle. This last model is the most
accurate description of the needles described in section III.

III. MATERIALS
A. Impedance measurement device

Phantom and human needle EIM measurements were per-
formed with SFB7 (Impedimed, Inc., Brisbane, Australia)
between 3 kHz and 1 MHz (255 frequencies).

B. Ultrasound imaging device

Ultrasound images were obtained using a Terason t3000
system (Teracorp, Inc., Burlington, MA, USA) to determine
the thickness of subcutaneous fat tissue and visually confirm
the correct placement of the EIM needles into the muscles of
interest as described in Section IV-D.

C. Concentric needle electrodes

Commercially available concentric needles of gauge 26
and 30 (S53156 and S53153, Natus Neurology, Middleton,
WI) were insulated using parylene coating with a vacuum
deposition process providing a complete and uniform en-
capsulation of the needle. The metallic beveled tip was re-
exposed gently using sand paper (see an example in Figure 4).
Photomicrographs of the needles were taken with a microscope
(3015, Accu-Scope, Inc., NY, USA) using a digital camera
(MU500, AmScope, LLC, CA, USA). Measurements were
then performed with ImagelJ software using a calibration slide
as a reference (see Figure 4). The estimated dimensions (mean
+ standard deviation) of the needles are for gauge 30: ry =
156.34+9 um, 7, =73.95+£0.55 um, 77 = 49.354+0.70 pum
and @ = 16.5°£0.6°; and for gauge 26: 7y =228.24+5.5 um,
rg—1032il4mm =73.8+0.5 um and ¢ = 18° +1°;
with 7 = 4 £ 0.5 um.

D. Conductivity and temperature measurement device

The conductivity and the temperature of the saline so-
lution used for phantom experiments were measured using
C100 Conductivity/TDS/Salinity Meter (Cole-Parmer Instru-
ment Company, LLC, IL, USA).

IV. METHODS
A. Finite element model simulations

Finite element method simulations were performed using
Comsol Multiphysics (Comsol, Inc., Burlington, MA) to study
the influence of the needle the tip angle ¢ and the distance
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Fig. 4. Lateral (top) and front (bottom) photomicrographs of the tip of the
insulated 30 gauge concentric needles used in this study.

between needles d on the measured data. The models shown
in Figure 2 were simulated with the needles positioned at the
center of the cuboid with saline solution conductivity 1.6 S
m~! and L =30 mm (see Figure 5). The values of the needle
parameters measured in Section III were used. Electrostatic
simulations were performed at 10 kHz applying an electrical
current with amplitude / = 1 mA. With the geometry defined,
a mesh with approximately 115,000 tetrahedral elements was
used to perform the simulations (Dell Precision Tower 7910,
Intel Xeon E5-2600 v4). An example of impedance simulation
with twin concentric needles is shown Figure 5. The sim-
ulations considered reference electrodes’ contact impedance
with surface resistance 107> Q m? and surface capacitance
0.16-107° F m? [17].

Fig. 5. Three-dimensional view of the finite element model simulation of the
twin needles inserted in the domain (left) and mesh detail of the concentric
electrical impedance simulation of model 9 (right). The current and voltage
electrodes are shown in red and blue color, respectively.

B. Phantom experiments on saline solution and agarose-based
gel

Experiments on 0.9% sodium chloride solution (Tecnova,
Inc., CA, USA) were performed with the conductivity and
the temperature measured [18]. The twin concentric needles
described in Section III-C were positioned parallel to each
other using a micromanipulator (M3301-M3, World Precision

Instruments, Inc., FL, USA). The needles were then inserted
into the saline solution at a depth of 3 cm and the plastic
container used had larger dimensions to minimize boundary
effect. The impedance from three experiments with the needle
distance varying from 0.3 to 30 mm was measured using a new
pair of EIM concentric needles of gauge 26 and 30 in each
experiment and the mean and standard deviation computed.

We also performed experiments on agarose gel. To prepare
the gel, we mixed 1 g of agarose (UltraPure™, Invitrogen,
Inc., CA, USA) was added for every 100 mL of saline solution.
The mix was then heated in an Erlenmeyer flask for 1.5 min
and cooled with dry ice. Finally, we performed the same
impedance experiments as in the saline solution.

Needle 1
Needle 2

Micromanipulator 1 ____ ¢ Agar

Impedance z /
measurement
device

Fig. 6.  Experimental setup of a phantom measurement on agarose gel
using twin concentric needles with gauge 26. The needles’ electrodes are
connected to the impedance measurement device (SFB7, Impedimed, Inc.,
Brisbane, Australia) and positioned using micromanipulators (M3301-M3,
World Precision Instruments, Inc., FL, USA).

C. Subject information

Eight convenience subjects (7 males, 1 female, 60.24+15.8
years) with neuromuscular disorders were enrolled from the
EDX Lab by hospital employees based on to their availability
and willingness to participate in our study. Subjects were con-
sented under an Institutional Review Board-approved protocol
#2012P000364 (Beth Israel Deaconess Medical Center). Our
study did not include healthy controls. Exclusion criteria in-
cluded age <18 years, the presence of a pacemaker, pregnancy,
or dialysis. All subjects had previously underwent detailed
physical examination, needle electromyography (EMG) and
ultrasound of the muscles under study. The diagnoses per
examination and EMG report were:

o Subject 1: Moderate chronic C7-T1 polyradiculopathy on
the right, predominantly involving the C8-T1 roots.

« Subject 2: Mild-to-moderate, chronic median neuropathy
at the right wrist.

« Subject 3: Bilateral, subacute, moderate-to-severe C5-6
radiculopathies. Mild to moderate median neuropathies
at both wrists. The EMG findings were also suggestive
of a mild-to-moderate underlying generalized sensory
polyneuropathy.

« Subject 4: Severe, chronic median neuropathies at both
wrists. The EMG findings were also suggestive of a mild
ulnar neuropathy at the left elbow.

« Subject 5: Profoundly severe median neuropathies local-
ized to both wrists.
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« Subject 6: Inclusion body myositis.
o Subject 7: Oculopharyngeal muscular dystrophy.
o Subject 8: Limb girdle muscular dystrophy.

D. Experimental protocol

Informed consent was obtained from the subjects prior
to the measurements and subjects were reimbursed at the
completion of the study for their participation. After the
skin was cleaned with alcohol, specific anatomic landmarks
were used for needle placement with two pinpoint tattoos
at a distance of 10 mm centered along the belly of the
muscles studied in longitudinal direction. The muscles studied
were tibialis anterior, biceps, deltoid, adductor pollicis brevis,
first dorsal interosseous and flexor carpi radialis muscle. The
needles were inserted perpendicular to the muscle and needle
penetration depth was adjusted according to the muscle in
question also taking into account the thickness of subcutaneous
fat determined from the ultrasound image.

E. Needle EIM reproducibility

Individuals immediately underwent repeated testing of the
muscles studied to determine the inter-session reproducibility
of needle EIM as measured by the intraclass correlation
coefficient (ICC). Out of the 8 subjects measured, we only
performed reproducibility assessments on 7 individual muscles
moving the needles once inserted to minimize patient discom-
fort. Needle EMG and EIM examination was performed by a
Board-certified physician (S.R.). Due to limited sample size,
we combined both unaffected and affected needle EIM data
for calculating the reproducibility from 7 subjects with whom
repeated values were obtained from individual muscles, giving
a total of 14 needle EIM repeated measurements.

F. Subject data analysis

Affected and unaffected needle EIM data was deter-
mined with standard needle EMG. Multi-frequency needle
EIM data collected with SFB7 (Impedimed, Carlsbad, CA)
were fitted to the Cole impedance model [19] using the
Marquardt-Levenberg nonlinear least square curve-fitting al-
gorithm (MATLAB, The Mathworks, Natick, MA, USA) de-
scribed elsewhere [20]. The maximum number of iterations
and the fitting tolerance were set to 10% and 102, respectively.
From the fitting, extrapolated resistance at DC frequency Ry
parameter was determined.

V. RESULTS
A. Analytical and simulation results

1) Model analysis: Figure 7A shows the resistance mea-
sured with theory and FEM simulations. The theoretical
resistance values were obtained considering a semi-infinite
(half-space) and infinite domains, the latter mimicking how
the FEM simulations were performed. Then, in model 2,
the resistance increases with respect to model 1 because the
increased area of the voltage electrodes. This notable differ-
ence between model 1 and 2 justifies why the approximation
of the voltage electrode as a closed curve is not accurate
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Fig. 7. Analytical and finite element model simulation results of twin

concentric needles measuring saline solution. (A) Resistance resulting from
the measurement of impedance with the needle models in Figure 2 in full-
space and half-space. (B) Study of the resistance measured with the needles’
tip angle. (C) Study of the resistance as a function of the separation between
needles. We refer the reader to the text for further details. The needle insulation
thickness considered in model 9 is t =4 um.

enough. The analytical and FEM resistance of model 1 and
2 are in excellent agreement with a relative error <0.1%.
Next, the geometrical differences from model 2 to model 6
do not have a major impact on the measured resistance. In
other words, it is arguable that the point approximation of
the current electrode, the restriction on the electrical current
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flow, the addition of insulating material between electrodes and
its extrusion in the z-axis affect substantially the data in this
setup. The resistance again increases in model 7 approximately
by 40% due to the contribution of the insulating material
that covers the upper part of the voltage electrodes, which
effectively reduces the space for the electrical current to flow.
Importantly, the resistance drastically decreases in model 8
outside the theoretical limits due to the metal exposed along
the cannula of the needle. The exposed metal interferes with
the electrical potential distribution greatly. At this point, we
found that the resistance value becomes strictly dependent on
the needle insertion depth (see also the experimental results
in Section V-B). Finally, the resistance value measured with
model 9 is again within the expected theoretical lower and
upper limits predicted by analytical models 1 and 2.

2) Needle tip angle analysis: The goal of this study is
to approximate analytical model 2 with the FEM simula-
tion results obtained from the most realistic model 9. The
impedance measured with varying the needle tip angle was
simulated considering two 30 gauge needles at a distance
d =1 cm. Figure 7B shows the resistance value decreases
with decreasing needle tip angle and vice versa. Importantly,
the theoretical and simulation results have the same trend and
the ratio simulation/theory remains constant 1.388 with needle
tip angle. This results indicates that it is accurate to correct the
outcome of analytical model 2 using a scalar gain factor that
approximates the resistance measured with model 9 available
through FEM simulations only.

3) Needle distance and boundary effect analysis: Figure
7C plots the measured resistance while changing the needles’
distance d from 2 to 30 mm, with the needles’ gauge 30 and
tip angle @ = 16.5°. The resistance obtained with model 9
increases with increasing distance (solid black line). Once the
needles separation reaches a distance similar to the domain
dimensions in the FEM simulations, then boundary effects
impact the data. As expected, if we only take into account
the gain factor £ = 0.38 in (11), the theoretical resistance
(dashed black line) only coincides with that of simulation
only in the region where the needles are at close distances
(i.e., region with no boundary effect). Accounting for boundary
effects describes the simulation data at farther distances as well
(dashed gray line). Simulations considering needles’ gauge 26
gave the same model outcomes (not shown) with the same
gain factor £ = 0.38 as a 30G needle.

4) Needle coating thickness analysis: The effect of insula-
tion thickness was studied considering 30 gauge twin needles
in saline solution separated d = 1 cm varying the thickness
2 <t <10 um. The resistance increased linearly with in-
creasing ¢ parametrized as follows R(t) = (1+m(t —19)R(to)),
where m = 0.0166 um~!, tp =4 um, and R(f) is shown in
Figure 7C.

5) Needle rotation angle analysis: The rotation of the
needles around the z-axis determined by the angle ¢ can
be neglected because it generates relative resistance changes
<0.01%, whereas the computational error when performing
the simulations was 0.3% of the resistance value, i.e., 30 times
larger.

6) Needle dimension analysis: Changes in needle parame-
ters rv and r, affect the resistance measured, however, these
are accurately predicted by model 2. Changes due to variation
on the current electrode size r; within the range of needle
specifications have an impact on the data <0.01% and thus
can be neglected. Finally, £ = 0.38 was found to be the same
regardless the different dimensions of needles between gauge
26 and 30.

7) Needle depth misalignment analysis: Simulations were
performed to study the effect of depth misalignment between
twin needles with Az € [0,10] mm. The resistance increases
with increasing Az, but still can be accurately predicted with
the analytical model developed in (11) with & = 0.38.

8) Coating imperfection analysis: We studied two type of
insulating imperfections: (i), incomplete insulation near the
needle tip, and (ii), micro hole in the insulation layer (Figure
8 A and B, respectively). In the first case, the increased metal
area exposed facilitates the current flow between needles,
which results into an effective 32% resistance drop with
respect to the resistance value measured with no imperfections
(gauge 30, d = 10 mm). The effect of a micro hole was studied
as a cylindrical hole extrusion in the insulation layer with
varying radius e and distance from the needle tip to the
center of the hole djoe. The hole was found to have a modest
impact on the resistance data <3% in the cases studied in
Table I.

A B

| «— Insulation

« Metal exposed

Fig. 8. (A) Rendering of the needle geometry with incomplete insulation
where the beveled part of the needle begins in the tip. (B) Detail of the
normalized isopotential lines near the needle tip with a micro hole (indicated
by the red arrowhead) at 5 mm from the needle tip.

TABLE I
RATIO BETWEEN THE RESISTANCE MEASURED WITH A MICRO HOLE IN
THE INSULATING LAYER AND PERFECT INSULATION. A VALUE CLOSE TO
100% INDICATES A MINIMAL IMPACT ON THE RESISTANCE DUE TO THE

MICRO HOLE.
Thole (HLm)
0.5 2 5
0.5 998% 99.2%  98.8%
dpole (mm) 2.5  99.6% 98.6%  98.0%
5 99.1% 98.6%  97.2%

B. Phantom results

Phantom experiments on saline solution and agarose gel
showed the same effect on the resistance as function of the
the distance between concentric needles. Figure 9 quantifies
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the relative change between the resistance obtained at different
distance with respect the resistance value obtained at distance
d =30 mm comparing needles’ model 2 and 9. The greatest
difference between theory and saline experiments is 8% and
9% and occur at distances 0.75 and 1 mm for needle gauges 26
and 30 respectively. These differences are due to experimental
inaccuracies when close positioning the needles. The agarose
measurements started at d = 10 mm to facilitate an accurate
positioning of the needles by mitigating the effect of gel
stiffness. We also studied temporal changes in the resistance
with the needles immersed in saline solution. The resistance
was measured every 5 minutes during 4 hours. Over this period
of time, the resistance value decreased 5% on average. The
resistance variations were temporal dependent, being 1.66%
and 0.4% the first and last hour respectively.

Finally, we also tested non-insulated concentric needles. In
our simulation framework, this is model 8 in Figure 2. The re-
sistance measured on agarose gel was similar to the simulation
value in Figure 7A. Considering a distance between needles of
10 mm and needle insertion depth of 15 mm, the simulation
and experiment resistance is 49.65 and 49.75+£0.87 Q (mean
=+ standard error of the mean, n = 3 experiments) respectively.
These experiments also showed the needle insertion depth had
a great impact on the data, i.e., the resistance decreasing with
increasing the insertion depth.

100 —— Gauge 26 theory 100 —— Gauge 30 theory
= 8% Gauge 26 saline Gauge 30 saline
- o
;\? --3-- Gauge 26 agarose gel ;\? ~ 9\/“ --0-- Gauge 30 agarose gel
S 10 S 10
c c
I IS
= <
o o
@ @
o [*3
e e
£ 9 8 1
2 2
I3 23
© @
i [id
0.1 0.1
0.3 1 10 30 0.3 1 10 30
Distance between needles (mm) Distance between needles (mm)
Fig. 9. Relative resistance change from experiments performed on saline

solution (gray line), agarose gel (white circles), and theory (model 2 with
gain and boundary correction, black line) using twin concentric needles with
gauge 26 (A) and 30 (B). The saline solution and agarose gel conductivity was
1.61+£0.01 Sm~! and temperature 22+1 °C (mean =+ standard deviation). The
vertical dotted line shows that the discrepancy between theory and experiments
is <10% when d <1 mm. Mean =+ standard error of the mean are reported
from n =3 experiments.

C. Multi-frequency needle EIM analysis

Figure 10 shows the calibration factor modeling the fre-
quency dependence of muscle electrical properties reported
elsewhere [21] considering needle Model 9. The correction
factors is normalized to 10 kHz based on the results previously
shown. The reactance calibration factor has a value close to 1
in the frequency range studied, decreasing with frequency. The
resistance calibration factor, however, exhibits a maximum at
frequencies between 100 and 1000 kHz.

Figure 11 shows an example of multi-frequency needle EIM
data measured on the first dorsal interosseous muscle bilater-
ally in a 66-year-old man with moderate, chronic right cervical

— Resistance
—— Reactance

Calibration gain (dimensionless)

1 10 100 1000
Frequency (kHz)

Fig. 10. Resistance and reactance calibration curves for multi-frequency
electrical impedance myography measurements from 1 kHz to 1 MHz. The
correction factor is normalized with respect to muscle data at 10 kHz.

polyradiculopathy with normal strength on the unaffected side
and weakness on the right side.
D. Subject reproducibility data

1.5+

0.75+

-Reactance (kOhms)

Resistance (kOhms)

- - Unaffected
—O— Affected

Fig. 11. Example of multi-frequency needle electrical impedance myography
data at selected frequencies (circles) and fitted model (lines) measured on the
left (affected) and right (unaffected) first dorsal interosseous muscles from the
same patient.

Fig.12 plots test versus retest values of Cole model Ry
parameter, together with least-squares-fitted line. The slopes
of the fitted line is 1.012 close to perfect reproducibility with
ICC=1.

VI. DISCUSSION

Here, we introduce twin concentric needle EIM, a new
minimally-invasive approach to assess the condition of muscle
with potential to complement existing electrodiagnostic tools
[22]. The approach is first developed using analytical and
FEM models for studying the effect of needle experimental
design parameters on the recorded intramuscular EIM data.
The experiment setup parameters studied included needles’
separation, needle gauge, needle tip sharpness, needles’ depth
misalignment, and coating imperfections. The analytical mod-
els developed, although simple, were used as a reference and
allowed us to validate with confidence more complex FEM
simulations, which would otherwise have not been possible.
Validated models were then compared with experimental re-
sults conducting phantom measurements on saline and agar
phantoms.
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Fig. 12. Combined unaffected and affected test versus retest data of Cole
model parameter Ry (circles) and fitted line with 95% confidence intervals.
Reproducibility data were obtained from 7 subjects with whom repeated values
were obtained from individual muscles, giving a total of 14 needle EIM
repeated measurements. Abbreviation: ICC, intraclass correlation coefficient.

The analytical results show that increasing the distance
between needles (in practice from 10 to 15 mm) provides
optimal results by minimizing the effect of needle bevel angle
and potential depth misalignment between the two needles.
Regarding the needle gauge, all values studied reported the
same gain factor. We then found that a larger needle gauge
requires less penetration depth to mitigate the finite-shape of
the muscle, thus helping to reduce patient discomfort. Finally,
we also found that commercial concentric needles’ can be used
for EIM as well since the correction factor is almost constant
for typical needle tip angle values.

Phantom experimentation supports analytical and FEM sim-
ulation results. Best agreement were obtained with a distance
between needles of 10 mm with a maximum relative error
below 10% by maintaining the needles as much perpendicular
as possible with the tissue surface, independently of the
needle gauge and bevel angle orientation. Experimental results
from phantom media gave us a priori knowledge of practical
considerations to ensure the validity of needle EIM data,
for example, maintaining the needles perpendicular to the
muscle and adjusting the needle penetration depth taking into
account the thickness of subcutaneous fat determined from the
ultrasound image.

Unlike surface EIM approaches using gel-adhesive elec-
trodes [23]-[25], stainless steel electrodes [26], or microneedle
electrode arrays [27], the needle approach presented here
offsets the contributions from both skin and subcutaneous
fat tissues. This is especially relevant in both patients with
overweight and longitudinal studies where variations of subcu-
taneous fat can be a confounder making healthy data look sick
or vice versa [10]. As a consequence, the muscle-specific con-
tribution to surface EIM data ranges from 8% to 30% [9]. With
needle EIM, the impedance data itself are generated >97%
by muscle tissue only [11], [13]. Another advantage of needle
EIM over surface EIM is that it allows to confidently evaluate
a specific muscle, both superficial and internal, with higher
spatial resolution than is possible with surface electrodes thus
making this approach less affected by changes in muscle size
or shape, the latter another confounder in longitudinal EIM

studies due to disease progression (e.g., muscle atrophy in
amyotrophic lateral sclerosis).

Despite the novelty of our work, the reproducibility reported
is comparable or exceeds the reproducibility of other well-
established electrophysiological tests to assess the health of
muscle and nerve. For example, studies have shown that repro-
ducibility of median F-wave latencies obtain a reproducibility
of only 10% [28], [29], while motor and sensory amplitudes
often have a variation greater than 50% [30], [31]. The inter-
rater agreement of EMG between faculty-level physicians is
only about 60% [32]. Our results suggest that needle EIM has a
similar test-retest reproducibility than surface EIM approaches,
in which ICCs values of 0.85-0.98 have been reported [33]-
[35]. We found that in realistic clinical conditions, accurate
repositioning of the needles is important to achieve high
reproducibility measuring small muscles than large muscles.
Also, special care must be taken when positioning the needles
since a superficial muscle measurement could be affected by
vicinity of subcutaneous fat tissue with different electrical
properties altering the propagation of the electrical current
applied for EIM measurement. On the other hand, deep tissue
evaluation has the disadvantage that it is necessary to insert
the needle more deeply which could also interfere with deeper
structures or create greater discomfort in the patient.

This study has limitations warranting further theoretical
and human studies using the technology presented. The first
limitation is the difference between the simulation models
and the concentric needles used. For example, the tip of
concentric needles used is sharp to facilitate the insertion
through the skin, but this design parameter was not considering
in the analytical models to facilitate the parametrization of the
electrode geometry. In addition, more sophisticated analytical
and FEM analysis are required to include the regular, bundled
structure of striated muscle, i.e., a concept known as electrical
anisotropy [36]. Additional experimental work is also needed
to characterize the experimental recording characteristics of
concentric EIM needles [37], [38]. More practically, a draw-
back of the technique presented is the need to insert two
needles into the muscle. Additional work is also necessary
to characterize the current density near the needle current
electrode to study potential focal activation effects in muscle
fibers. Importantly, none of the subjects reported a physiolog-
ical effect during the measurement (e.g., tingling) nor did we
observe muscle contraction during the measurement. Also, the
patients who participated in this study tolerated the test with
similar discomfort as in needle EMG. Besides measuring small
number of diseased individuals and healthy subjects, intra-
session variability was not assessed. Despite these limitations,
the basic reproducibility of the technique warrant additional
work to expand our findings to studying anatomical features
of muscle [39] and establish the sensitivity and specificity
compared to other accepted clinical outcomes.

VII. CONCLUSION

In this study, we have presented technical, simulation and
experimental results supporting twin concentric needle EIM,
a new needle approach with potential to expand the repertoire
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of tools currently available in the electrodiagnostic laboratory.
New needle EIM technology has the potential serve as a
valuable scientific tool to evaluate how electrical alterations
in tissue structure and composition as measured by EIM are
related to neurophysiological changes measured by EMG.
This work promises to offer new insights into neuromuscular
disease development and its impact on muscle physiology and
function beyond that possible with surface EIM approaches
only.
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