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Abstract

Introduction—The passive electrical properties of muscle, including conductivity and 

permittivity and their directional dependence, may be altered in neuromuscular disease; however, 

the character of these alterations is unknown.

Methods—Fifteen wild-type mice, 13 amyotrophic lateral sclerosis mice, 9 muscular dystrophy 

(mdx) mice, and 15 with induced disuse atrophy were sacrificed, and the gastrocnemius was 

excised. A 50 kHz current was applied immediately to the ex vivo muscle, and its material 

properties were calculated.

Results—The disease groups showed distinct material property values, with F[(12, 119)=14.6, 

P<0.001, MANOVA]. Post-hoc tests confirmed that differences existed in all 4 groups. They were 

most pronounced in the mdx mice, which had markedly increased conductivity. Direction-

dependent properties of current flow were significantly different among the groups (P<0.001).

Discussion—These data confirm that the inherent passive electrical properties of muscle differ 

by disease type. We anticipate that similar data could eventually be obtained via surface 

measurements, providing an innovative approach to muscle disease diagnosis.
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The electrical material properties of a substance refer to the inherent characteristics of that 

substance when an electrical current is passed through it. These properties, also referred to 

as the dielectric values, include conductivity (the ease through which an applied current will 

transverse the tissue) and permittivity (the ease by which the material can be induced to 

maintain an electrical field).1 Importantly, these qualities are not dependent on any active 

processes within the substance but rather represent passive characteristics of the material. 

Such properties may also be dependent on the direction across which the electrical current is 
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passed; if no such dependency is present, the material is described as isotropic; if there is 

one, it is deemed anisotropic.1

Historically, the field of neuromuscular medicine has focused on active rather than passive 

electrical properties of muscle. In both standard nerve conduction studies and needle 

electromyography, the basic techniques of clinical neurophysiologic testing, the focus is 

placed on the recording of action potentials in nerve and muscle. Recently, however, the 

technique of electrical impedance myography (EIM) has been introduced as a new method 

of neuromuscular assessment.2 Unlike standard electrophysiological techniques, EIM does 

not assess the active electrical properties of the tissue but rather the underlying muscle 

structure and composition based on its inherent electrical properties. To date, EIM has 

shown promise as a tool for following disease progression in amyotrophic lateral sclerosis3 

and is being studied in a variety of other conditions, including Duchenne muscular 

dystrophy4 and sarcopenia.5

One of the underlying premises of the technique is that the material properties alter in 

disease,2 and limited earlier work has demonstrated differences in the electrical material 

properties of healthy muscle versus that impacted by primary neurogenic atrophy.6 

However, whether different neuromuscular disorders confer distinct electrical properties on 

muscle is unknown. If such distinct material properties were identified, it would suggest that 

impedance-based methods could be used effectively to identify disease type. Such methods 

could be performed on excised muscle tissue from biopsies; however, it is also possible to 

derive the electrical characteristics of the tissue from surface measurements alone.

In this study, we address this hypothesis by evaluating the passive material properties of 

normal muscle and 3 distinct types of neuromuscular pathology (ALS, muscular dystrophy, 

and disuse atrophy) in the hope of identifying distinct electrical properties in each condition.

METHODS

Animals

The Institutional Animal Care and Use Committees at Beth Israel Deaconess and Acceleron 

Pharma approved the protocol, as the studies were performed in both locations. Four 

different groups of animals were utilized in this study: 1) Normal C57Bl/6N, Age 10 to 11 

weeks, N = 15; 7 males, 8 females obtained from Charles River Laboratories, stock # 027; 2) 

ALS B6SJL-Tg(SOD1*G93A)1Gur/J (Age 18 weeks, N= 13; 5 males, 8 females) obtained 

from Jackson Laboratories, stock # 002726; 3) mdx C57BL/10ScSn-Dmdmdx/J (Age 10 

weeks, N = 9; All male) obtained from Jackson Laboratories, Stock # 001801; 4) Two-week 

hind-limb unloaded (HLU) animals C57Bl/6N obtained from Charles River Laboratories, 

stock # 027, (Age 11 weeks, N= 15, all female). The animals in the latter group had 

undergone hind limb unloading (with approval of BIDMC) using standard approaches of 

tethering the tail to a wire such that the animal was only allowed to walk around on its front 

paws; this method induces hind limb atrophy.7

The gastrocnemius muscle was excised from each animal under isoflurane anesthesia and 

was immediately placed in an impedance-measuring cell, as described below. Although the 
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excised animal tissue was treated identically, the animals utilized came from several 

different experiments performed in our laboratories, including a study of control and hind 

limb unloading in mice,8 a study in ALS and control mice,9 and a study in control and mdx 

mice.4 Those studies did not report any of the findings contained in this report.

Impedance measurements

Ex vivo impedance measurements were made as described previously.6 Briefly, the muscle 

tissue was placed in 1 of 2 impedance cells, depending on muscle tissue size: either 2.5 mm 

× 2.5mm or 5mm × 5mm base, depending on the amount of tissue extracted (Figure 1). Each 

cell had 2 stainless steel plates on opposite walls that served as current-emitting electrodes. 

The tissue was cut to the base dimensions of the cell and placed so it fit tightly within it, 

making full contact with each of the electrode plates. A cover was then placed over the cell 

through which 2 monopolar EMG needle electrodes (Ref# 902-DMG50, Viasys Healthcare) 

were inserted to serve as voltage-measuring electrodes. This was performed in order to 

accomplish a standard 4-electrode impedance measurement1 that impacted minimally the 

conductivity of the tissue being measured (hence the need for very small, monopolar needle 

electrodes that barely penetrate the muscle). The multifrequency impedance of the tissue 

was measured using the SFB7 impedance measuring system (Impedimed, Inc, Sydney, 

Australia). For this set of analyses, the 50 kHz values only were used in order to simplify the 

calculations and because this frequency has been studied most consistently. In addition, 

muscle has the greatest inherent capacitive properties at or near this frequency. However, 3 

kHz to 1000 kHz data were collected to help ensure that the data were not distorted by low-

frequency artifacts due to poor electrode contact. Measurements were made both 

longitudinal and transverse to the major muscle fiber direction, and each measurement was 

repeated to ensure stability. Longitudinal measurements were made with current flowing 

parallel to muscle fibers; transverse data were collected with current flowing perpendicular 

to the muscle fibers. The height of the tissue in the cell was also measured to calculate the 

approximate cross-sectional area of the sample to be used in the formulas provided below.

Dielectric Calculations

The dielectric measurements, conductivity (σ) and relative permittivity (εr) were computed 

via equations (1) and (2) shown below, where d is the voltage electrode, A is the cross-

sectional area of the muscle, R and X are, respectively, the measured resistance and 

reactance at 50 kHz, ω is frequency in radians, and εo is the permittivity of free space. 

Conductivity is measured in Siemens/meter; εr is dimensionless.

(1)

(2)

Calculations were performed to obtain values for the longitudinal conductivity, transverse 

conductivity, longitudinal relative permittivity, and transverse relative permittivity.
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Data Analysis

Data are reported as mean ± standard error or standard deviation, as noted below. For two-

group comparisons, t-tests were utilized. For comparisons of the material property 

parameters for all 4 groups, we performed a multivariate analysis of variance (MANOVA) 

supplemented by univariate ANOVA and post-hoc specific material properties differed 

significantly. Significance was identified at P < 0.05, two-tailed for all analyses, with 

relevant post-hoc corrections as noted below. Analyses were performed with SPSS 17.0 

(IBM SPSS, Armonk, NY). In order to determine each group’s relative difference from 

normal animals, the Mahalanobis distance10 was also calculated from the mean of each 

diseased group to the mean of the normal group.

RESULTS

Male vs. female normal animal

Previous studies have not shown a significant difference between male and female animals, 

and we also found that the values were virtually identical for the female and male wild-type 

animals, with the smallest P-value (for longitudinal permittivity) being non-significant at 

0.27. This result helps support that any observed differences are not related to any primary 

sexrelated differences in measurements, given the variety of animals being studied.

Individual conductivity and permittivity parameters

Figure 2 compares the longitudinal and transverse conductivities and permittivity values, 

and Table 1 provides the detailed related statistical results. Figure 3 provides scatter plots of 

the raw data (A and C) and plots of the group mean values ± 1 standard deviation (B and D) 

with the calculated Mahalanobis distance, providing a dimensionless measure of the 

deviation of each diseased group from the mean of the normal group. For both the 

conductivity and permittivity parameters, the Mahalanobis distance was greatest for the mdx 

group, followed by the ALS and HLU groups, respectively. There was a significant 

difference between the 4 groups based on the animal’s permittivity and conductivity data, F 

(12, 119) = 14.6, P < 0.001; Wilk lambda = 0.092. Given the significance of this overall 

analysis, the univariate main effects were examined via a separate one-way ANOVA for 

each material property, which also show significant differences between all 4 groups. Post-

hoc Tukey tests confirmed that all groups are separable from one another based on 

individual parameters.

The greatest conductivity was seen in the mdx group, with conductivity being increased 

relative to normal animals both in the transverse and longitudinal directions. The ALS 

group, in contrast, had increased conductivity only in the transverse direction but a nearly 

identical value in the longitudinal direction to that of the normal animals. For both mdx and 

ALS groups, the transverse permittivity was slightly greater than the normal animals, with 

the mdx animals showing the greatest deviation from normal. In contrast to the mdx and 

ALS muscle, the HLU muscle data were considerably closer to normal, having only a lower 

longitudinal conductivity and no significant differences in transverse conductivity or 

permittivity in either direction.
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Directional dependence of current flow

As a measure of the directional dependence of current flow, anisotropy ratios were 

calculated for each individual muscle by dividing the longitudinal by transverse permittivity 

and conductivity values (Table 2 and Figure 4). A similar analysis was then performed for 

these composite values; again, the MANOVA was highly significant, as were the separate 

ANOVAs. Post-hoc tests confirmed the ability to distinguish between most of these animals. 

However, the data were not as strikingly separable as in the case of the raw conductivity and 

permittivity values; the likely reason for this is that by combining parameters, the random 

noise in the composite measure was increased. As can be seen in Table 2 and Figure 4, the 

anisotropy ratios are reduced in all diseased groups compared to the normal animals, with 

the effect being most prominent in the mdx and ALS animals.

DISCUSSION

These results support the underlying hypothesis of this work, namely that the electrical 

material properties of diseased muscle differ from those of healthy muscle. Moreover, each 

disease type appears to have its own characteristic values, with myopathic and neurogenic 

disease varying further from normal than muscle affected by disuse. Perhaps it is not 

surprising that such fundamental differences were identified, especially considering how 

dissimilar the muscle pathology is in the conditions studied here.

The mechanisms underlying these distinctions are far from obvious. Of the diseased groups, 

mdx muscle demonstrates the most extreme changes, as it appears to be highly conductive in 

both fiber directions. One potential explanation for this is that mdx muscle has considerable 

additional connective tissue that is rich in collagen, which is highly conductive when 

hydrated.11 While a potentially compelling explanation, mdx animals aged 2 months, as 

studied here, have only a limited increase in connective tissue over normal animals12,13 and 

thus it is not clear how relevant this actually is. Thus, the increase in conductivity and 

permittivity relative to normal animals may also be related to primary cellular or other 

structural changes within the muscle. For example, both edema or muscle injury would be 

expected to increase conductivity, and this may offer one simple explanation. ALS muscle, 

in contrast, shows only a major increase in transverse conductivity, no significant difference 

in longitudinal conductivity, and only a borderline increase in longitudinal permittivity. The 

findings in the HLU muscle for all 3 parameters are more modest, the only 1 being 

significant for longitudinal conductivity, which is actually lower than that of wild-type 

muscle. One potential explanation is that simple atrophy and loss of fiber area reduces 

conductivity. Clearly, all of these interpretations are highly speculative, and additional 

studies into each one specifically would need to be pursued if we wished to achieve more 

meaningful mechanistic understanding of these observations.

The anisotropic changes we found both support and challenge findings that were previously 

noted using EIM performed with surface electrodes in humans.14 Specifically, we had 

previously found that muscle affected by primary myopathy lost some of its normal 

anisotropic character; this finding is consistent with that observed here in that the mdx 

muscle shows a substantial reduction in both conductivity and permittivity anisotropy. In 

that previous study, however, we also identified an increase in anisotropy in ALS muscle. 
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Such a change was not observed here, suggesting that the previous observation may have 

represented a primarily geometric effect due to wasting/atrophy rather than an intrinsic 

alteration in the basic electrical material properties of the muscle.

Previous work15 has shown that by knowing the inherent electrical properties of muscle, and 

by application of the finite element method, it is possible to model the expected surface 

impedance values. However, the reverse is also possible. In other words, by measuring the 

surface impedance values and incorporating the overall shape and structure of the muscle via 

the finite element method, it is possible to approximate the inherent electrical material 

properties of the muscle via inverse modeling. This contrasts with this study where they 

were measured directly. Accordingly, it may ultimately be possible to obtain approximations 

for these values using surface impedance measurements rather than excised tissue.

There are a number of challenges to this study that need to be underscored. First, the data 

collection itself was difficult. While the transverse muscle data is relatively straightforward 

to obtain, collecting accurate longitudinal data is taxing and imperfect, since, strictly 

speaking, the muscle fiber should be aligned perfectly with the current emitting electrode 

plates at both ends. Given the very small size of tissue, the longitudinal values for both 

conductivity and permittivity are at best approximations. Other limitations of this work 

include the fact that mouse muscle is not always comparable to human muscle, especially 

when it is affected by neuromuscular disease. For example, older mdx mouse muscle has 

considerable connective tissue deposition but little intramuscular fat, a hallmark of the 

human disease.16 In addition, in ALS mouse muscle, like human muscle affected by ALS, 

there is marked muscle fiber loss and atrophy, but given the speed of disease progression 

and animal death, more chronic changes, such as fat and connective tissue deposition, do not 

occur. Although such findings are not considered a hallmark of muscle pathology in a 

primary neurogenic disease such as ALS, they are nevertheless present.17 Another major 

limitation of this work is the impossibility of standardizing animal lines and strains as well 

as sexes. We have attempted to mitigate this limitation by using only relatively young 

animals of similar age (i.e., we did not study more severely affected older mdx animals); we 

were also able to show that there was no significant difference between male and female 

controls. Nonetheless, subtler non-disease related differences may also be present, and these 

cannot be excluded conclusively as playing a role in some of these findings. Finally, only a 

single 50 kHz current frequency was studied; the data become far more complex if multiple 

frequencies are applied, but this could provide additional useful discriminative information.

There are several future directions to this work. First, it would be highly valuable to begin a 

concerted effort to start measuring impedance values from human neuromuscular disease 

tissue. Since only small pieces of tissue (e.g., 2.5mm3) are required for such an analysis, it is 

possible that human tissue could be analyzed at the time of muscle biopsy, and a library of 

values could be created. Second, we can attempt to identify differences in subcategories of 

disease, including different muscular dystrophies. Third, we can also assess changes in 

muscle with different severity of a single disease over time, with correlations with other 

values (e.g. connective tissue deposition or muscle fiber loss) and thus help to provide a 

more complete and accurate mechanistic picture.
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To date, most applications of electrical impedance measurements to muscle have demanded 

a certain leap of faith that the data collected actually reflect ongoing changes within the 

muscle itself. In fact, EIM surface measurements likely reflect a combination of effects, 

including altered muscle material properties and alterations in overall muscle geometry (e.g., 

atrophy) with disease progression. Moreover, the effects of skin, subcutaneous adipose 

tissue, and bone will also impact the recorded surface measurements. However, the work 

presented here demonstrates conclusively that alterations in disease occur at the level of the 

muscle tissue itself and are not simply due only to volume loss or other geometric alterations 

alone. It is our hope that continued study of impedance characteristics of muscle in vivo and 

ex vivo may eventually lead to the development of a method of tissue characterization using 

surface-based impedance methods.
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Abbreviations

ALS amyotrophic lateral sclerosis

EIM electrical impedance myography

HLU hind limb unloaded

MD Mahalanobis distance

Mdx muscular dystrophy
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Figure 1. 
Impedance cell technique used for ex vivo data collection. The impedance system itself and 

connecting wires are not shown. Two sides of the chamber consist of large stainless steel 

plates that serve as the current emitting electrodes (the metal tabs of which are used to 

connect to the impedance system). The monopolar needle electrodes protruding through the 

top of the device serve as the voltage measuring electrodes.
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Figure 2. 
Column plots showing the individual conductivity and relative permittivity values (± 

standard error) for the 4 groups of animals studied: wild-type (normal), amyotrophic lateral 

sclerosis (ALS), muscular dystrophy (mdx), and hind limb unloaded (HLU). Conductivity 

values are expressed as S/m; relative permittivity values are dimensionless and are divided 

by 100,000 so that they can be compared more easily to the conductivity data. See Table 1 

for associated statistical results.
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Figure 3. 
Scatterplots showing individual transverse vs. longitudinal (A.) conductivity and (C.) 
permittivity values for the 4 groups of animals. (B.) and (D.) provide the mean group (± SD) 

values as well as the Mahalanobis distance (MD), a dimensionless measure of the distance 

between the groups. Note the clustering into groups based on the conductivity data alone. 

The mdx animals show the greatest alterations as measured by the Mahalanobis distance.
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Figure 4. 
A. Column plot showing variations in the anisotropy ratios (longitudinal/transverse 

conductivity and permittivity values) for all 4 groups of mice. B. Scatterplot evaluating 

differentiation of groups based on the anisotropy ratios. C. Plot of group mean (± SD) values 

and Mahalanobis distance. While there is considerable scatter in the data, the mdx and ALS 

values again show the most altered anisotropy. See Table 2 for associated statistical results.
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Table 1
Overall results of individual conductivity and permittivity parameters

Wilk Lambda F DF Error DF P

Overall
MANOVA

0.092 14.6 12 119 <0.001

F DF1 DF2 P

ANOVAs Long. Conductivity 6.74 3 48 <0.001

Trans. Conductivity 56.5 3 48 <0.001

Long. Permittivity 6.74 3 48 <0.001

Trans. Permittivity 5.97 3 48 0.002

Post-Hoc Tukey Tests (P-values)

Normal ALS MDX HLU

Longitudinal
conductivity

Normal * 1 <0.001 0.007

ALS * <0.001 0.009

MDX * <0.001

HLU *

Normal ALS MDX HLU

Transverse
conductivity

Normal * <0.001 <0.001 0.846

ALS * <0.001 <0.001

MDX * <0.001

HLU *

Normal ALS MDX HLU

Longitudinal
Permittivity

Normal * 0.048 0.42 0.811

ALS * 0.009 0.005

MDX * 0.005

HLU *

Normal ALS MDX HLU

Transverse
permittivity

Normal * 0.93 0.005 0.795

ALS * 0.009 0.453

MDX * 0.04

HLU *
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Table 2
Anisotropic data results

Wilk
Lambda F DF Error DF P

Overall
MANOVA 0.367 10.2 6 94 <0.001

F DF1 DF2 P

ANOVAs
Conductivity
anisotropy 15.7 3 48 <0.001

Permittivity
anisotropy 8.65 3 48 <0.001

Post Hoc Tukey Tests (P-values)

Normal ALS MDX HLU

Conductivity
anisotropy

Normal * <0.001 <0.001 0.001

ALS * 0.999 0.171

MDX * 0.311

HLU *

Normal ALS MDX HLU

Permittivity
anisotropy

Normal * 0.040 0.001 0.995

ALS * 0.421 0.022

MDX * 0.001

HLU *
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