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Impedance alterations in healthy and diseased mice
during electrically-induced muscle contraction

Benjamin Sanchez, Jia Li, Tom Geisbush, Ramon Bragos Member, IEEE and Seward B Rutkove Member, IEEE

Abstract—Alterations in the health of muscles can be evaluated
through the use of electrical impedance myography (EIM). To
date, however, nearly all work in this field has relied upon the
measurement of muscle at rest. To provide insight into the con-
tractile mechanisms of healthy and disease muscle, we evaluated
the alterations in the spectroscopic impedance behavior of muscle
during the active process of muscle contraction. The gastrocnemii
from a total of 13 mice were studied (5 wild type, 4 muscular
dystrophy animals, and 4 amyotrophic lateral sclerosis animals).
Muscle contraction was induced via monophasic current pulse
stimulation of the sciatic nerve. Simultaneously, multisine EIM
(1 kHz to 1 MHz) and force measurements of the muscle
were performed. Stimulation was applied at 3 different rates to
produce mild, moderate and strong contractions. We identified
changes in both single and multifrequency data, as assessed by the
Cole impedance model parameters. The processes of contraction
and relaxation were clearly identified in the impedance spectra
and quantified via derivative plots. Reductions in the center
frequency fc were observed during the contraction consistent
with increasing muscle fiber diameter. Different EIM stimulation
rate-dependencies were also detected across the 3 groups of
animals.

Index Terms—dynamic electrical impedance myography, mus-
cle, isometric contraction, time-varying impedance, multisine
excitations.

I. INTRODUCTION

WEAKNESS remains the major source of disability
of most diseases that affect the peripheral nervous

system and muscle. Many of these disorders, which include
conditions such as amyotrophic lateral sclerosis, muscular
dystrophy, inflammatory myopathies, and certain polyneu-
ropathies, are without effective therapy [1]. Fortunately, thanks
to an improved understanding into the pathogenesis of these
diseases and creative new therapeutic strategies, discoveries
are beginning to yield concrete advances and certain diseases,
previously thought to be untreatable, such as Duchenne mus-
cular dystrophy, are now finding potential effective therapies
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[2]. Still, a great deal of work needs to be accomplished if
the weakness produced by these diseases is to be effectively
ameliorated.

How each of these conditions actually produces muscle
weakness, however, is often not fully understood. Indeed, we
are very capable of measuring the contractile process up to
and including the point of the electrical depolarization of
the muscle [3]. We are also very capable of measuring the
force output of the muscle itself. However, we are bereft
of any technique for studying the actual mechanical process
of contraction in vivo, even though the basic physiology of
the excitation-contraction coupling process is well understood.
For example, with standard electrophysiological techniques,
such as nerve conduction studies and electromyography, we
can measure action potential propagation down the nerve,
across the neuromuscular junction, and the electrical depo-
larization of the muscle fibers themselves [3]. With needle
electromyography we can evaluate membrane stability, the
health of individual motor units and changes in the electrical
properties of the muscle [4]. Imaging modalities may also be
potentially useful for assessing muscle contraction. For exam-
ple, ultrasound has been studied preliminarily in this regard
[5]. However, the time constants for data acquisition using
magnetic resonance imaging, which may have the potential
of showing exquisite structural detail with contraction, are
too long to make such an application feasible. One technique
that could provide new insights into the actual mechanics of
muscle contraction is that of electrical impedance myography
(EIM). EIM is a tetrapolar bioimpedance-based technique in
which localized single-frequency/spectroscopy measurements
of muscle are made and the impedance measures are used
to assess muscle health [6]. To date, EIM measures in static
muscle (contracted or relaxed) have been shown to be sensitive
to the presence and severity of neuromuscular disorders [7]–
[9]. Indeed, EIM has been proposed as a new tool to monitor
disease status and effects of therapy in amyotrophic lateral
sclerosis [10]. However, only a single pilot study has attempted
to evaluate the alterations of impedance change with muscle
contraction [11], what we have called dynamic EIM. In that
work, human subjects were asked to exert voluntary isometric
gripping force against a hand dynamometer while sensing-
electrodes on the forearm recorded impedance shifts at 50
kHz. While representing a good starting point, this work was
limited by (1) measurements at a single frequency and (2)
limited time-synchronization as the contraction was performed
voluntarily rather than via direct neuronal stimulation.

In this paper, we show the feasibility of performing time-
varying impedance measurements of skeletal muscle in healthy



0018-9294 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TBME.2014.2320132, IEEE Transactions on Biomedical Engineering

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING 2

and diseased mice during electrically-induced muscle con-
traction. To perform simultaneous EIM spectroscopy mea-
surements (1 kHz to 1 MHz), multisine impedance spec-
troscopy is used [12]. To fully achieve time-synchronization,
both the force exerted by the muscle and the nerve stimuli
applied are recorded simultaneously to the muscle impedance
measurement. We identify novel alterations in the impedance
characteristics of muscle with contraction with potentially
important implications for future animal and human research.

II. MATERIALS AND METHODS

A. Animals

All studies were approved by the Beth Israel Deaconess
Medical Center Institutional Animal Care and Use Committee.
All animals obtained from Jackson Laboratories (Bar Harbor,
Maine) were allowed to acclimate for 48 hours prior to use
and fed ad libitum. 5 wild type (WT) mice, 4 amyotrophic
lateral sclerosis (ALS) mice and 4 muscular dystrophy (mdx)
mice were studied.

B. Animal set up

Animals underwent all measurements under 1-2% inhaled
isoflurane anesthesia delivered by nosecone, with body and
muscle temperature being maintained by a heating pad. The
basic technique was similar to that previously described,
except that gastrocnemius rather than extensor digiotirum
longus was studied [13]. Briefly, the skin overlying both left
and right hind-limbs was cut with a scissors and the tissue
dissected down to expose the biceps femoris muscle, which
was removed proximally. The calcaneal tendon was cut at its
insertion point, and dissected away from the underlying fascia
and soleus muscle. The cut end was then tied to a piece of
silk suture material which was then connected to the force
measuring system. Animal sacrifice was performed via the use
of FatalPlus R⃝at the completion of measurements.

C. Force measurement

The length of muscle contraction was measured using an
external spring attached to a load cell (model FT 10E 50199-4)
that was run through a P11T amplifier and RPS210 power sup-
ply (Grass Technologies West Warwick, RI). PT11 frequency
response was set at 30 Hz and has an output impedance of 500
Ω. The load cell was calibrated to produce an analog signal of
39.75 V N−1. The external spring was placed in series with the
beam shaft of the force transducer and the muscle preparation
(see Figure 1). External spring length was kept constant at
3.5 cm between the beam shaft and the relaxed muscle. This
external spring length was relatively large compared to the
length of muscle contraction during stimulation, allowing for
the muscle to essentially work with a constant force throughout
contraction. Upon stimulation, the gastrocnemius was allowed
to freely contract and the force exerted on the spring was
recorded.
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Fig. 1. (top) Picture of the animal experimentation; (bottom) Sketch of
the experimental setup. The PXI-based frequency response analyzer acquires
synchronously the force exerted by the gastrocnemius, the EIM and the stimuli
applied to the sciatic nerve.

D. Nerve stimulation

To ensure that the same amount current was applied to
each hind leg of each animal during nerve stimulation, the
compound motor action potential (CMAP) was identified first
using a TECA Synergy T2 EMG Monitoring System (Viasys,
Madison, WI). The CMAP was recorded via disposable ring
electrodes (Product 019-435500, Faith Medical Inc., Steed-
man, MO) around the entire leg with stimulating the sciatic
nerve at the sciatic notch (Neuroline 746 12-100/25 needle
electrodes, Ambu, Denmark) [14]. The specific current which
was used to obtain the CMAP was then used for the following
stimulation paradigms: 3 pulses at 9 Hz (weak contraction) 6
pulses at 18 Hz (moderate contraction), and 10 pulses at 30
Hz (strong contraction). By choosing these frequencies and
number of stimuli, the overall duration of the contract re-
mained constant at 0.33 seconds. In all stimulation paradigms,
the amplitude and duration of the monophasic pulses was set
to 8-10 mA and 0.2 ms respectively.

E. Impedance measurement

The muscle impedance was measured using a custom broad-
band impedance frequency response analyzer (FRA) [12], [15],
[16]. The impedance measurement system was implemented
on a rugged PC-platform PXI (PCI eXtensions for Instrumen-
tation) platform from National Instruments. The FRA included
an embedded controller PXIe-8130, a 2 channel high-speed
digitizer card PXIe-5122 (100 Ms s-1, 64 MB/channel, 14
bits), a 8-channel digitizer card PXI-5105 (60 Ms s−1, 128
MB, 12 bits) and an Arbitrary Waveform Generator (AWG)
card PXI-5422 (200 Ms s−1, 32 MB, 16 bits). Synchronously
to the reference excitation generated by the PXI-5422, the

https://www.researchgate.net/publication/235681864_Evaluation_of_Muscle_Function_of_the_Extensor_Digitorum_Longus_Muscle_Ex_vivo_and_Tibialis_Anterior_Muscle_In_situ_in_Mice?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==
https://www.researchgate.net/publication/12777431_Mice_lacking_cytosolic_copperzinc_superoxide_dismutase_display_a_distinctive_motor_axonopathy?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==
https://www.researchgate.net/publication/51606213_Novel_Estimation_of_the_Electrical_Bioimpedance_Using_the_Local_Polynomial_Method_Application_to_In_Vivo_Real-Time_Myocardium_Tissue_Impedance_Characterization_During_the_Cardiac_Cycle?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==
https://www.researchgate.net/publication/235739875_A_new_measuring_and_identification_approach_for_time-varying_bioimpedance_using_multisine_electrical_impedance_spectroscopy?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==
https://www.researchgate.net/publication/256489931_Harmonic_impedance_spectra_identification_from_time-varying_bioimpedance_Theory_and_validation?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==


0018-9294 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TBME.2014.2320132, IEEE Transactions on Biomedical Engineering

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING 3

PXIe-5122 acquired both the noisy current- voltage observa-
tions coming from the analog front end used to interface the
FRA with the electrodes. The FRA analog front end consisted
of a drive buffer (OPA656) and differential amplifier (AD830)
for the high and the low potential terminals and a current-
to-voltage converter (OPA656) for the low current sensing
terminal [17].

Four disposable monopolar EMG needle electrodes of
Viasys Healthcare (Ref 902-DMG50) were used as needle
electrodes. The four strips were attached to a metal plate (30
mm L x 15 mm W) in a line with an inter-electrode separation
distance of 1 mm (center to center).

For each leg, the tetrapolar electrode array was placed trans-
verse (90 deg) to the major muscle fiber direction determined
by visual inspection. Data is shown in Section III.

F. Data acquisition and analysis

The reference excitation generated with the PXI-5422 to
measure impedance was a random phase multisine signal,
with Tms=1 ms periodicity. The amplitude the harmonics were
chosen to be equal (flat multisine), the phases were randomly
chosen in [0,2π), k ∈Kexc was the set of excited frequencies
(26 quasi-logarithmic frequencies distributed from 1 kHz →
939 kHz); fs = 5 MHz being the sampling frequency. To
avoid spectral leakage, an integer number of periods of the
multisine excitation was measured and the entire measurement
setup was synchronized with the reference multisine signal.
The current as well as the voltage impedance responses were
passed through anti-Alias filters (1 MHz cutoff frequency)
before the signals were sampled with the PXIe-5122, such
that aliasing was also avoided.

Data streaming from the PXIe-5122 to the PXIe-8130
controller hard-disk was performed to store in real time the
sampled data. To stream-data-to-disk, the two main bus- and
processor-intensive tasks were: 1) acquiring data from the
PXIe-5122 and 2) writing data to a binary file directly to
the hard disk. To better utilize processor resources, Lab-
VIEW processes were divided into two independent loops
(multithreading) using a queue structure (producer-consumer
structure).

Once the sampled noisy voltage and current observations
were available to be processed, the impedance spectrum was
computed using Matlab [18]. The signal linear time-invariant
signal processing tool used to estimate the impedance was
based on the short time Fourier transform (STFT) using
overlapping records. The spectral leakage was intentionally
avoided by setting the STFT window duration (i) by processing
an integer number of periods of the reference for each record
and (ii) by using a rectangular time sliding window [19],
[20]. For the periodic overlapped segment averaging, as this
is the case, the (noncalibrated) voltage-current spectra were
calculated as

X(k) =
1√
N

N−1

∑
n=0

x[n]e− j2πkn 1
N , (1)

with X = {V, I} the Discrete Fourier Transform (DFT) spectra,
x= {v, i} the noisy voltage-current observations; N the samples

length of the record processed and Ts = 1
fs

the sampling
interval.

A consistent impedance spectrum estimator Ẑ (ωk) (when
P → ∞) is obtained from the division of the voltage-current
sample mean Fourier coefficients at the excited frequencies
[16], namely

Ẑ (ωk) =
V̂ (k)

Î (k)
=

1
P ∑P

p=1 V [p](k)
1
P ∑P

p=1 I[p](k)
, (2)

with ωk = 2π k
Tms

,
{

V [p], I[p]
}

the excited DFT bins of the p-th
period of the current-voltage signals. The impedance spectrum
noise variance on Ẑ (ωk) was also estimated according to [21]

σ̂2
Ẑ
(k) =

∣∣∣Ẑ (ωk)
∣∣∣2
 σ̂2

V̂
(k)∣∣∣V̂ (k)
∣∣∣2 +

σ̂2
Î
(k)∣∣∣Î(k)∣∣∣2 −2Re

(
σ̂2

V̂ Î
(k)

V̂ (k)Î(k)

) ,

(3)
with σ̂2

X̂1X̂2
(k) the (co-)variance of the sample mean {V̂ , Î} at

the excited frequencies given by

σ̂2
X̂1X̂2

(k) =
1

P(P−1)

P

∑
p=1

(
X [p]

1 (k)− X̂1(k)
)(

X [p]
2 (k)− X̂2(k)

)
,

(4)
with X{1,2} ∈ {V, I}, where the shorthand notation σ2

XiXi
= σ2

X
is adopted. For further details on the signal processing, the
reader is referred to [16].

Ultimately, the impedance was calibrated by measuring a
reference resistor (199 Ω, 1%). The calibration experiment
was carried out at the same measurement frequencies using the
same measurement setup, such that the effects of the cables
and the amplifier response on the measurement error were
compensated.

For processing the data with the STFT-based technique,
we chose a 10 ms window duration (Tw = 10 ms), such
that it contained Nms = TmsTs = 5000 samples per period.
A total of Pms = TwTms = 10 multisine periods fitted in each
block/segment, such that the number of samples within Tw was
Nw = PmsNms = 5× 104 samples. The measurement lasted for
T = 1 seconds, giving a total of N = T fs = 5 × 106 samples
the length of the voltage and current signals. Furthermore, the
selected fraction of overlap (O) between segments was set to
60%, such that O = 0.6Nw = 3 × 104 overlapping samples were
used. In all, a total of 248 impedance spectra (26 frequencies)
were processed in the 0.988 s recording period.

The force signal and the stimuli applied to the nerve were
acquired with the PXI-5105 sampling at 1 Ms s−1 and then
downsampled to 1 kHz by averaging. High-frequency noise
was filtered in Matlab with a low pass Butterworth filter.

G. Data modeling

The four Cole impedance model parameters were obtained
by fitting the impedance data to the Cole impedance model
[22] using a weighted complex nonlinear least square (WC-
NLS) method [23]. The estimated impedance spectrum noise
from (2) was used as weight factors to obtain unbiased Cole
parameters. The number of maximum iteration and function
evaluations was set to 106. The desired tolerance was set
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Fig. 2. Measured (circles) and Cole model (lines) resistance and reactance spectra for relaxed and contracted in normal animal. The electrodes were placed
in transverse direction to the muscle fibers.

to 10−12. The initial values for R0 and R∞ parameters were
given from the initial and ending points of the impedance
magnitude spectrum measured. The initial central frequency
fc was derived from the center frequency measured, and the
α parameter was initially set to 0.5. The algorithm used was
Levenberg-Marquardt [24]. The numerical Jacobian matrix
was finally computed to estimate the standard errors of the
Cole impedance parameters.

H. Muscle strength measurement

The hind paw grip strength of each animal was measured
separately prior these experiments via a Grip Strength Meter
Single Computerized Sensor with Standard Pull Bars for Mice
(CAT 1027CSM) (Columbus Instruments). While the animal
was awake, the investigator (JL) held the animal at the base
of the fore limbs and pulled away the animal from a small
bar where its hind paws grasped. The maximum force out of
5 measurements was recorded.

III. EXPERIMENTAL RESULTS

A. Muscle impedance spectroscopy data in normal animals
during contraction

Figure 2 shows the difference of the overall spectral changes
during contraction for a WT animal. As can be seen, during
contraction there is a shift in both resistance and reactance
values, likely corresponding to the increasing size of mem-
brane content between the measuring electrodes, more marked
in frequencies below 100 kHz. Simply put, the increase in
cellular and membrane content between the electrodes is the
likely explanation for this observation. Also note the slight
shift to the right where the maximum reactance occurs. In all
the plots shown, the (capacitive) reactance of the impedance
is multiplied by -1 for convention.

Of note, the low frequency data (< 10 kHz) in Figure 2 was
not taken into account in the Cole data modeling as it was
influenced by (1) the dynamics of the electrode impedance
and (2) the nerve stimulating signal (refer to Section IV for
further details). Indeed, the standard errors in the Cole model
parameters shown in gray in Figure 4 and 7 below confirm that

measurement errors were not propagated and the modeling was
performed correctly [25].

Figure 3 shows the temporal evolution of the resistance,
reactance, and force as well as the corresponding stimuli that
were used to produce the muscle contraction, evaluated at
a frequency of 51 kHz. The right side of Figure 3 shows
derivative plots of that data. Of note, the force derivative data
is noisy due to the very low voltage values recorded. At this
stage, we did not filter the force data in order to maintain
the integrity of the temporal response. One can see that force
show similar changes during contraction as well as relaxation
whereas the resistance and reactance plots reveal a temporal
asymmetry of a normal contraction, with relaxation being a
slower, less-well-defined event.

B. Temporal evolution of the Cole impedance parameters
during contraction in normal animals

Figure 4 shows the temporal evolution of the Cole im-
pedance parameters {R0, R∞, fc, α} for a healthy WT mouse
with two separate stimulation paradigms, each lasting ap-
proximately 0.33 seconds. On the left side, 6 stimuli are
given in that 0.33 second time period; on the right side, 10
stimuli are given in that same time period, thus producing two
contractions of varying strength (the right side contraction is
approximately 4 times stronger than the left).

Overall, the changes in the R0 and R∞ parameters both
increasing are consistent with the expected changes, with
an increase in extracellular volume over all tissue volume
during contraction. Furthermore, it can be observed there is
a noticeable decrease in the center frequency, most notable at
the stronger stimulation rate, likely relating to the increase in
the muscle fiber diameter during contraction. Moreover, the
initial and final value of the parameters are different in both
cases analyzed, suggesting that they can be used as an indicator
of persistent alterations in the muscles properties in the time
immediately following the completion of a muscle contraction.
In addition, the reduction in α , suggests reduced uniformity
in muscle fiber size during contraction. Such alterations in
normal animals suggest that such testing paradigms may reveal
important and useful information in diseased states where the
contractile process is impaired.
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Fig. 3. (left) Time dependences of resistance (R), reactance (X) at the selected frequency of 51 kHz and force (F) synchronized with the stimuli for normal
mouse and their corresponding derivatives dR/dt, dX/dt and dF/dt (right).
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Fig. 4. Evolution of the Cole parameters during contraction-relaxation for two different experiments on the same normal animal. In gray, the Cole parameters
standard errors corresponding to this particular animal (see Section II-G). The red dotted vertical line denote the onset of stimulation.

C. Muscle impedance spectroscopy in ALS and mdx animals

Figure 5-6 show data for an ALS animal and an mdx animal
undergoing similar stimulation and recording paradigms as
described for the WT animals in the previous section and are
analogous to Figure 2 and Figure 3, shown for the WT animals.
As can be seen in Figure 5, the resistance and reactance spectra
show similar overall changes compared to the WT animals.

This is further confirmed by the similarity of the exerted force
for each of the ALS and mdx animals analyzed w.r.t. the WT.

D. Temporal evolution of the Cole impedance parameters
during contraction in diseased animals

Figure 7 shows the spectroscopic Cole parameters for the
same mdx and ALS animals shown in Figure 5; this figure is
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Fig. 5. Relaxed (black) and contracted (gray) resistance and reactance spectra for ALS (A) and mdx (B) animals; measured (circles) and Cole modeling
data (lines). Data obtained from a 10 ms measurement.

analogous to Figure 4 shown for the WT animal. As can be
seen, the alterations in the Cole parameters both between the
mdx and ALS and between each of these diseased animals and
the WT animal are qualitatively different. For example, R∞ has
a sudden increase in the ALS and WT animals, but decreases
noticeably in the mdx animals. Moreover, there are substantial
differences in the degree that fc changes from baseline in all
3 animal types. In the ALS animals, for example, where there
is severe cell atrophy, the elevated fc shows only a relatively
small change as compared to that observed in WT animals.

E. Disease states differentiation by the rate of stimulation and
animal strength based on the central frequency fc reduction

Figure 8 (left) shows the relationship between stimulation
rate (i.e. strength of induced contraction) and the center
frequency fc reduction for all 3 groups of animals. As can be
seen WT animals demonstrate a near constant change in center
frequency across the stimulation rates, whereas the mdx and
ALS animals both show a much more dramatic relationship,
with the reduction in center frequency being far greater
with stronger contractions. Such data may reveal important
information on the overall ability of a muscle to contract and
the neuronal input needed to produce a sufficiently powerful
contraction.

Figure 8 (right) shows the relationship between hind limb
strength (measured during voluntary contraction) and the
change in center frequency with contraction across the entire
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Fig. 8. The reduction in the central frequency fc depends on the muscle
status in WT (blue diamond), ALS (red square) and mdx (green triangle)
animals (left). Correlation of the central frequency fc reduction with animal
strength (right). The error bars denote the standard error for all the animals
analyzed. The ALS group shows a significantly greater reduction in fc than
wild type animals; No significant difference was found for the mdx animals
(p = 0.04 and p = 0.28, respectively Mann Whitney test, 2 tailed, alpha =
0.05).

group of animals studied. As can be seen, the weaker ani-
mals demonstrate greater changes in center frequency fc than
healthier ones, all stimulation parameters being kept the same
(30 Hz stimuli).

IV. DISCUSSION

Novel multifrequency dynamic-EIM data is reported from a
group of healthy and diseased mice during electrically-induced
muscle contractions. First, we identified major reductions in
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Fig. 6. Time dependences of resistance (R), reactance (X) at 51 kHz and force (F) synchronized with the stimuli for ALS (A) and mdx (B) animal (left)
and their corresponding derivatives dR/dt, -dX/dt and dF/dt (right). Note differences in scales.

the center frequency fc with contraction in both the WT
and diseased animals (Figures 4 and 7), consistent with
the concept that during muscle contraction, the muscle fiber
diameter size increases slightly. Second, we showed that the
Cole parameters do show different temporal behavior in the
healthy versus diseased animals (quantified via the derivatives
plots shown in Figures 3 and 6). Third, that the diseased
animals show a different relationship between force intensity
and changes in the Cole parameters (as demonstrated in Figure
8) and that muscle strength appears to inversely correlate
with the change in fc during contraction, supporting the idea
that smaller force changes may be associated with greater

impedance changes in diseased states as compared to healthy.

Although the previous single-frequency work done by Shiff-
man et al in [11] used voluntary isometric contractions in
humans and our work utilized involuntary, electrically stimu-
lated isotonic contractions in mice, our findings for the most
part are fairly concordant. Namely, we have found (1) that
impedance alterations are closely tied to the development of
force; (2) that different impedance behaviors are found in
diseased as compared to healthy muscle; (3) that there were
temporal impedance changes of the tissue post-contraction
as compared to pre-contraction, possibly representing some
fundamental alteration in the material properties of the muscle

https://www.researchgate.net/publication/10857450_Electrical_impedance_of_muscle_during_isometric_contraction?el=1_x_8&enrichId=rgreq-ef60a1ea749e8d912a8bf0f9fa08cac1-XXX&enrichSource=Y292ZXJQYWdlOzI2MjEwOTU1MDtBUzoyMDA0ODA5MDM5NjI2MjRAMTQyNDgwOTc4MDM1NQ==
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Fig. 7. Evolution of the four estimated Cole impedance model parameters (black) and their standard errors (gray) during contraction-relaxation for ALS (A)
and mdx (B) animal. The red dotted vertical line denote the onset of stimulation.
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Fig. 9. Temporal dependences of resistance (R), reactance (X) at 51 kHz and force changes (left); High temporal view resolution of the onset changes (right).
The red vertical line located at 0.4 sec denotes the beginning of the stimuli and the onset force generation. The red rectangle in R and X is the time window
Tw = 10 ms duration needed to calculate the impedance spectrum. The reader is referred to Section II for details.

after contraction.
One difference, however, between our results and those

earlier ones is that Shiffman et al found that their impedance

changes preceded the onset force generation, a complication
not easily explained at that time. In fact, we initially also
identified a similar finding. However, a close look at our
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data revealed that this perception was due to the temporal
window Tw needed to discretize data to compute the impedance
frequency response using the short time Fourier transform
(STFT) [16]. To further prove this, we show Figure 9. Note
the red timestamp in the stimuli in which the first stimulus
occurred. The reader can observe in the figure that the force
exerted by the muscle appears just after the first stimulus,
as expected. In terms of impedance, we added as well an
additional red time stamp to mark the temporal duration of
the STFT window (10 ms). Thereafter, any onset change in
impedance in between these two red stamps, however small
and a part from the noise, is because of the overlapping
performed when processing data with the STFT (60%). Thus,
contrary to the results reported by the authors in [11], the onset
of the impedance change in our data does not precede the onset
of the force. We question whether an analogous situation could
also have existed in the previous work.

One of the novelties of this research is the combination
of synching the complex multifrequency EIM technique and
the dynamic changes during muscle contraction. Unlike the
current stepped-sine spectroscopy based EIM techniques, the
major advantages of multisine technique presented to study
dynamic EIM are (i) all EIM spectroscopy data are measured
simultaneously and (ii) all EIM spectroscopy data can be
gleaned from a single stimulus. The latest is very relevant
as repeated stimuli may alter the muscle in complex ways
secondary to muscle fatigue.

Nonetheless, there are several technical challenges that
deserve further development. One example is coating the
electrode surface as well as using flexible electrodes that
can deform and follow better the muscle during contraction.
Another improvement to pursue would be stimulating the
nerve with an arbitrary signal to avoid the actual power
spectrum overlap of the stimuli applied with the multisine
signal shown in Figure 10. Another avenue we also consider
for studying contractile low-frequency impedance data is to
induce muscle contraction via chemical means. Additionally,
some of the most interesting muscle behavior would be to
monitor changes that occur intracelllularly, something that
would likely require considerably higher frequencies than
those utilized here (> 1 MHz). Finally, a detailed evaluation of

the effects of anisotropic change in muscle during contraction
may also be revealing.

V. CONCLUSIONS

In this work, we show a complete methodology based on
multisine electrical impedance myography (EIM) technique to
study the bioimpedance spectroscopic features in healthy and
diseased mice during electrical stimulation of the sciatic nerve,
with synchronous recording of force and applied stimuli.

The major findings from analyzing the gastrocnemii of 13
mice (5 wild type, 4 muscular dystrophy animals, and 4 amy-
otrophic lateral sclerosis animals) revealed major reductions
in the Cole center frequency parameter fc with contraction in
both the wild type and diseased animals. Moreover, the Cole
impedance model parameters show different temporal behavior
in the healthy versus diseased animals. Also of interest, the
relationship between force intensity and changes in the Cole
impedance model parameters show distinct behavior in the
diseased animals.

Spectroscopy dynamic EIM during active muscle contrac-
tion have the prospect of revealing new insights into the basic
mechanical aspects of muscle behavior during contraction,
being an important and useful technique to diagnose neuro-
muscular diseases where the contractile process is impaired.
The major potential advance of this work is that it will
allow researchers to measure properties of the muscle most
closely aligned to those producing force. To date, no readily
quantifiable electrophysiological technique has been available
to specifically measure contraction related alterations in the
muscle, outside of measuring the force output itself. These
impedance-based measures could provide important insights
into the mechanism of force reduction that accompanies dis-
orders such as muscular dystrophy and ALS than is possible
by simply measuring static data. Such dynamic data may
also provide insights into the mechanism of fatigue. Third,
and perhaps most importantly, it will allow us to identify
and quantify the effect of therapeutic interventions on force
production not otherwise captured by standard methodologies.
In so doing, it may also provide insights into new potential
therapeutic targets.

Future work will focus on further refining the technique,
studying a greater number of animals of varying disease
severity and type, and correlating alterations in the impedance
spectrum to standard functional and histological data.
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