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ABSTRACT

Objectives: Quantitative ultrasound (QUS), including grayscale level analysis (GLA) and quantitative
backscatter analysis (QBA), and electrical impedance myography (EIM) have been proposed as biomark-
ers in Duchenne muscular dystrophy (DMD). However, the relationship between these methods has not
been assessed.
Methods: QUS values (including GLA and QBA) and several EIM measures were recorded from six muscles
in 36 DMD and 29 healthy boys between ages 5 and 13 years at baseline, 6-months, and 12-months.
Results: In the DMD boys, a moderate correlation was noted between QUS and EIM parameters, with the
strongest correlations being identified for averaged muscle values. Of the individual muscles, biceps bra-
chii and deltoid showed the strongest correlations. For example, in biceps, the QBA/EIM correlation coef-
ficient (Spearman rho) was >0.70 (p < 0.01). Importantly, changes in QUS values over 12 months also
correlated moderately with changes in EIM parameters and EIM/QBA rho values mostly varied between
—0.53 and —0.70 (p < 0.02). No significant correlations were identified in the healthy boys.
Conclusions: A moderate correlation of QUS with EIM in DMD boys suggests that the two technologies
provide related data but are sensitive to different pathological features of muscle.
Significance: The use of both technologies jointly in assessing DMD progression and response to therapy
should be considered.

© 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Clinical outcome measures, such as the 6-minute walk test
(6MWT) and North Star Ambulatory Assessment (NSAA), are com-
monly used in Duchenne muscular dystrophy (DMD) clinical trials
(Mayhew et al., 2007; McDonald et al., 2010; Mazzone et al., 2011).
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Dystrophin expression in myofibers (Mendell et al., 2013) and
muscle magnetic resonance imaging (MRI) can provide more
objective measures, but have their own limitations (Bonati et al.,
2015; Wary et al., 2015; Willcocks et al., 2016). Recently, quantita-
tive ultrasound (QUS) methods, such as quantitative backscatter
analysis (QBA), grayscale level analysis (GLA), along with electrical
impedance myography (EIM), have emerged as potential biomark-
ers in DMD. Moreover, both ultrasound and EIM appear to be sen-
sitive to disease progression (Rutkove et al., 2014, 2017b; Zaidman
et al,, 2017).

QUS measures muscle echo intensity, which increases with
greater muscle fat and fibrosis. The degree of echo intensity corre-
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lates with measures of strength and function and likely reflects dis-
ease progression over time (Pillen et al., 2008; Rutkove et al., 2014;
Shklyar et al., 2015; Zaidman et al., 2017). QBA derives from anal-
ysis of the amplitudes of the reflected ultrasound echoes. GLA
derives from measurement of the displayed grayscale pixel level
(Pillen et al., 2008, 2009; Zaidman et al., 2017). On the other hand,
EIM measures the passive electrical characteristics of muscles;
resistance (difficulty in passing current through the tissue, which
generally increases with disease progression), reactance (the
capacitive effects of the cell membranes, which generally decreases
with disease progression), and phase (the geometric relationship
between reactance and resistance, which also decreases with dis-
ease progression). EIM is sensitive to the muscle’s microscopic
structure and composition, including changes to myocyte fiber
size, inflammation, edema, and connective tissue and fat deposi-
tion (Rutkove et al., 2017a; Sanchez and Rutkove, 2017a). Initially,
single frequency values were used as the sole EIM parameter, but
multifrequency outputs were noted to provide a richer portrait of
muscle health. A two-frequency phase ratio (100 kHz/300 kHz)
has been shown to be more sensitive and less affected by subcuta-
neous fat (Geisbush et al., 2015; Schwartz et al., 2015).

QUS and EIM detect alterations in muscle pathology in DMD
(Fig. 1). However, the relationship between these approaches has
not been thoroughly assessed. We have previously noted the
nearly significant correlation between GLA values and 50 kHz
phase EIM parameters in DMD patients in a cross-sectional analy-
sis (Rutkove et al., 2014). In this study, we extend work on the
recently completed Quantitative ultrasound and EIM in DMD
(QED) study (Zaidman et al., 2017; Rutkove et al., 2017b), by
exploring the relationship between QUS values (QBA and GLA)
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and multiple EIM parameters in DMD patients over a one-year per-
iod. Given that, both QUS and EIM correlate with muscle health in
DMD, it is anticipated that they would have some degree of corre-
lation with one another; however, an in-depth and longitudinal
analysis will help us to better understand this relationship.

2. Materials and methods
2.1. Subjects

Thirty-six boys with DMD and 29 age-similar healthy volun-
teers, aged 2-to-14 years, were recruited from the neuromuscular
clinic at the Boston Children’s Hospital for the QED study
(Zaidman et al., 2017; Rutkove et al., 2017b). All boys with DMD
were either probands or had genetic confirmation. DMD boys
enrolled in a therapeutic clinical trial and boys with significant
other medical comorbidities were excluded. DMD boys were
enrolled and followed regardless of corticosteroid use. The Boston
Children’s Hospital Institutional Review Board approved the
protocol.

2.2. QUS and EIM measurements

Details of GLA, QBA, and EIM parameters acquisition have been
described previously (Rutkove et al., 2014, 2017b; Zaidman et al.,
2017). Briefly, six muscles from the dominant side, including del-
toid, biceps brachii, anterior forearm compartment (a composite
of all the muscles in this region), rectus femoris, tibialis anterior
(TA), and medial gastrocnemius were measured transversely rela-
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Fig. 1. Top Panel: Echo-intensity is higher in ultrasound image (GLA) of biceps brachii muscles from a 12-year-old boy with DMD (A) compared to a same-aged healthy
control (B). The area within the blue line demarcates the region of interest and area above the red line is the most superficial one third. Bottom Panel: Example of
multifrequency impedance spectra of biceps brachii from the same patient (C) and the healthy control (D). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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tive to the long axis of each muscle at multiple time points for both
DMD boys and healthy controls.

Ultrasound images were obtained using the Terason t3000 sys-
tem (Teratech, Burlington, MA) with a 10 MHz probe at predefined
locations (Rutkove et al., 2017b). The same gain, depth, focal
points, and transducer frequency were used for all measurements.
All subjects were seated with the knee bent at 90° and the arm
extended at mid-chest height with the elbow straight and sup-
ported by the examiner or a pillow during the ultrasound measure-
ment. All measurements were performed at predefined locations
(Shklyar et al., 2015) (Supplementary Table 1). All images were
converted to JPEG files and analyzed using Matlab® (MathWorks,
Inc, Natick, MA) to obtain the brightness of the region of interest
(ROI), measured as median grayscale level (GLA). The ROI was
defined as a region of fixed dimensions (130 pixels x 64 pixels)
directly below the subcutaneous fat layer and above the bone.
For QBA, raw backscatter intensity values were derived from the
ultrasound data and used to create images using software provided
by Teratech Inc, the manufacturer of the equipment. Thus, the
backscatter data is free of any standard post-processing alterations
applied to create the standard ultrasound image, which was used
for GLA analysis (Shklyar et al., 2015). An identical ROI was placed
on each image for measurement of the GLA and QBA. We measured
the median backscatter value (in decibels) from the most superfi-
cial one-third of the ROI of the muscle.

EIM measurements were obtained with the Imp SFB7 (Imped-
imed, Inc, Sydney, Australia) using a custom hand-held array, with
three different probe sizes being used depending on the child’s
size. The array dimensions were: small, 4 x 1.5 cm; medium,
5 x 2 cm and; large: 7 x 2.5 cm. Along with 50 kHz phase (EIM-
50 kHz), a two-frequency phase ratio of 100 kHz and 300 kHz
(EIM 100/300) and a least-squares fit of the multifrequency EIM
data between 100 and 500 kHz were used (EIM-slope).

The measurements were not influenced by significant outliers
and in most of our previous work we have reported six muscles
averaged values only (Shklyar et al., 2015; Schwartz et al., 2015),
but in this study, we also have looked into individual muscles.

Spearman rank-order correlation method was used for correla-
tion analysis. Data processing was performed by R software version
3.4.3. We also performed a Benjamini-Hochberg false discovery
rate procedure, which controls for expected proportion of false dis-
coveries relative to the total discoveries, to control for multiple
testing across all the correlations for the DMD boys (Benjamini
and Hochberg, 1995).

3. Results

Mean (range) age of DMD boys was 7.3 years (2.2-13.1 years);
for the healthy boys, it was 7.1 years (2.0-14.6 years).

Among the DMD patients, when an average of all muscles was
considered, a significant correlation was noted at baseline, 6-
months, and 12-months between GLA, QBA values, and nearly all
EIM parameters (Table 1, Supplementary Table 2). Group of proxi-
mal muscles and upper extremity muscles also showed a consis-
tently significant correlation between these parameters at all
time points. At baseline, correlation coefficients were mild to mod-
erate, but at the 6 and 12-month timepoints, the correlation coef-
ficient was >0.6 for most measures (>80%). Correlations between
QBA and EIM parameters in the distal muscles group were signifi-
cant 67% of the time. However, the correlation between the param-
eters in the lower extremity muscles group reached significance far
less frequently.

At the individual muscle level, biceps, deltoid, and gastrocne-
mius showed stronger correlation between QBA and EIM parame-
ters compared to other muscles examined. The correlation was
consistently significant for all EIM parameters in biceps brachii
and deltoid. Particularly strong correlations were noted in biceps
with EIM 100/300 ratio and EIM-slope at 12-months; (spearman
rho >0.70 and p-values <0.01). Correlation reached statistical sig-
nificance in gastrocnemius about 80% of time. Consistent correla-
tion was noted in forearm muscles only with EIM-50 kHz. For
rectus femoris, statistical significance was noted at 6 months with
all EIM parameters. No consistent correlation pattern was noted in
tibialis anterior (TA) with any of the EIM parameters (Supplemen-
tary Table 3).

GLA values showed a similar trend. The correlation was consis-
tently significant between GLA values and all EIM parameters in
biceps brachii and deltoid. Statistically significant correlation was
noted about 44% to 55% of time in all other muscles except TA
(Supplementary Table 3). Correlation coefficients between QBA
and EIM parameters were generally higher than coefficients
between GLA and EIM parameters. Rho values were significantly
higher for EIM-50 kHz/QBA than EIM-50 kHz/GLA when individual
muscles were considered (p-value <0.01).

No consistent correlation pattern was noted between the QUS
and EIM parameters in healthy subjects (Supplementary Table 4).
Correlation coefficients predominantly ranged between 0 and
0.25 more than 85% of time.

Table 1
Correlation of QBA with the EIM parameters of muscle groups of DMD patients.
Muscle groups Time point EIM-50 kHz EIM 100/300 EIM-slope
Rho (p-value) Rho (p-value) Rho (p-value)
Correlation with QBA

Six-muscles Baseline (n =34) —0.66 (<0.01) —0.41 (0.02) 0.29 (0.09)
6 months (n=22) —0.64 (<0.01) —0.61 (<0.01) 0.67 (<0.01)
12 months (n =20) —0.58 (<0.01) —0.65 (<0.01) 0.65 (<0.01)

Proximal Baseline (n = 33) —0.66 (<0.01) —0.57 (<0.01) 0.47 (<0.01)
6 months (n=22) —0.69 (<0.01) —0.72 (<0.01) 0.76 (<0.01)
12 months (n = 20) —0.59 (<0.01) —0.64 (<0.01) 0.64 (<0.01)

Distal Baseline (n = 34) —0.63 (<0.01) —0.32 (0.06) 0.25 (0.16)
6 months (n=22) —0.59 (<0.01) —0.53 (0.01) 0.56 (<0.01)
12 months (n = 20) —-0.42 (0.07) —0.57 (0.01) 0.62 (<0.01)

Upper Baseline (n=33) —0.71 (<0.01) —0.45 (<0.01) 0.40 (0.02)
6 months (n =20) —0.82 (<0.01) —0.62 (<0.01) 0.59 (<0.01)
12 months (n = 20) —0.60 (<0.01) —0.66 (<0.01) 0.68 (<0.01)

Lower Baseline (n=34) —0.52 (<0.01) —0.23 (0.20) 0.15 (0.40)
6 months (n=22) —0.60 (<0.01) —0.55 (<0.01) 0.56 (<0.01)
12 months (n = 20) —0.33 (0.16) —0.36 (0.12) 0.39 (0.08)
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Table 2
Correlation between AEIM and AQBA (12 months-0 months) in DMD patients.

Correlations with QBA

Muscle groups EIM 50 kHz EIM 100/300 EIM-slope
Rho (p-value) Rho (p-value) Rho (p-value)
Six-muscles —0.54 (0.02) —0.63 (<0.01) 0.57 (0.01)
Proximal -0.32 (0.19) —0.56 (0.01) 0.55 (0.01)
Distal —0.57 (0.01) —0.69 (<0.01) 0.70 (<0.01)
Upper —0.57 (0.01) —0.53 (0.02) 0.42 (0.07)
Lower —0.63 (<0.01) —0.70 (<0.01) 0.68 (<0.01)

We correlated changes in QBA and GLA values over one year
(12 months - baseline; AQBA and AGLA, respectively) with the
AEIM parameters over the same period. When looking at groups
of muscles, significant correlations were found (Table 2, Supple-
mentary Table 5). Overall, the correlation between AQBA values
with AEIM parameters was more consistent, when compared to
the to AGLA and AEIM correlation. However, at the single muscle
level there were no consistent correlations between QUS and EIM
except in gastrocnemius (Supplementary Table 6). Also, as antici-
pated, in the healthy subjects, no such consistent correlation was
noted between AQBA to AEIM or AGLA to AEIM parameters (Sup-
plementary Table 7).

Given that multiple comparisons were performed, we used the
Benjamini-Hochberg method to correct for false discovery rate and
only 11.2% of the total number of statistically significant results
became non-significant following the correction (marked in the
tables as p-value®).

4. Discussion

We found that GLA and QBA values correlate with EIM param-
eters in DMD patients, with some individual muscles showing
stronger correlation than the others. The correlation was consis-
tently stronger in biceps, deltoids, and in averaged upper extremity
muscles than in the lower extremities. Overall, correlation coeffi-
cients were higher between QBA-EIM correlations than between
GLA-EIM correlations. We also noted that AQUS from baseline to
12-months correlated with AEIM parameters from baseline to
12-months when groups of muscles were considered together,
but not at the individual muscle level.

Alterations in QUS parameters in disease are derived from
images and they are easy to understand. On the other hand, EIM
measures are more conceptual with the obtained data expressed
only as numerical values, not in images. By showing that correla-
tions are present, it supports that EIM technique is measuring
meaningful changes in muscle.

It is worth noting that EIM-50 kHz and EIM 100/300 negatively
correlated with the QUS parameters. This stems from the simple
fact that EIM phase generally reduces with disease progression
whereas QUS values usually increases with disease progression
(Zaidman et al., 2017; Rutkove et al., 2017b). On the other hand,
EIM-Slope, which is derived from the multifrequency spectral
characteristics of the EIM data, increases with disease progression
and thus correlated positively with the QUS parameters.

The first cross-sectional study employing both QUS and EIM
simultaneously in DMD showed that QUS and EIM could differen-
tiate DMD from healthy muscle and that most measures correlated
with the NSAA (Rutkove et al., 2014). More recently, longitudinal
studies have shown that QUS and EIM can detect DMD disease pro-
gression and are possibly more sensitive than commonly used
functional measures in early identification of muscle deterioration
(Zaidman et al., 2017; Rutkove et al., 2017b). EIM also captured the
therapeutic effect of corticosteroid in DMD patients (Rutkove et al.,
2017b). However, our understanding of the relationship between

these two technologies is limited. As mentioned earlier, the only
previous analysis on a cross-sectional study between the averaged
50-kHz EIM phase value and GLA value from the group of six-
muscles showed moderate correlation (rho —0.4) and near signifi-
cance (p-value was 0.054) (Rutkove et al., 2014). In the current
study, we have considered the relationship of these technologies
in considerably greater detail evaluating both cross-sectional and
longitudinal change.

The mechanism of pathological change in DMD leads directly to
the alterations observed in both ultrasound and EIM. As DMD pro-
gresses, healthy muscle tissue is gradually replaced by fat and con-
nective tissue. The interspersion of muscle fibers with fat and
fibrosis results in numerous tissue/sound velocity transitions that
reflect ultrasound signal back to the transducer, registering as
increased echo intensity. These changes also result in increased
signal scattering helping to produce the “ground glass” appearance
that is so characteristic of DMD ultrasound images (Pillen et al.,
2016; Zaidman and Alfen, 2016). EIM is similarly affected by these
compositional changes (connective tissue and fat deposition), but
EIM also is impacted by other features, including myofiber size,
structure, and even intracellular health (Shiffman and Rutkove,
2013). Muscle fiber orientation also has a substantial impact on
the EIM data conferring directional dependence to the data, so-
called anisotropy (Sanchez and Rutkove, 2017b; Garmirian et al.,
2009). Anisotropy also becomes reduced in myopathic conditions
and shows substantial reduction in DMD in particular (Rutkove
et al., 2016). Thus, EIM reflects alterations in both muscle compo-
sition and microstructure (Tarulli et al., 2009; Sanchez and
Rutkove, 2017b).

In addition to differences in the biophysical underpinnings of
both techniques, a number of other factors undoubtedly con-
tributed to our results and the fact that the correlation coefficients
were no higher than about 0.70 in the DMD patients. Despite good
reproducibility of both QUS and EIM (Zaidman et al., 2017; Rutkove
et al., 2017a,b), some variation will be inevitable when aiming to
place the ultrasound and EIM transducers on identical location
on each muscle. Moreover, QUS, by design evaluates a relatively
narrow cross-section of muscle whereas EIM measures a larger vol-
ume. Hence there are actual differences in the specific region being
evaluated. Similarly, the depth of measurement may vary. By
choosing to measure only the top third of the muscle with ultra-
sound, we were likely very much overlapping with the region mea-
sured by EIM. Nevertheless, electrical current also likely descends
deeper into the muscle impacting results. Similarly, differences in
the gross size and shape of a given muscle, and also the thickness
of subcutaneous fat tissue overlying the muscle may impact EIM
data more significantly than ultrasound further contributing to
our findings of only modest correlation (Sanchez and Rutkove,
2017b; Rutkove et al., 2016, 2017a).

An important second and new finding is the significant correla-
tion of EIM and QUS change over time. Interestingly, we found sig-
nificant correlations between the parameters in muscle groups, but
not in individual muscles. A simple explanation for this inconsis-
tency is that each measurement has a certain amount of noise
associated with it. By taking differences between two time points,
that effect is amplified. This noise may produce sufficient variation
so as to obscure the correlation. However, by averaging data across
muscles, the impact of noise is lessened, and the true correlation
emerges.

In general, in the DMD boys, the correlation coefficients for QBA
values and EIM parameters were higher when compared to the
correlation coefficients between GLA values and EIM parameters
(Fig. 2). This is likely because QBA contains a relatively large
amount of data, which might become lost or skewed when propri-
etary algorithms compress the original values into the 256 GLAs
used for imaging display. However, just because QBA correlates
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Fig. 2. Graphical representation of the correlation coefficients between GLA, QBA, and EIM-50 kHz parameters in averaged muscle groups in DMD patients. Overall, the rho

between QBA and EIM-50 kHz was higher than the rho between GLA and EIM-50 kHz.

better to EIM than GLA does not imply that QBA is more sensitive
to change the GLA. In fact, the differences between QBA and GLA
correlations with EIM were generally small and one longitudinal
study assessing both QUS modalities has identified very similar
degrees of change (Zaidman et al., 2017).

We noted a stronger correlation between the QUS and EIM
parameters in the upper extremity muscles than the lower extrem-
ity muscles. There is no obvious explanation for this finding, except
that it is possible that correlations were easier to observe in less-
affected upper extremity muscles than in typically more effected
lower extremity muscles, especially in older boys.

We did not find any correlation between the QUS and EIM
parameters among healthy subjects. This is consistent with the
previous result (Rutkove et al., 2014). In general, in a group of
healthy individuals, both QUS and EIM values across a group of
healthy muscles will be similar. In the absence of significant vari-
ation in values and a narrow dynamic range, correlation between
the technologies is expected to be poor and the result was not sur-
prising (Rutkove et al., 2014). Moreover, EIM values would be
expected to increase with increasing age (reflecting large myofiber
size), whereas QUS data should remain relatively unchanged
(Kapur et al., 2018).

There are several limitations to this study worth highlighting.
First, both technologies, in their current state, are somewhat lim-
ited. Ultrasound technology has not been specifically optimized
for muscle echointensity quantification and EIM methodologies
are still very much in the process of refinement and development.
Thus, the specific values obtained need to be interpreted cau-
tiously. Second, we did not attempt to identify or remove those
boys on corticosteroids during this study, which may have added
a second confounder to our analyses, although we would anticipate
that the therapeutic benefit of steroids would impact both EIM and
QUS signals. Third, some patients were lost to follow up. Variation
in sample size across time points may have impacted the correla-
tion analyses to some extent. Finally, and most importantly, we
only have used simple correlation analysis. Use of complex regres-
sion models, incorporating other features, including the subject
age, height, and weight, may have provided a somewhat richer

analysis. Nevertheless, the use of simple correlation analysis per-
haps provides a more straightforward conceptual interpretation
of the data than with such a multivariate approach.

In conclusion, this study supports that both QUS and EIM tech-
niques provide related but complementary data on muscle condi-
tion in DMD, including change over time. Moreover, this study
showed that certain parameters are probably more closely related
to each other. These data support the use of either technology in
any future DMD clinical therapeutic trials. It also raises the possi-
bility of using both methodologies in a combined fashion, poten-
tially providing still greater power to detect a treatment effect.
Given the need for assessment tools that are sensitive to change
and that do not rely on patient effort and mood, the use of these
easily applied, user-friendly approaches, either individually or
together, should be considered.
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