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Abstract

Introduction—Electrical impedance myography (EIM) quantifies muscle health and is used as a
biomarker of muscle abnormalities in neurogenic and myopathic diseases. EIM has yet to be
evaluated in the tongue musculature in people with amyotrophic lateral sclerosis (ALS), who often
show clinical bulbar signs.

Methods—The lingual musculature of 19 subjects with motor neuron disease and 21 of normal
participants were assessed using EIM, strength and endurance testing, and clinical observation.

Results—Tongue musculature in the ALS group was characterized by significantly smaller
phase (Ph) and larger resistance (R) when compared to the healthy cohort. Ph and tongue
endurance were correlated in the ALS group.

Discussion—EIM of tongue musculature could distinguish people with ALS from healthy
controls. The demonstrated relationship between tongue function and Ph supports further testing
of EIM of the tongue as a potential biomarker in ALS.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease characterized by loss of
motor neurons in the brain and spinal cord, resulting in spasticity, weakness, and atrophy of
voluntary muscles. Limb and trunk muscles, as well as speech and swallowing (bulbar)
muscles may be involved. Despite differences in the site of disease onset (e.g., limbs,
respiratory, or bulbar), the majority of patients demonstrate signs of bulbar impairment as
the disease progresses 1-3. When the bulbar region is involved, the tongue often shows the
earliest and most profound changes relative to the jaw and lips #7. This pattern of
differential motor neuron impairment is also observed among people with symptoms
confined to the limbs 4, suggesting an involvement of hypoglossal motor neurons even at a
presymptomatic stage of bulbar disease.

The diagnosis of ALS is based primarily on clinical judgments, with electrophysiological
evaluation (electromyography, EMG) providing additional support. Diagnosis of bulbar-
onset ALS is particularly challenging, given that strength testing and EMG of the region are
limited 4 810, In ALS research, strength, function, and respiratory function are tracked over
time and used as trial outcome measures, but none of these capture bulbar function well.
Considering the diagnostic challenges in ALS and clinical trial outcome needs 11, there is
substantial value in developing a technique to diagnose and monitor changes in the tongue
musculature with high sensitivity and reproducibility.

Recently, electrical impedance myography (EIM) has been developed and evaluated as a
biomarker of muscle abnormalities in neurogenic and myopathic diseases 12. EIM provides
quantitative data on muscle health by measuring localized tissue impedance 13. Changes in
the composition and architecture of a muscle affect the impedance values. The common
pathological accompaniments of neuromuscular disease (e.g., muscle fiber atrophy,
increased endomysial connective tissue, increased fat) alter tissue impedance.

Tissue impedance is expressed with respect to electrical resistance (R, measured in ohms;
), reactance (X, also measured in ohms; ), and phase (Ph, measured in degrees; °), where
Ph = arctan (X/R).

Studies that have identified disease-related differences in limb muscles of healthy people
and those with neuromuscular diseases have reported smaller than normal X and larger than
normal R, resulting in smaller than normal Ph 14-16,

Existing work on this novel technique has demonstrated the value of EIM for assessment of
neuromuscular disease states® 17, sensitivity to muscle abnormalities!®, and overall utility
as a sensitive biomarker in clinical trials'3. Tarulli et al. demonstrated a relationship
between Ph and muscle strength in quadriceps muscle (2005), suggesting that EIM may also
be related to muscle function. To date, however, EIM testing has not been performed on
human tongue muscles.

EIM variables are also sensitive to age-related changes in healthy limb muscles 18-20,
Specifically, people over age 60 years have a significant reduction in Ph compared to their
younger counterparts. The age-dependent changes are linked to sarcopenia and to changes in
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muscle related to the increasingly sedentary lifestyle in this age group 1 21-23_ Considering
that ALS is most commonly diagnosed in middle and late adulthood with a mean age of
onset of 65 years 24, there is a need to account for potential age-related effects on tongue
musculature when investigating disease-related changes in EIM measures. EIM performed
on healthy limb muscles has also shown gender and age interactions in 1 study, with men
having a more pronounced decrease in X and R with age when compared to women 20,
There is, therefore, a need to investigate the effect of gender on EIM measures of the tongue.

The objectives of this pilot study were to: (1) examine age and gender effects on EIM
measures of the healthy tongue; (2) compare EIM measures between groups of people with
ALS and healthy controls; and (3) determine if there is an association between EIM
measures and standard clinical measures of bulbar disease and tongue function (e.g., tongue
strength and endurance). Based on existing limb studies, we hypothesized that healthy
tongue muscles would show age and gender effects. Also, participants would show a
decrease in Ph and X and an increase in R, when compared to healthy controls. We
hypothesized that there would be a relationship between Ph and standard clinical measures
of disease progression and tongue function.

MATERIALS AND METHODS

Participants

Seventeen individuals with ALS (9 men, 8 women), 1 with primary lateral sclerosis (PLS;
man), and 1 with Kennedy disease (KD; man) were investigated. The ALS participants were
selected based on the presence of clinical signs of bulbar involvement including tongue
fasciculations, atrophy, and weakness as determined by a neurologist (Author L.Z.). The
control group consisted of 21 participants: 13 were age-matched to the clinical group (C>60;
7 men, 6 women), and 8 were under age 30 (C<30; 2 men, 6 women). The study was
approved by the Research Ethics Boards at the Sunnybrook Research Institute in Toronto,
Canada and at the University of Nebraska-Lincoln, USA. The procedures followed the
standards of the Helsinki Declaration of 1975. All participants signed informed consents.

Procedures

EIM—The 50kHz electrical impedance of the tongue was measured using the DF50
(Impedimed, Inc, San Diego, CA). The choice to use this single frequency was motivated
the fact that most other EIM work to date had demonstrated that data obtained at this
frequency were very sensitive to disease states 2. A custom 4-electrode array was designed
for tongue application 26 (see Figure 1, left). This electrode arrangement was believed to be
the simplest for application to the tongue, putting aside the complex nature of the underlying
muscle fiber structure of that organ 27.

Figure 1 (on the right) shows the placement of the array at the tongue midline. Prior to the
placement in this position, participants were asked to swallow excessive saliva. After the
array was placed on the tongue surface, the participants were instructed to return their
tongues to a relaxed position inside the oral cavity with the mouth almost completely closed.
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The device outputs the values of EIM phase (Ph), reactance (X), and resistance (R), which
were recorded manually after each trial. Five to ten trials were obtained for all participants
depending on tolerance. Brief rest breaks occurred between each repetition. The first
repetitions were discarded. Individual mean values were computed based on an average of
the remaining trials.

Tongue function—The lowa Oral Performance Instrument (IOPI 28:29) was used to
record the maximum tongue strength and endurance in the participants with ALS. Control
data was not collected, as normative values have been reported in the past 20. For the 10PI
recordings, a small rubber bulb was attached to a pressure transducer. Pressure exerted by
the tongue against the bulb positioned against the hard palate was measured in kilopascals
(kPa). Maximum strength was determined by calculating an average of three maximal force
generation efforts, each of approximately one-second in duration. Endurance was measured
in seconds by asking participants to maintain 50% of their maximal pressure for as long as
possible. Participants were instructed to generate enough pressure to activate a light source,
serving to provide visual feedback.

Bulbar Severity Measures—The severity of disease and its bulbar manifestation were
assessed using the Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised
(ALSFRS-R31). Both total scores and bulbar subscores were obtained. The ALSFRS-R
bulbar function subscore included three questions related to speech, swallowing and
salivation functions, with a maximum score of 12 indicating intact bulbar function. Values
below 12 indicated bulbar impairment in one, or all, bulbar functions. Speaking rate, the
number of words produced per minute (WPM), was estimated using the Sentence
Intelligibility Test (SIT 32) and used to evaluate severity of bulbar impairment in relation to
speech function. Speaking rate has been shown to be sensitive to bulbar disease progression
and specifically tongue dysfunction in ALS 33

All participants were also evaluated for clinical LMN signs in the tongue, e.g., muscle
atrophy, weakness and fasciculations, by a neurologist (Author 7). Atrophy and weakness
were rated on a 4-point Likert Scale from normal (scored 0) to severe (scored 3), and the
presence of fasciculations was noted (1/0). The sum of these scores served as the severity
index of LMN impairment and was estimated by adding these scores. A maximum score of
7 points indicated the most severe state of muscle weakness and atrophy, with the presence
of fasciculations.

Additionally, the severity of hypersalivation was assessed using the Oral Secretion Scale
(0SS, as excessive saliva, being a highly conductive substance, might affect EIM values.
Saliva retention was evaluated using a 5-point scale from very severe (scored 0) to normal
(scored 4).

Statistical Analysis—All statistical analyses were conducted using IBM SPSS Statistics
Version 20. The data from patients with KD and PLS were combined with ALS data,
because they fell within the range of those obtained for the ALS group. Reproducibility was
assessed for younger and older healthy controls by calculating intraclass correlation
coefficients (ICC) between the first and last measurable trials. To address objective 1,
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differences in age groups (>60 years and <30 years) and gender among healthy individuals
for EIM measures were tested using a 2-way Analysis of Variance (ANOVA). To address
objective 2, the existence of statistical differences between patients and healthy controls for
the EIM measures were analyzed using a 2-way ANOVA with gender and group as factors.
To address objective 3, Pearson Correlation Coefficients (r) determined the associations
between EIM measures and measures of tongue function and bulbar severity for the ALS
group. The assumptions for the relevant statistical tests were met. An alpha level of .05 was
used for all statistical tests.

All healthy controls and many individuals with ALS tolerated procedures associated with
EIM data collection well. The length of the probe restricted patient recruitment to those
without an abnormally sensitive gag reflex. The width of the probe restricted EIM
measurements to the midline of the tongue.

Summary of demographic information and bulbar severity measures are shown in Table 1.

EIM values of healthy individuals

Summary statistics for EIM measures by gender and age for the 2 groups (healthy controls
and ALS) are shown in Table 2. The analysis indicated that Ph, R, and X values were not
significantly different between men and women, or younger and older individuals in the
healthy group. The age by gender interactions were also non-significant. Therefore, the data
from the 2 healthy control groups were combined for further analyses.

Reproducibility

The immediate reproducibility analysis of the Ph, X, and R measures obtained for the
control participants revealed moderate to high reproducibility with ICCs of 0.790, 0.733,
and 0.911, respectively. See Figure 2 for the corresponding test-retest plots for 2 consecutive
trials.

Group differences in EIM measures

The bar graphs shown in Figure 3 revealed a pattern of group (ALS versus healthy controls)
differences for 2 of 3 EIM measurements. The mean Ph was reduced significantly in
individuals with ALS compared with healthy controls (P = 0.007). The main effect of
gender and group by gender interaction were not significant. The mean R was significantly
greater for individuals with ALS than for healthy controls (P = 0.010). The main effect of
gender and the group by gender interaction were also not significant in this model. The X
values were not significantly different between healthy controls and individuals with ALS,
neither were the main effect of gender and the group by gender interaction.

EIM and tongue function measures

Functional measures, such as tongue maximum strength, endurance, OSS scores for
individuals in the ALS group are reported in Table 3.
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Correlation analyses were performed to delineate possible associations between EIM
measures and clinical measures of disease, including ALSFRS-R total and bulbar scores,
LMN scores, and speaking rate, as well as measures of tongue function, such as maximum
strength and endurance. Correlation analyses were not performed between OSS scores and
EIM measures, as most people with ALS exhibited minimal (scored 3) to normal (scored 4)
levels of hypersalivation on the OSS with seemingly no effect on the EIM measures. A
significant moderate, positive correlation was observed only between Ph (°) values and
tongue endurance (s) in the ALS group (P = 0.046) (see Figure 4).

DISCUSSION

This study investigated tongue muscle health via electrical impedance myography (EIM).
We compared the 50 kHz EIM measures (phase, reactance, and resistance) in the tongue of
individuals with ALS and healthy controls, including differences between younger and older
healthy individuals. Gender or age did not affect tongue EIM measures in healthy
participants. Consistent with previous limb-based findings3-1°, phase was significantly
reduced among people with ALS when compared to healthy individuals, yet resistance was
significantly greater in the ALS group in comparison to the control group. No differences
between the 2 groups were observed for reactance. An association between phase and
tongue endurance was observed in the ALS group.

EIM in the healthy tongue

In concordance with EIM studies on limb muscles, these results suggest that EIM measures
in the tongue are highly reproducible 3°.

EIM measures of the tongue did not vary by age in healthy individuals. The age difference
for the EIM measures was expected based on existing limb studies, which revealed a
significant decrease in phase with increasing age in healthy muscle 18 36, Existing literature
identified aging effects on contractile properties of limb musculature by age 60 3037, To
date, very few studies have addressed the age-related changes in tongue

musculature 23. 30, 38-40 | contrast to limb studies, they demonstrated that tongue strength
is affected only after age 80 years 30 38, These differences may possibly be due to a
relatively constant level of tongue activity throughout life, allowing for maintenance of
function 30, Our study population consisted of only 1 individual over age 80 whose
performance on all 3 EIM measures did not deviate from normal values (< 1SD). Therefore,
further work investigating age-related changes in impedance values of the tongue in elderly
subjects is indicated.

The findings of this study suggest that gender does not affect impedance values of tongue
musculature in healthy individuals. Existing literature has been inconclusive in
demonstrating whether gender affects EIM measures in the limbs. Previous work has
suggested that normal values may be different for healthy older men and women 20;
however, more recent studies have not identified gender differences 2°. Our study might
further suggest that the structural and compositional properties of tongue musculature in
healthy individuals do not differ significantly between men and women.
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EIM in ALS Tongue

This study identified differences among EIM values in tongue muscles between healthy
controls and those with ALS. Specifically, reductions in phase and an increase in resistance
among participants with ALS were observed. The primary mechanisms responsible for these
differences may be a reduction in muscle size due to atrophy and changes in muscle
composition due to fatty infiltration 12. These suggestions are supported by the findings
from existing MRI and histopathological studies of the tongue in ALS, which describe
abnormalities in size, shape, and internal structure 4144, Tongue size was reported to
decrease by as much as two-thirds of normal with areas of significant fat replacement 41,

Both upper and lower motor neuron (UMN versus LMN) abnormalities underlie structural
and functional changes in ALS. EIM measures differ depending on the relative degree of
UMN or LMN impairment. Those with UMN predominance may present with disuse muscle
states, while those with LMN predominance may present with atrophy muscle states, both of
which can be quantified using EIM in limb muscles 36. However, a similar distinction would
be challenging in the tongue. Clinically, LMN involvement is assessed through observations
of fasciculations and muscle atrophy, as well as lingual EMGs; however, UMN signs in the
tongue are difficult to identify 1. Promising techniques for detecting UMN involvement,
such as transcranial magnetic stimulation (TMS), are currently under investigation, but are
not yet commonly used in the clinical setting. Further work linking EIM with other
instrumental techniques such as lingual EMG and TMS is needed.

The tongue structure and function

Disease-related changes in EIM were not associated with either the ALSFRS-R total and
bulbar subscores3! or the LMN severity ratings. This lack of association may be explained
by the subjective nature of ALS severity measures and their insensitivity to underlying
changes in bulbar anatomy. Indeed, a recent study found that the ALSFRS-R bulbar
subscores were insensitive to the bulbar decline detected in speech movements (i.e., tongue,
lips, and jaw speed) 46.

Disease-related changes in EIM were also not associated with the measure of speaking rate.
Speaking rate measures the severity of speech production impairment and is known to
decrease significantly with disease progression. 3 However, multiple structures (e.g., tongue,
jaw, lips, velum, larynx, and diaphragm) contribute to speech production 45, therefore
isolated changes in tongue muscles may not affect speaking rate 4749,

Disease effects on the tongue have also been evaluated using strength and endurance
measures 30: 40 50. 51 pegple with ALS consistently demonstrate reduced tongue strength
and endurance compared to healthy individuals 4 > 39:52-54 and these changes have effects
on speaking 24-56 and swallowing 37-59, In agreement with normative data published
elsewhere 39, our patient group showed reduced maximum strength and endurance in the
tongue, with a relatively large range of performance among individuals.

Previous investigations of the limbs reported significant associations between EIM measures
and muscle strength; however, this association was not found in the tongue. This finding
may result from differences in how strength measures are obtained in the limbs as compared
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to those in the tongue. In contrast to the tongue muscles, limb muscles can be isolated during
strength measurements. This is difficult to achieve in the tongue due to the co-contraction of
the tongue and jaw musculature during tongue tasks 4. Subsequently, the less affected jaw
might compensate for tongue muscle weakness, resulting in poorer correlations with EIM
measures. The variation in tongue endurance, however, was explained partially by the
variation in phase values among the patient group. This suggests that phase values may be
indicative of oral-motor dysfunction, with smaller phase indicating greater severity of
tongue impairment.

Technical Issues

This pilot study revealed that technical adjustments are needed to improve device tolerance
and accommodate for disease-related changes in tongue structure (e.g., muscle atrophy 60).
Specifically, the length of the electrode array should be reduced to minimize the likelihood
of stimulating a gag reflex. The width should be reduced to allow data collection bilaterally
on the tongue surface in all subjects. A redesign of the probe to accommodate patients with
ALS is underway.

Conclusions

This study demonstrates that EIM provides a useful method for assessing the effects of ALS
on tongue musculature, supporting its application as a potential clinical biomarker for
diagnostic and monitoring purposes. Future work is required to determine longitudinal
changes in impedance measures as ALS progresses, including changes in early disease
stages when bulbar signs and symptoms are not present clinically. The ability to identify
pre-symptomatic tongue abnormalities may allow an earlier diagnosis, resulting in an
increased capacity to accurately predict changes in the bulbar functions of speech and
swallowing as ALS progresses.
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Abbreviations

ALS Amyotrophic Lateral Sclerosis

ALSFRS-R Amyotrophic Lateral Sclerosis Functional Rating Scale- Revised
C<30 Healthy controls under 30 years of age

C>60 Healthy controls over 60 years of age

EIM Electrical Impedance Myography

EMG Electromyography

ICC Intraclass correlation
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10PI lowa Oral Performance Instrument
KD Kennedy Disease
LED Light emitting diode
LMN Lower motor neuron
(ORN] Oral Secretion Scale
Ph Phase
PLS Primary Lateral Sclerosis
R Resistance
SIT Sentence Intelligibility Test
UMN Upper motor neuron
X Reactance
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FIGURE 1.
The ImpediMed DF50 and tongue probe equipped with four-electrode array used to measure

EIM measures (left). The typical probe placement at the midline of the tongue (right).

Muscle Nerve. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shellikeri et al. Page 14

ICC=0.733 ICC=0.911 -

"licc=0.790

60.00-

40.00-

20.00-

Retest (Resistance, Q)

00 5.00 TO‘DU |5IOD ZO‘OD 25‘00 0 2 2)0 4 :JO 6.00 8. ‘00 10‘00 12‘00 0 20‘00 40100 50‘00
Test (Phase, 6) Test (Reactance, Q) Test (Resistance, Q)

FIGURE 2.
The test-retest plots of phase (°), reactance (2), and resistance (2) at 50 kHz for healthy

individuals. The ICC values are shown; n= 21.
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FIGURE 3.
Mean values (£SEM) for EIM measures, phase (°), reactance (£2), and resistance (2) by

group; participants with ALS and healthy controls. Square brackets represent significant
group differences (P<0.05).
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FIGURE 4.
A scatterplot of phase (°) and tongue endurance (sec) in the ALS group (n=18). Pearson

Correlation Coefficients (r) and P-values (P) are shown.
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Participant demographics and disease severity scores, mean (SD), by group and gender. C>60 = Age-matched
healthy controls, C<30 =healthy controls under the age of 30. WPM= words per minute. LMN = Lower Motor
Neuron. OSS= Oral Secretion Scale.

Group  Gender

ALS M (n=9)
W (n=8)

PLS M (n=1)
KD  M(n=1)

C>60 M (n=7)
W (n=6)

C<30 M (n=2)
W(n=6)

Age ALSFRS-R Total ALSFRS-R Bulbar
56.81 (12.16) 32.9(9.31) 8.9 (2.73)
62.67 (10.23) 35.80 (7.16) 8.2 (3.03)

45 46 11

46 24 9
65.42 (8.63) - -
60.5 (8.01) - -

Speaking Rate (WPM)
110.58 (58.25)
85.33 (57.87)

128
154

LMN Score (0-7)
5 (+ 1.75)
3.71(1.92)

1
5

0SS (0-4)

3.25 (0.46)

3.00 (0.63)
4.00
3.00
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Table 2

Descriptive statistics, mean (SD), for EIM measures, Phase (Ph), Reactance (X), and Resistance (R) for
healthy controls and participants with ALS by gender and age.

Variables

Gender M 9
W 12

Age >60 13
<30 8

Controls (n=21)

Ph ()
13.92 (1.88)
13.05 (1.78)
13.79 (2.19)
12.88 (0.91)

Xc ()
8.39 (1.99)
8.39 (1.35)
8.75 (1.91)
7.81(0.74)

R ()

33.94 (4.07)
35.07 (5.76)
35.73 (5.55)
32.72 (3.57)

ALS (n=19)

Xc (§) R ()
7.64(2.34)  40.36 (10.94)
7.86 (6.03) 43.58 (12.98)
7.74 (4.14)  41.72 (11.60)

n Ph ()
11 11.01(3.24)
8  10.24 (452)
19 10.68 (3.74)
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Table 3

Descriptive statistics, mean (SD), of tongue functional measures for people with ALS: maximum strength
(kPa) and endurance (sec).

Gender Tongue Strength (kPa)  Tongue Endurance (sec)
M (n=11) 33.42(19.32) 21.81(11.83)
W (n=8) 21.19 (14.61) 11.5(7.5)
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