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Abstract

Objectives

Non-invasive and effort independent biomarkers are needed to better assess the effects of

drug therapy on healthy muscle and that affected by muscular dystrophy (mdx). Here we

evaluated the use of multi-frequency electrical impedance for this purpose with comparison

to force and histological parameters.

Methods

Eight wild-type (wt) and 10 mdx mice were treated weekly with RAP-031 activin type IIB

receptor at a dose of 10 mg kg−1 twice weekly for 16 weeks; the investigators were blinded

to treatment and disease status. At the completion of treatment, impedance measurements,

in situ force measurements, and histology analyses were performed.

Results

As compared to untreated animals, RAP-031 wt and mdx treated mice had greater body

mass (18% and 17%, p < 0.001 respectively) and muscle mass (25% p < 0.05 and 22% p <

0.001, respectively). The Cole impedance parameters in treated wt mice, showed a 24%

lower central frequency (p < 0.05) and 19% higher resistance ratio (p < 0.05); no significant

differences were observed in the mdx mice. These differences were consistent with those

seen in maximum isometric force, which was greater in the wt animals (p < 0.05 at > 70 Hz),

but not in the mdx animals. In contrast, maximum force normalized by muscle mass was

unchanged in the wt animals and lower in the mdx animals by 21% (p < 0.01). Similarly,

myofiber size was only non-significantly higher in treated versus untreated animals (8% p =

0.44 and 12% p = 0.31 for wt and mdx animals, respectively).
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Conclusions

Our findings demonstrate electrical impedance of muscle reproduce the functional and his-

tological changes associated with myostatin pathway inhibition and do not reflect differ-

ences in muscle size or volume. This technique deserves further study in both animal and

human therapeutic trials.

Introduction
Electrical impedance has been used in a variety of noninvasive physiological monitoring appli-
cations including muscle [1–5]. Impedance is normally obtained by measuring the resistive
and reactive components at a single or multiple frequencies. In whole body impedance applica-
tions, for example, combining single-frequency muscle impedance measures with predictive
equations allow estimates of skeletal muscle mass [6], muscle volume [7, 8], fat free mass [9]
and total body water [10, 11]. Recently, the use of easily applied, localized impedance measure-
ments of muscle [12] have shown substantial clinical utility. For example, single-frequency
muscle impedance measures have shown correlation to clinical parameters in patients with
amyotrophic lateral sclerosis [13], muscle injury [14], and in mice with muscular dystrophy
[15].

Unlike the single-frequency approach, e.g. impedance at 50 kHz, multi-frequency imped-
ance measures allows the user to obtain a more complete description of the system under inves-
tigation [16, 17]. Using models it is possible to summarize multi-frequency information into a
reduced set of parameters [18, 19]. The reader can find a comprehensive review on the mea-
surement of impedance and modeling in [20–22] and [23] respectively. Briefly, early models,
assumed the addition of circuit elements like resistors and capacitors [24] to account for the
dispersion of cells in size and morphology, with cell membrane capacitances and resistances
varied across frequency. Later, the introduction of the semi-empirical constant phase element
proposed by Cole [25] produced a better model of electrical impedance. Since then, a number
of alternatives to the Cole model can be found in the literature [26]. In skeletal muscle, for
example, disuse following bone fracture has been analyzed using a five-element circuit model
[27]. In cardiac muscle, the authors in [28] used the equivalent circuit model proposed in [29]
to study the closure of gap junctions during ischemia.

In this study, we sought to apply the Cole impedance parameters to assess muscle hypertro-
phy and functional enhancement induced in wild type (wt) and muscular dystrophy (mdx) ani-
mals [30] treated with the activin type IIB receptor myostatin inhibitor RAP-031 (Acceleron
Pharma, Cambridge, MA, USA). Our interest was to test the ability of impedance to provide a
non-invasive, effort-independent biomarker on the condition of muscle and its function. Thus,
we compared the impedance data to isometric force recordings and histological indices.

Materials and Methods

Animal and drug therapy
All animal procedures were approved by the Institutional Animal Care and Use Committee at
the Beth Israel Deaconess Medical Center. Fourteen male wt (C57Bl/6J) and 19 male mdx
(C57BL/10ScSn-Dmdmdx/J) mice, obtained from Jackson Laboratories (Bar Harbor, Maine,
USA), were treated with RAP-031 or phosphate-buffered saline (PBS) starting at 10 weeks of
age. They were assigned to 2 groups: (i), WTRAP-031 = 8 and MDXRAP-031 = 10 treated with
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myostatin inhibitor RAP-031 (Acceleron Pharma, Cambridge, Massachusetts, USA); and (ii),
WTuntreated = 6 and MDXuntreated = 9 the untreated groups. Mice were given ad libitum access
to food (Formulab Diet 5008, LabDiet, St. Louis, Missouri, USA) and water. Untreated mice
were injected with PBS, 1× (Corning Cellgro, Manassas, Virginia, USA), and treated mice
received RAP-03 at a dose of 10 mg kg−1 twice weekly for 16 weeks using 0.5 ml, 0.33 × 12.7
mm insulin syringes (Comfort Point, Los Angeles, California, USA). Syringes were prepared
beforehand by a researcher (A.P, S.Y) and were labeled with a number that corresponded to
the numerical identity of both the vehicle and RAP-031 treated mice. Then a second researcher
(J.L), who was blinded, was given the syringes for injections to reduce any potential bias.
Throughout the study, animals were arranged in cages with a maximum of 5 rodents per cage.
J.L remained blinded to treatment and disease status throughout the study.

Impedance system and electrode array
An impedance analyzer (EIM1103, Skulpt Inc., San Francisco, California, USA) was used to
measure multi-frequency data at frequencies between 8 kHz and 1 MHz. An electrode array
made of four stainless steel strips placed in parallel was used to perform the measurements
[31]. The two outer strips were 0.55 mm wide and 3.95 mm long; the two inner strips were 0.55
mm wide and 2.85 mm long. The strips were 0.55 mm apart measured from the center of each
strip.

Force experimental setup
To record the force exerted by the gastrocnemius, we used a high-speed servomotor (model
305C, Aurora Scientific, Aurora, Ontario, Canada). The output force-length signals from the
lever system were interfaced to our PC-platform based on a PXI (PCI eXtensions for Instru-
mentation) system integrating a PXIe-8135 quad-core processor based embedded controller (8
GB DDR3 memory, 1600 MHz), and acquired at a sampling frequency of 1 ks s−1 the sampling
frequency using a two-channel acquisition board PXI-4461 (204.8 ks s−1, 24-bit) from National
Instruments (Austin, Texas, USA). A custom program written in LabVIEW (National Instru-
ments) controlled the lever arm movement and the output of a biphasic pulses current muscle
stimulator (model 701, Aurora Scientific) using the two analog outputs and one digital output
from the board USB-6211 (250 ks s−1, 16-bit).

Animal impedance and force measurements
Impedance and in situ force experiments were performed under 1–2% inhaled isoflurane anes-
thesia delivered by nosecone, with body and muscle temperature being maintained by a heating
pad (37°C). After the fur was clipped, a depilatory agent was applied to the skin to remove all
remaining fur before the first impedance measurement. Then the skin was cleaned with 0.9%
saline solution. The leg was taped to the measuring surface at an approximately 45° extending
out from the body. In that position, electrical impedance measurements on the gastrocnemius
were performed. Immediately afterward, while still anesthetized, the animal underwent a non-
survival surgery in which the gastrocnemius muscle was exposed. The calcaneal tendon was
then cut at its insertion point and dissected away from the underlying fascia and soleus muscle.
The tendon was then connected to the force lever arm and the leg stabilized by inserting a dis-
posable monopolar needle (902-DMF37-S, Natus neurology, Middleton, Wisconsin, USA)
through the knee joint [32].

Twitch force was recorded after stimulation by a single stimulus using 200 μs square pulse
delivered to insulated electrocardiogram needles (F-E2M-48, Grass Technologies, Warwick,
Rhode Island, USA) stimulating the sciatic nerve at the sciatic notch. Stimulation current and
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muscle length were adjusted to maximize tetanic force during a 200 ms duration stimulus train
at 120 Hz. Before isometric force data collection, the optimal length Lo was measured with digi-
tal calipers as the distance between the knee and the calcaneal tendon. All subsequent isometric
data were collected at this pulse duration, stimulation current, and muscle length. Tetanic force
frequency relationship was recorded after stimulation by a square wave stimuli of 200 ms.

At the conclusion of all studies, the animals were sacrificed via the use of a stream of carbon
dioxide.

Histology
Excised gastrocnemius muscle tissue was flash frozen in isopentane, which had been cooled by
liquid nitrogen, and was stored at -80°C. Each tissue corresponding to the largest part of the
muscle was cut into 5 μm slices, placed on glass slides, and stained with hematoxylin and eosin.
Utilizing a computer (Dell Optixflex 380) and Zeiss Axiophot microscope with a motorized
stage, a total of WTuntreated + WTRAP-031 = 13 and MDXuntreated + MDXRAP-031 = 18 muscle
sample tissues were selected, and N = 100 myofibers and size were counted and measured for
each tissue (3100 myofiber in total, one wt and one mdx mouse were not determined). The
evaluator (S.Y) made a non-biased quantification of myofiber size using Stereo Investigator
software (MBF Biosciences Inc., Williston, Vermont, USA) and was blinded from the muscle
phenotype and therapy. An estimate of the myofiber area was obtained by manually delimiting
each single myofiber contour and approximating the shape by an octagon. There was no
attemps to discriminate between muscle myofiber types in the quantification.

Analysis
All calculations were performed using Matlab (The MathWorks, Natick, Massachusetts, USA).

Isometric force contraction during tetanic stimulation
Tetanic peak force was determined as the peak active force measured at the time when the
derivative of the force was 0. The force-frequency relationship was described by the following
sigmoid function

Fðf ; yÞ ¼ Fmin þ
Fmax � Fmin

1þ K=f

� �s ; ð1Þ

where f is the stimulus frequency and θ represents the vector parameters θ = [Fmin Fmax K s];
Fmin is the minimum force, Fmax is the maximum force, K is the inflection point of the curve
and s is the slope of the sigmoid.

Electrical impedance
Mean impedance and the sample standard deviation were calculated in transverse direction.
The mean impedance was fit to the complex impedance model described by Cole in [25],

Zðjo;FÞ ¼ R1 þ R0 � R1

1þ jo=oc

� �a ; ð2Þ

using as weights the inverse of the sample standard deviation as described in the Appendix,
where ω is the (angular) frequency in rad s−1; F = [R0 R1 ωc α] is the Cole vector parameters;

and j ¼ ffiffiffiffiffiffiffi�1
p

is the imaginary number. The central (angular) frequency ωc corresponds to the
frequency with the highest absolute value of the imaginary part of the impedance. The α
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parameter explains the dispersion in the fiber membrane capacitances measured and is related
to the dispersion of the shape and size distribution. The case when α = 1 is the ideal case when
fibers are perfectly homogenous as proposed by Fricke and Morse in [24]. The resistances R0

and R1 model the resistances when ω! 0 and ω!1 respectively.

Statistics
Mann-Whitney U-test (two-tailed) was used to analyze data for comparisons between
untreated and treated groups in wt and mdx mice respectively. The statistical significance was
set at p< 0.05.

For the wt and mdx mice histology data, the estimation of a normal and inverse Gaussian
probability density function parameters and the standard errors were obtained using a maxi-
mum likelihood estimator [33].

Results

RAP-031 treatment increases body mass and muscle mass
As expected from results of others [34–36], blocking the myostatin pathway led to an increase
in body mass and muscle mass. Specifically, the administration of the compound in wt and
mdx mice was associated, respectively, with a greater body mass of 18% and 17% (p< 0.001,
Fig 1A), muscle mass of 25% and 22% (p< 0.01 and p< 0.001 respectively, Fig 1B) and non-
significant increase of optimal length of 3.3% and 3.6% (p = 0.28 and p = 0.25 respectively, Fig
1C). The gross muscle alterations were mirrored by a limited rightward shift in the myofiber
size (Fig 2). Specifically, the mean myofiber size was 8% and 12% greater in treated treated wt
and mdx mice versus untreated animals. However, these changes were found not significant
with p = 0.44 and p = 0.31 respectively. These changes in myofiber size were more modest than
those found in other studies and is discussed in more detail below.

Fig 1. Wild-type (wt) andmuscular distrophy (mdx) mice bodymass (A); muscle mass (B); and optimal length (C, S1 Table). The horizontal bars are
the mean and standard error of the mean. Colors: gray dots, untreated; black dots, RAP−031. ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0140521.g001
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Fig 2. Wild-type (wt, A) andmuscular distrophy (mdx, B) myofiber cross-sectional area distribution plot (1300 and 1800myofibers respectively).
WT normal distribution mean m̂ and spread ŝ parameters: m̂WT; untreated � ŝm̂WT; untreated

¼ 2387� 29 μm2, ŝWT; untreated � ŝ ŝWT; untreated
¼ 719� 21 μm2, m̂WT; RAP�031 �

ŝm̂WT; RAP�031
¼ 2597� 35 μm2, ŝWT; RAP�031 � ŝ ŝWT; RAP�031

¼ 918� 25 μm2. MDX inverse normal distribution mean μ and shape λ parameters: m̂MDX; untreated �
ŝm̂MDX; untreated

¼ 1795� 56 μm2, l̂MDX; untreated � ŝ l̂MDX; untreated
¼ 2273� 114 μm2, m̂MDX; RAP�031 � ŝm̂MDX; RAP�031

¼ 2018� 58 μm2, l̂MDX; RAP�031 � ŝl̂MDX; RAP�031
¼

2460� 110 μm2. In detail, the distribution of the estimated mean values m̂WT and m̂MDX (see S1 Table). The horizontal bars are the mean and standard error of
the mean. Colors: gray dots, solid black line and gray bars, untreated; black dots, dashed black line and white bars, RAP−031. (C) Hematoxylin and eosin
staining of gastrocnemius. The scale bar indicates 100 μm (40Xmagnification).

doi:10.1371/journal.pone.0140521.g002
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The half relaxation time in response to a single twitch was reduced in
treated mdx animals
The maximum twitch force (Fig 3, Table 1) generated by gastrocnemius muscles in response to
treatment was non-significantly greater in both wt and mdx animals than untreated animals
(13% p = 0.16 and 10% p = 0.19, respectively). Interestingly, treated mdx mice had a trend
toward faster relaxation compared to untreated (15%, p = 0.07). This reduction in the half-
relaxation time was consistent with a border-line 15% increase (p = 0.06) in the minimum of
the force derivative.

RAP-031 treatment increases maximum isometric force of the
gastrocnemius muscle in wt mice but not in mdx animals
The maximum isometric force generated by gastrocnemius muscle in wt animals in response
to treatment was higher than in untreated (p< 0.05) at stimulation frequencies from 70 to 100
Hz (Fig 4A). In situ force reported in [37] of the entire triceps surae (the gastrocnemius com-
prises 85% of the mass of the triceps surae muscle group) as 3.7 N is in good agreement with
our value of 4 N. In order to assure that this agreement is not due to differences in the size of
muscles by Ashton-Miller and ourselves, we divided in situ force by muscle mass, obtaining a
value of 0.016 N mg−1 [37]. This is on very good agreement with our value of 0.020 N mg−1 for
the untreated wt mice (Fig 4B). When force was normalized to muscle mass; however, it did

Fig 3. Examples of the qualitative differences in the time courses of isometric twitches induced by the
treatment (data in Table 1). In situ contraction force of the gastrocnemius muscle. Colors: gray, untreated;
black, RAP-031. Groups: solid line, wild-type mice; dashed line, muscular dystrophy mice.

doi:10.1371/journal.pone.0140521.g003
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not differ from the untreated mice, a finding consistent with work by others in specific force
[34]. The lack of a difference in the wt treated and untreated groups suggests the treatment did
not alter the fundamental mechanisms underlying contraction as the increase in maximum
force was proportional to the increase in muscle mass. Therefore, RAP-031’s effect in wt mice
appears to be quantitative rather than qualitative. In treated mdx mice, the increase in mean
myofiber size did not translate into an effective net change in active force (Fig 4C) resulting in
an 21% (p< 0.01) lower force per unit of muscle mass (Fig 4D).

Multi-frequency impedance parameters detect muscle structural
changes induced by RAP-031 treatment
RAP-031 was administered to mice in order to determine if blocking myostatin was detectable
in the muscle impedance. Despite the relatively modest effects on isometric force and changes
in myofiber histology, the electrical impedance parameters did detect significant differences
and, in general, corresponded to the observed changes. Of most interest, the central frequency
showed treated wt mice had a 24% (p< 0.05) lower central frequency, although the difference
in mdx animals was non-significant (17%, p = 0.21) (Fig 5A). Similarly, the 19% (p< 0.05)
higher resistance ratio in the wt mice helps confirm the reduction in extracellular space accom-
panying the larger fibers in the wt animals (Fig 5B). The lack of analogous differences in the
mdx animals suggest that, despite the potentially slightly greater area of the myofibers, other
pathological alterations associated with the disease (e.g. atrophy) may be occurring such that
effect of treatment could not be detected with impedance.

Discussion
Even though the effects of treatment with RAP-031 were more modest than anticipated, the
results of this fully blinded study showed that the combination of multi-frequency electrical
impedance with a reduced set of model parameters allowed us to detect the histological changes
associated with myostatin inhibition in wt mice, with consistent if not significant effects
observed in mdx mice.

We based our analysis on the Cole theory [25, 26] to explain the relationship between the
multi-frequency impedance data and structural properties of muscle [1, 38] and not through a
randomly correlation analysis. In particular, we found the central frequency did detect alterations
in the structure of skeletal muscle induced by the administration of RAP-031 in wt and mdx
mice, although only reaching statistical significance in the wt animals. The decrease in the central
frequency, a parameter that is inversely related to cell size [39], in treated mice is consistent with
myofiber hypertrophy. Furthermore, the increase of the Cole resistance ratio in wt mice, a

Table 1. Twitch measures.Mean and standard error of the mean.

Contraction time
(ms)

Maximum force
(N)

Half relaxation time
(ms)

Maximum slope contraction
(mN s−1)

Minimum slope relaxation
(mN s−1)

WTuntreated 20.2±0.8 0.65±0.03 13.2±1 49.9±2.0 -37.6±4.1

WTRAP-031 19.0±1.7 0.75±0.05 12.3±0.5 59.5±5.0 -43.4±2.5

p 0.49 0.16 0.41 0.14 0.22

MDXuntreated 15.9±0.88 0.45±0.03 11.4±0.89 48.8±2.6 -31.6±1.7

MDXRAP-031 16.4±0.20 0.50±0.02 9.6±0.35 51.4±2.8 -37.1±2.1

p 0.55 0.19 0.07 0.52 0.06

doi:10.1371/journal.pone.0140521.t001
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known estimator of cell density [40, 41], is in good agreement with the increase in mean myofiber
size observed. Given a certain muscle volume measured, if the myofiber density increases, the
resistance at 0 Hz, as modeled by R0, increases due a reduction in the extracellular space. The
normalization with respect to R1 cancels out potential artifacts that may lead to changes in the
measured impedance. In mdx mice, however, the Cole resistance ratio was found not to be a sen-
sitive to detect this therapy effect, possibly due to the presence of myofiber atrophy (the median
of the untreated wt and mdx distributions shown in Fig 2A and 2B is 2.4�10−3 mm2 and 0.6�10−3
mm2 respectively). Finally, these findings serve to support the fact that localized muscle imped-
ance measurements with the appropriate electrode configuration [42] measure the structural
properties of muscle and not muscle volume or size. If impedance was dependent on muscle size
more than its compositional and architectural properties, we would have expected to observe a
much greater differences in the Cole parameters in both wt and mdx animals.

The non-significantly larger myofiber size in both treated mdx and wt animals was similar to
the 11% increase observed in extensor digitorum longus (EDL) at 60 mg kg−1 dose reported in
[34] but far less than the 29% in the soleus at 10 mg kg−1 in [35]. Or the approximately 60%
increase in myofiber size in EDL shown in [36] at 10 mg kg−1. Similarly, several studies have
reported that inhibition of activin-signaling in mdx mice improves the active force of the EDL
and either improves or maintains the specific force of this muscle [36, 43, 44]. On the other
hand, these beneficial effects of activin signaling inhibition appear to be muscle specific. Both the

Fig 4. Wild-type (wt) (A) and muscular dystrophy (mdx) mice (C) force-frequency relationship. The dots and the error bars are, respectively, the mean
maximum isometric force and standard deviation. The lines are the sigmoid model Eq (1). WT (B) and mdx mice (D) maximum force per muscle mass
respectively (see S1 Table). The horizontal bars in (B, D) denote the mean and standard error of the mean. Colors: gray, untreated; black, RAP-031. *
p < 0.05, ** p < 0.01.

doi:10.1371/journal.pone.0140521.g004

Fig 5. Wild-type (wt) andmuscular dystrophy (mdx) Cole impedance parameters: central frequency ôc=2p (kHz) and resistance ratio R̂0=R̂1
(dimensionless). The estimated parameters and their standard errors are shown in S1 Table.

doi:10.1371/journal.pone.0140521.g005
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mdx soleus and diaphragm show little improvement in force with this type of treatment, and in
some cases, a reduction in function has been reported [43, 44]. Thus, taken together these effects
of activin signaling inhibition appear to be very variable in terms of the muscle being studied; it
may simple be that gastrocnemius responds less to the drug than EDL or soleus.

There are several possibilities that can account for this discrepancy in the hypertrophy effect
observed as that reported by others. First, the authors in [34] and [35] administered the myos-
tatin inhibitor for a shorter period of time (4 weeks) than we did (16 weeks). In the one study
we identified in which the drug was given for a longer period of time 12 weeks (at 1 mg kg−1

and 10 mg kg−1 doses) and in which EDL force was measured [36], only the lower dose pro-
duced an increase in specific force.

In addition to length of treatment, muscle use could also play a role, as the compound has a
greater effect on type I fibers than type II fibers [35]. In the present study, animals were housed
approximately 4–5/cage, which has been associated with decreased mobility which could have
resulted in decreased activity and a reduced drug effect than if the animals were singly housed
(other studies evaluating the myostatin pathway did not record mouse housing characteristics
to our knowledge).

In the present study, mdx mice were treated with the same high dose as Pistilli et al [36].
Although they identified significant increases in single twitch force as compared to the changes
observed here, they did not note any increase in the speed of relaxation as our data suggested.
Such increased relaxation speed could be secondary to drug-induced changes in the ion chan-
nels/sodium-calcium exchanger at plasma membrane, modified the sarco/endoplasmic reticu-
lum isoform/content or altered the compliance/stiffness in sarcomeres and extracellular
cellular membrane.

The finding of little improvement in mdx treated isometric force is consistent with the idea
that long-term, high dose RAP-031 treatment may not be beneficial to specific force in mdx
mice, which could explain the 21% (p< 0.01) drop in maximum force normalized by muscle
mass in mdx mice. Recent studies show that in the absence of myostatin, which signals via acti-
vin IIB receptor, there is a reduction in atrogin-1 levels [45]. Because atrogin-1 is a key enzyme
involved in the ubiquitination of proteins for their eventual degradation by the proteasome
[46], it has been proposed that life-long disruption of normal myostatin signaling leads to an
accumulation of damaged contractile proteins that do not function properly, leading to some
degree of contractile dysfunction [45]. Whether the loss of force per muscle mass here, with
shorter-term inhibition of the entire activin-signaling pathway is caused by a similar mecha-
nism awaits additional research.

In summary, localized multi-frequency impedance measurements of muscle with Cole anal-
ysis can be useful for identifying the effects of the drug therapy and providing a non-invasive,
effort-independent approach to assessing the functional properties of muscle. Accordingly,
additional studies employing this approach in the study of therapy in neuromuscular disease
are warranted.

Appendix: force and impedance data fitting
The force-frequency relationship and the impedance data were fit to their corresponding
model using a Marquardt-Levenberg nonlinear least square curve-fitting algorithm [47]. The
maximum number of iterations and the fitting tolerance were set to 106 and 10−12 respectively.
From the optimal curve-fit parameters, the Jacobian matrix Jn×nθ was calculated numerically as

Jij ¼
@Gðxi;YjÞ

@Yj

����
Yj¼Yopt

j

; ð3Þ
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with G = {Z, F} the models in Eqs (2) and (1); Θ 2 {O, F} the set of vectors parameters; n =
{12, 37} the number of observations of the independent variable x = {f, ω}; and nθ = {4, 4} the
number of model parameters in Θ. The covariance matrix was estimated from the Jacobian
using a diagonal matrixW containing as weights the inverse of the data standard deviation,

covY � ð2RealfJHWJgÞ�1
; ð4Þ

where the superscript H denotes the hermitian (conjugate transpose) operator. The asymptotic
standard deviation for the optimal model parameters was finally obtained from the diagonal
elements of the covariance matrix,

ŝŶ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
diagfcovYg

p
: ð5Þ

Supporting Information

S1 Table. Estimated parameters x̂ and their standard errors ŝ x̂ in wild-type (wt) and mus-
cular dystrophy (mdx) mice. Parameters: μ and s, mean myofiber area and standard deviation;
ωc, Cole central frequency; R0/R1 Cole resistance ratio; F, maximum isometric force;m, mus-
cle mass; Lo, optimal length.
(PDF)

Acknowledgments
Disclosures: Dr. Rutkove has equity interest and receives consulting income from Skulpt Inc., a
company that develops impedance-measuring devices. Dr. Widrick receives consulting income
from Acceleron Pharma Inc. Dr. Sanchez and Dr. Rutkove are named as inventors on patent
applications in the field of electrical impedance. Neither the patent entitled Electrical imped-
ance myography or the patent entitled Device for performing electrical impedance myography
are directly relevant to this publication, as both relate to the development of an automated
device for human use. However, since both are in the field of electrical impedance, the authors
have disclosed them. Acceleron Pharma Inc. provided the activin type IIB receptor RAP-031
used to conduct this study under a material transfer agreement. This does not alter our adher-
ence to PLOS One policies on sharing data and materials. Data is freely available to other
researchers in the body of the manuscript and the supporting information. The authors have
no other competing interests (political, personal, religious, ideological, academic, intellectual,
commercial or any other) to declare in relation to this paper.

Author Contributions
Conceived and designed the experiments: BS JJW SBR. Performed the experiments: BS JL SY
AP. Analyzed the data: BS. Wrote the paper: BS JJW SBR.

References
1. Cole KS, Curtis HJ. Electric impedance of nerve and muscle. Cold Spring Harb Symp Quant Biol. 1936;

4:73–89. doi: 10.1101/SQB.1936.004.01.010

2. Fatt P. An analysis of the transverse electrical impedance of striated muscle. Proc R Soc London Ser
B, Biol Sci. 1964 Mar; 159:606–51. doi: 10.1098/rspb.1964.0023

3. Eisenberg RS. A.C. Impedance of Single Muscles Fibers. University of London; 1965.

4. Cole KS. Membranes, Ions, and Impulses: A Chapter of Classical Biophysics, Volume 5. University of
California Press; 1968.

Electrical Impedance as a Biomarker of Myostatin Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0140521 October 20, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140521.s001
http://dx.doi.org/10.1101/SQB.1936.004.01.010
http://dx.doi.org/10.1098/rspb.1964.0023


5. Eisenberg RS. Impedance measurements as estimators of the properties of the extracellular space.
Ann N Y Acad Sci. 1986 Jan; 481:116–22. doi: 10.1111/j.1749-6632.1986.tb27143.x PMID: 3468851

6. Janssen I, Heymsfield SB, Baumgartner RN, Ross R. Estimation of skeletal muscle mass by bioelectri-
cal impedance analysis. J Appl Physiol. 2000 Aug; 89(2):465–471. PMID: 10926627

7. Bartok C, Schoeller DA. Estimation of segmental muscle volume by bioelectrical impedance spectros-
copy. J Appl Physiol. 2004 Jan; 96(1):161–6. doi: 10.1152/japplphysiol.00686.2002 PMID: 14506096

8. Ishiguro N, Kanehisa H, Miyatani M, Masuo Y, Fukunaga T. Applicability of segmental bioelectrical
impedance analysis for predicting trunk skeletal muscle volume. J Appl Physiol. 2006 Feb; 100(2):572–
8. doi: 10.1152/japplphysiol.00094.2005 PMID: 16210443

9. Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Gómez JM, et al. Bioelectrical impedance
analysis–part I: review of principles and methods. Clin Nutr. 2004 Oct; 23(5):1226–43. doi: 10.1016/j.
clnu.2004.06.004 PMID: 15380917

10. Hoffer EC, Meador CK, Simpson DC. Correlation of whole-body impedance with total body water vol-
ume. J Appl Physiol. 1969 Oct; 27(4):531–4. PMID: 4898406

11. Gudivaka R, Schoeller DA, Kushner RF, Bolt MJG. Single- and multifrequency models for bioelectrical
impedance analysis of body water compartments. J Appl Physiol. 1999 Sep; 87(3):1087–1096. PMID:
10484581

12. Rutkove SB, Aaron R, Shiffman CA. Localized bioimpedance analysis in the evaluation of neuromuscu-
lar disease. Muscle Nerve. 2002 Mar; 25(3):390–7. doi: 10.1002/mus.10048 PMID: 11870716

13. Rutkove SB, Caress JB, Cartwright MS, Burns TM, Warder J, David WS, et al. Electrical impedance
myography as a biomarker to assess ALS progression. Amyotroph lateral Scler. 2012 Sep; 13(5):439–
45. doi: 10.3109/17482968.2012.688837 PMID: 22670883

14. Nescolarde L, Yanguas J, Lukaski H, Alomar X, Rosell-Ferrer J, Rodas G. Effects of muscle injury
severity on localized bioimpedance measurements. Physiol Meas. 2015 Jan; 36(1):27–42. doi: 10.
1088/0967-3334/36/1/27 PMID: 25500910

15. Li J, Geisbush TR, Rosen GD, Lachey J, Mulivor A, Rutkove SB. Electrical impedance myography for
the in vivo and ex vivo assessment of muscular dystrophy (mdx) mouse muscle. Muscle Nerve. 2014
Jun; 49(6):829–35. doi: 10.1002/mus.24086 PMID: 24752469

16. Barsoukov E, Macdonald JR. Impedance Spectroscopy: Theory, Experiment, and Applications. 2nd
ed. Wiley-Interscience; 2005.

17. Grimnes S, Martinsen OG. Bioimpedance and Bioelectricity Basics. 3rd ed. Academic Press; 2014.

18. Rigaud B, Hamzaoui L, Frikha MR, Chauveau N, Morucci JP. In vitro tissue characterization and model-
ling using electrical impedance measurements in the 100 Hz-10 MHz frequency range. Physiol Meas.
1995 Aug; 16(3 Suppl A):A15–28. doi: 10.1088/0967-3334/16/3A/002 PMID: 8528113

19. Vosika ZB, Lazovic GM, Misevic GN, Simic-Krstic JB. Fractional Calculus Model of Electrical Imped-
ance Applied to Human Skin. PLoS One. 2013 Apr; 8(4):e59483. doi: 10.1371/journal.pone.0059483
PMID: 23577065

20. Sanchez B, Louarroudi E, Jorge E, Cinca J, Bragos R, Pintelon R. A new measuring and identification
approach for time-varying bioimpedance using multisine electrical impedance spectroscopy. Physiol
Meas. 2013; 34(3):339–57. doi: 10.1088/0967-3334/34/3/339 PMID: 23442821

21. Sanchez B, Louarroudi E, Bragos R, Pintelon R. Harmonic impedance spectra identification from time-
varying bioimpedance: theory and validation. Physiol Meas. 2013; 34(10):1217–1238. doi: 10.1088/
0967-3334/34/10/1217 PMID: 24021716

22. Sanchez B, Louarroudi E, Pintelon R. Time-invariant measurement of time-varying bioimpedance
using vector impedance analysis. Physiol Meas. 2015; 36(3):595–620. doi: 10.1088/0967-3334/36/3/
595 PMID: 25700023

23. Eisenberg RS. Impedance measurement of the electrical structure of skeletal muscle. In: Handb. Phy-
siol. Skelet. Muscle. JohnWiley & Sons, Inc.; 2010. p. 301–323.

24. Fricke H, Morse S. The electric resistance and capacity of blood for frequencies between 800 and 4(1/
2) million cycles. J Gen Physiol. 1925 Nov; 9(2):153–67. doi: 10.1085/jgp.9.2.153 PMID: 19872239

25. Cole KS. Permeability and impermeability of cell membranes for ions. Cold Spring Harb Symp Quant
Biol. 1940 Jan; 8(0):110–122. doi: 10.1101/SQB.1940.008.01.013

26. Grimnes S, Martinsen OG. Cole electrical impedance model–a critique and an alternative. IEEE Trans
Biomed Eng. 2005 Jan; 52(1):132–5. doi: 10.1109/TBME.2004.836499 PMID: 15651574

27. Shiffman CA. Circuit modeling of the electrical impedance: part III. Disuse following bone fracture. Phy-
siol Meas. 2013 May; 34(5):487–502. doi: 10.1088/0967-3334/34/5/487 PMID: 23587651

Electrical Impedance as a Biomarker of Myostatin Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0140521 October 20, 2015 13 / 14

http://dx.doi.org/10.1111/j.1749-6632.1986.tb27143.x
http://www.ncbi.nlm.nih.gov/pubmed/3468851
http://www.ncbi.nlm.nih.gov/pubmed/10926627
http://dx.doi.org/10.1152/japplphysiol.00686.2002
http://www.ncbi.nlm.nih.gov/pubmed/14506096
http://dx.doi.org/10.1152/japplphysiol.00094.2005
http://www.ncbi.nlm.nih.gov/pubmed/16210443
http://dx.doi.org/10.1016/j.clnu.2004.06.004
http://dx.doi.org/10.1016/j.clnu.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15380917
http://www.ncbi.nlm.nih.gov/pubmed/4898406
http://www.ncbi.nlm.nih.gov/pubmed/10484581
http://dx.doi.org/10.1002/mus.10048
http://www.ncbi.nlm.nih.gov/pubmed/11870716
http://dx.doi.org/10.3109/17482968.2012.688837
http://www.ncbi.nlm.nih.gov/pubmed/22670883
http://dx.doi.org/10.1088/0967-3334/36/1/27
http://dx.doi.org/10.1088/0967-3334/36/1/27
http://www.ncbi.nlm.nih.gov/pubmed/25500910
http://dx.doi.org/10.1002/mus.24086
http://www.ncbi.nlm.nih.gov/pubmed/24752469
http://dx.doi.org/10.1088/0967-3334/16/3A/002
http://www.ncbi.nlm.nih.gov/pubmed/8528113
http://dx.doi.org/10.1371/journal.pone.0059483
http://www.ncbi.nlm.nih.gov/pubmed/23577065
http://dx.doi.org/10.1088/0967-3334/34/3/339
http://www.ncbi.nlm.nih.gov/pubmed/23442821
http://dx.doi.org/10.1088/0967-3334/34/10/1217
http://dx.doi.org/10.1088/0967-3334/34/10/1217
http://www.ncbi.nlm.nih.gov/pubmed/24021716
http://dx.doi.org/10.1088/0967-3334/36/3/595
http://dx.doi.org/10.1088/0967-3334/36/3/595
http://www.ncbi.nlm.nih.gov/pubmed/25700023
http://dx.doi.org/10.1085/jgp.9.2.153
http://www.ncbi.nlm.nih.gov/pubmed/19872239
http://dx.doi.org/10.1101/SQB.1940.008.01.013
http://dx.doi.org/10.1109/TBME.2004.836499
http://www.ncbi.nlm.nih.gov/pubmed/15651574
http://dx.doi.org/10.1088/0967-3334/34/5/487
http://www.ncbi.nlm.nih.gov/pubmed/23587651


28. Mellert F, Winkler K, Schneider C, Dudykevych T, Welz A, Osypka M, et al. Detection of (reversible)
myocardial ischemic injury by means of electrical bioimpedance. IEEE Trans Biomed Eng. 2011 Jun;
58(6):1511–8. doi: 10.1109/TBME.2010.2054090 PMID: 20595084

29. Gersing E. Impedance spectroscopy on living tissue for determination of the state of organs. Bioelectro-
chemistry Bioenerg. 1998; 45:145–149. doi: 10.1016/S0302-4598(98)00079-8

30. Widrick JJ, Jiang S, Choi SJ, Knuth ST, Morcos PA. An octaguanidine-morpholino oligo conjugate
improves muscle function of mdx mice. Muscle Nerve. 2011 Oct; 44(4):563–70. doi: 10.1002/mus.
22126 PMID: 21922468

31. Li J, Staats WL, Spieker A, Sung M, Rutkove SB. A technique for performing electrical impedance myo-
graphy in the mouse hind limb: data in normal and ALS SOD1 G93A animals. PLoS One. 2012 Jan; 7
(9):e45004. doi: 10.1371/journal.pone.0045004 PMID: 23028733

32. Hakim CH, Wasala NB, Duan D. Evaluation of muscle function of the extensor digitorum longus muscle
ex vivo and tibialis anterior muscle in situ in mice. J Vis Exp. 2013 Jan;( 72). doi: 10.3791/50183 PMID:
23426237

33. Fisher RA. On the Mathematical Foundations of Theoretical Statistics. Philos Trans R Soc A. 1922 Jan;
222(594–604):309–368. doi: 10.1098/rsta.1922.0009

34. Whittemore LA, Song K, Li X, Aghajanian J, Davies M, Girgenrath S, et al. Inhibition of myostatin in
adult mice increases skeletal muscle mass and strength. Biochem Biophys Res Commun. 2003 Jan;
300(4):965–71. doi: 10.1016/S0006-291X(02)02953-4 PMID: 12559968

35. Cadena SM, Tomkinson KN, Monnell TE, Spaits MS, Kumar R, Underwood KW, et al. Administration of
a soluble activin type IIB receptor promotes skeletal muscle growth independent of fiber type. J Appl
Physiol. 2010 Sep; 109(3):635–42. doi: 10.1152/japplphysiol.00866.2009 PMID: 20466801

36. Pistilli EE, Bogdanovich S, Goncalves MD, Ahima RS, Lachey J, Seehra J, et al. Targeting the Activin
Type IIB Receptor to ImproveMuscle Mass and Function in the mdx MouseModel of Duchenne Muscu-
lar Dystrophy. Am J Pathol. 2011 Mar; 178(3):1287–1297. doi: 10.1016/j.ajpath.2010.11.071 PMID:
21356379

37. Ashton-Miller JA, He Y, Kadhiresan VA, McCubbrey DA, Faulkner JA. An apparatus to measure in vivo
biomechanical behavior of dorsi- and plantarflexors of mouse ankle. J Appl Physiol. 1992 Mar; 72
(3):1205–11. PMID: 1568975

38. Sanchez B, Li J, Bragos R, Rutkove SB. Differentiation of the intracellular structure of slow- versus fast-
twitch muscle fibers through evaluation of the dielectric properties of tissue. Phys Med Biol. 2014; 59
(10):1–12. doi: 10.1088/0031-9155/59/10/2369

39. Cole KS. Electric impedance of suspension arbacia eggs. J Gen Physiol. 1928; 12(1):37–54. doi: 10.
1085/jgp.12.1.37 PMID: 19872447

40. Sarro E, Lecina M, Fontova A, Sola C, Godia F, Cairo JJ, et al. Electrical impedance spectroscopy mea-
surements using a four-electrode configuration improve on-line monitoring of cell concentration in
adherent animal cell cultures. Biosens Bioelectron. 2012 Jan; 31(1):257–63. doi: 10.1016/j.bios.2011.
10.028 PMID: 22061268

41. Estrada-Leypon O, Moya A, Guimera A, Gabriel G, Agut M, Sanchez B, et al. Simultaneous monitoring
of Staphylococcus aureus growth in a multi-parametric microfluidic platform using microscopy and
impedance spectroscopy. Bioelectrochemistry. 2015; 105:56–64. doi: 10.1016/j.bioelechem.2015.05.
006 PMID: 26004850

42. Shiffman CA. Adverse effects of near current-electrode placement in non-invasive bio-impedance mea-
surements. Physiol Meas. 2013; 34:1513–1529. doi: 10.1088/0967-3334/34/11/1513 PMID: 24149840

43. Morine KJ, Bish LT, Selsby JT, Gazzara JA, Pendrak K, Sleeper MM, et al. Activin IIB receptor block-
ade attenuates dystrophic pathology in a mouse model of Duchenne muscular dystrophy. Muscle
Nerve. 2010 Nov; 42(5):722–30. doi: 10.1002/mus.21743 PMID: 20730876

44. Relizani K, Mouisel E, Giannesini B, Hourdé C, Patel K, Morales Gonzalez S, et al. Blockade of ActRIIB
signaling triggers muscle fatigability and metabolic myopathy. Mol Ther. 2014 Aug; 22(8):1423–33. doi:
10.1038/mt.2014.90 PMID: 24861054

45. Mendias CL, Kayupov E, Bradley JR, Brooks SV, Claflin DR. Decreased specific force and power pro-
duction of muscle fibers frommyostatin-deficient mice are associated with a suppression of protein deg-
radation. J Appl Physiol. 2011 Jul; 111(1):185–91. doi: 10.1152/japplphysiol.00126.2011 PMID:
21565991

46. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, et al. Identification of ubiquitin ligases
required for skeletal muscle atrophy. Science. 2001 Nov; 294(5547):1704–8. doi: 10.1126/science.
1065874 PMID: 11679633

47. Marquardt DW. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. J Soc Ind Appl
Math. 1963 Jun; 11(2):431–441. doi: 10.1137/0111030

Electrical Impedance as a Biomarker of Myostatin Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0140521 October 20, 2015 14 / 14

http://dx.doi.org/10.1109/TBME.2010.2054090
http://www.ncbi.nlm.nih.gov/pubmed/20595084
http://dx.doi.org/10.1016/S0302-4598(98)00079-8
http://dx.doi.org/10.1002/mus.22126
http://dx.doi.org/10.1002/mus.22126
http://www.ncbi.nlm.nih.gov/pubmed/21922468
http://dx.doi.org/10.1371/journal.pone.0045004
http://www.ncbi.nlm.nih.gov/pubmed/23028733
http://dx.doi.org/10.3791/50183
http://www.ncbi.nlm.nih.gov/pubmed/23426237
http://dx.doi.org/10.1098/rsta.1922.0009
http://dx.doi.org/10.1016/S0006-291X(02)02953-4
http://www.ncbi.nlm.nih.gov/pubmed/12559968
http://dx.doi.org/10.1152/japplphysiol.00866.2009
http://www.ncbi.nlm.nih.gov/pubmed/20466801
http://dx.doi.org/10.1016/j.ajpath.2010.11.071
http://www.ncbi.nlm.nih.gov/pubmed/21356379
http://www.ncbi.nlm.nih.gov/pubmed/1568975
http://dx.doi.org/10.1088/0031-9155/59/10/2369
http://dx.doi.org/10.1085/jgp.12.1.37
http://dx.doi.org/10.1085/jgp.12.1.37
http://www.ncbi.nlm.nih.gov/pubmed/19872447
http://dx.doi.org/10.1016/j.bios.2011.10.028
http://dx.doi.org/10.1016/j.bios.2011.10.028
http://www.ncbi.nlm.nih.gov/pubmed/22061268
http://dx.doi.org/10.1016/j.bioelechem.2015.05.006
http://dx.doi.org/10.1016/j.bioelechem.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26004850
http://dx.doi.org/10.1088/0967-3334/34/11/1513
http://www.ncbi.nlm.nih.gov/pubmed/24149840
http://dx.doi.org/10.1002/mus.21743
http://www.ncbi.nlm.nih.gov/pubmed/20730876
http://dx.doi.org/10.1038/mt.2014.90
http://www.ncbi.nlm.nih.gov/pubmed/24861054
http://dx.doi.org/10.1152/japplphysiol.00126.2011
http://www.ncbi.nlm.nih.gov/pubmed/21565991
http://dx.doi.org/10.1126/science.1065874
http://dx.doi.org/10.1126/science.1065874
http://www.ncbi.nlm.nih.gov/pubmed/11679633
http://dx.doi.org/10.1137/0111030

