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Late-onset Pompe disease (LOPD) is an inherited autosomal recessive progressive metabolic myopathy that pre-
sents in thefirst year of life to adulthood. Clinical presentation is heterogeneous, differential diagnosis is challeng-
ing, and diagnostic delay is common.One challenge to differential diagnosis is the overlap of clinical featureswith
those encountered in other forms of acquired/hereditary myopathy. Tongue weakness and imaging abnormali-
ties are increasingly recognized in LOPD. In order to explore the diagnostic potential of tongue involvement in
LOPD, we assessed tongue structure and function in 70 subjects, including 10 with LOPD naive to treatment,
30 with other acquired/hereditary myopathy, and 30 controls with neuropathy. Tongue strength was assessed
with both manual and quantitative muscle testing. Ultrasound (US) was used to assess tongue overall appear-
ance, echointensity, and thickness. Differences in tongue strength, qualitative appearance, echointensity, and
thickness between LOPD subjects and neuropathic controls were statistically significant. Greater tongue involve-
ment was observed in LOPD subjects compared to those with other acquired/hereditary myopathies, based on
statistically significant decreases in quantitative tongue strength and sonographic muscle thickness. These find-
ings provide additional evidence for tongue involvement in LOPD characterized by weakness and sonographic
abnormalities suggestive of fibrofatty replacement and atrophy. Findings of quantitative tongue weakness and/
or atrophymay aid differentiation of LOPD from other acquired/hereditary myopathies. Additionally, our experi-
ences in this study reveal US to be an effective, efficient imagingmodality to allow quantitative assessment of the
lingual musculature at the point of care.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Pompe disease is an inherited autosomal recessive progressive met-
abolicmyopathy resulting fromdeficiency of the lysosomal enzyme acid
alpha-glucosidase (GAA) leading to tissue destruction and muscle fiber
atrophy [1]. Pompe diseasemanifests clinically across a spectrum based
on age of onset, progression rate, genetic mutation(s), and disease dis-
tribution [2]. Late-onset Pompe disease (LOPD) typically presents with
signs and symptoms related to progressive weakness in the lower
limbs, trunk, and respiratory muscles at any time from the first year of
life to adulthood [3–5]. Although traditionally conceptualized as a prox-
imal limb-girdle myopathy with greater than expected respiratory
UMC3887,Durham,NC27710,

.

involvement, the clinical presentation of LOPD is heterogeneous and
the multisystemic nature of disease signs and symptoms across body
systems and structures is increasingly recognized [5]. Treatment for
LOPD is available in the form of enzyme replacement therapy (ERT)
with alglucosidase alfa, which has been shown to stabilize and im-
prove outcomes [6]. Despite the availability of treatment, the differen-
tial diagnosis of LOPD is challenging and diagnostic delay is common
[6]. Many factors contribute to the diagnostic challenge, including
the rarity of the disorder, variability in the clinical presentation and
progression, insufficient awareness of the signs and symptoms, and
the overlap of signs and symptoms with those encountered in other
neuromuscular disorders [7].

There has been considerable recent attention to describing all the
clinical features of LOPD and refining the disease phenotype. Over the
last decade, data have emerged that indicate tongue involvement occurs
commonly in LOPD including weakness and abnormalities in muscle
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Fig. 1. Lingual manual muscle strength testing. Subjects push their tongue against their
inner cheek with maximal effort while an experienced examiner applied their thumb to
the external cheek to attempt to overcome the subject's lateralized tongue while bracing
their head with the opposite hand.
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structure. The presence of lingual weakness associated with dysarthria
has been described in early case studies [8,9]. More recently, Dubrovsky
and colleagues assessed tongue strength with manual muscle testing in
19 consecutive LOPD patients [10]. Mild to severe lingual weakness was
present in all subjects, including tongueweakness in two asymptomatic
patients. Symptoms of dysphagia were present in one-third of partici-
pants and severe dysarthria was present in two subjects, one of whom
also had tongue atrophy. In a follow-up study, tongue strength was
quantitatively assessed in 30 LOPD subjects using a commercially avail-
able pressure-transducer system featuring an intraoral tongue bulb;
mild to severe tongueweaknesswas present in 80%. Furthermore, slight
to moderate dysarthria was present in 87% of participants and correla-
tional analysis revealed that lingual strength decreased as dysarthria se-
verity increased [11].

Imaging data have also identified structural abnormalities in the
tongue. For example, Dubrovsky and colleagues performed magnetic
resonance imaging (MRI) in one participant with tongue weakness
which revealed fatty infiltration and atrophy [10]. Carlier et al. used
MRI in 20 LOPD subjects and reported prominent and consistent lingual
involvement while the masticatory muscles (temporal, masseter, and
pterygoid) were preserved [12]. Similarly, Horvath and colleagues
employed proton-density fact-fractionwhole-bodyMRI to examine dis-
ease distribution in 7 LOPDpatients and 11healthy controls. Imaging re-
vealed tongue involvement in all LOPD subjects thatwas severe in 6 of 7
[13]. More recently, on T1 brain MRI, Karam et al. noted the presence of
a bright tongue sign in two intensive care unit patients with respiratory
failure later diagnosed with LOPD, which spurred retrospective study of
tongue appearance on brain MRI. Bright tongue signwas present in 66%
of LOPD patients compared to 14% of those with other neuromuscular
conditions [14].

It is increasingly evident that tongue involvement including weak-
ness and abnormalities on imaging is an important clinical feature of
LOPD. Additionally, it has been suggested that these lingual abnormali-
ties may offer diagnostic value. However, MRI is relatively expensive
and can be difficult to perform in patients with significant respiratory
weakness. In contrast, ultrasound (US) imaging is relatively affordable
but has not been explored as a point-of-care alternative to allow assess-
ment of tongue structure in LOPD. However, US has previously been
shown to be a useful imaging approach to detect muscle pathology
[15] and assess diaphragm thickness and mobility [16] in LOPD. In
order to explore the diagnostic utility of tongue involvement in LOPD,
we assessed tongue strength and structure in three groups of subjects,
including 10 with LOPD naive to ERT, 30 with other forms of acquired/
hereditary myopathy (myopathy hereafter), and 30 neuropathic con-
trols. Our primary outcomes were manual muscle testing and quantita-
tive muscle testing of tongue strength. Secondary outcomes included
overall qualitative appearance, echointensity, and thickness of
genioglossus derived from US. We hypothesized that these outcome
measures would differentiate individuals with LOPD from those with
neuropathy and myopathy.

2. Method

2.1. Subjects

Participants with a confirmed diagnosis of LOPD, myopathy, or neu-
ropathy were recruited from the Duke University Pompe Disease Clinic,
Muscular Dystrophy Association Clinic, General/Community Neurology
Clinic, and General/Community Endocrinology Clinic. Potential subjects
were identified by their providing physician or electronic health record
search based on the study inclusion/exclusion criteria. Inclusion criteria
for LOPD patients included age ≥ 12 years, genetically confirmed diag-
nosis, and naive to treatment with ERT. For the other groups, a con-
firmed diagnosis of myopathy (e.g., dermatomyositis, polymyositis,
inclusion bodymyositis, limb-girdle muscular dystrophy, distal myopa-
thy, myotonic muscular dystrophy, other myopathy) or neuropathy
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(e.g., peripheral neuropathy, cranial neuropathy, autonomic neuropa-
thy, focal neuropathy) was required. Exclusion criteria included current
use, history of use within the past two years, or eligible for but declined
ERT (applicable to LOPD group only); history of stroke, Parkinson's dis-
ease, oculopharyngeal muscular dystrophy, head and neck cancer or ra-
diation treatment to head/neck, or other conditions that commonly
affect lingual strength; inability to follow directions for study participa-
tion; and the presence of feeding tube for nutrition/hydration.

2.2. Procedures

2.2.1. Lingual Manual Muscle Strength Testing
Subjects were instructed to push their tongue against their inner

cheek with maximal effort while an experienced examiner applied
their thumb to the external cheek to attempt to overcome the subject's
lateralized tongue, bracing their head with the opposite hand (Fig. 1).
Thiswas performed bilaterally. Performancewas rated using a validated
0–4 ordinal scale routinely used by Duke neuromuscular disease physi-
cians [17]. If asymmetry of tongue strength was detected, the score was
reported for the weaker side.

Intra- and inter-rater reliability was determined in 5 subjects with
LOPD, 10 subjects withmyopathy, and 10 subjects with neuropathy, se-
lected based on examiner and subject availability prior to starting study
procedures. Intra-rater reliability was determined by having the exam-
iner repeat the described procedures. Inter-rater reliability was deter-
mined by having a second trained examiner repeat the testing using
the described method.

2.2.2. Lingual Quantitative Strength Testing
Subjects were instructed to push an intraoral tongue bulb against

their hard palatewithmaximal effort. Speech-language pathologists ex-
perienced in this approach used the Iowa Oral Performance Instrument
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(IOPI; IOPI Medical LLC, Woodinville, WA) to measure maximal lingual
strength in kilopascals (kPa). Three to six repeated trials interspersed
with rest periods of 30–60s were completed. Testing was discontinued
when each subject produced three trials with variability < 10% or a
maximum of 6 trials regardless of variability. The peak IOPI value was
recorded from the representative trials [11].

Intra- and inter-rater reliability were each determined in 5 subjects
with LOPD, 10 subjects with myopathy, and 10 subjects with neuropa-
thy, selected based on examiner and subject availability prior to starting
study procedures. Intra-rater reliability was determined by having the
examiner repeat the described procedures. Inter-rater reliability was
determined by having a second trained examiner repeat the testing
using the described method.

2.2.3. Tongue Ultrasound
Sonographic measures used for primary analysis were obtained by a

single examiner experienced in the use of US in neuromuscular disease
with the Esaote MyLab Six with a 18–6 MHz linear array transducer at
the lowest frequency setting. The examiner was blinded to the patients'
quantitative tongue strength measures and other clinical details. Pa-
tients were already seated at the time of examination. Standard settings
included themusculoskeletal preset (general setting), with depth set at
4 cm, transducer frequency at 6–8MHz and gain, compression and time
gain compensation settings held constant in the neutral position.

US imagingwas obtainedwith subjects sitting upright. The sonogra-
pher placed the US transducer inferior to and parallel with the chin to
obtain cross-sectional (axial) images of the tongue that included the an-
terior belly of the digastric lateral to genioglossus (Fig. 2). Still images
were recorded and saved for analysis (Fig. 3).

US images were qualitatively assessed to be normal or abnormal
based upon the sonographer's general impression. Tongue muscle
thickness, defined as the distance from the underlying bony border to
the superficial fascia of the muscle, was measured in mm using on-
screen calipers. Echointensitywasmeasured offline in Adobe Photoshop
Fig. 2. Ultrasound assessment of the tongue in upright position. The sonographer placed
the US transducer inferior to and parallel with the chin to obtain cross-sectional (axial)
tongue images.
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(Adobe Systems Incorporated, San Jose, CA). The examiner selected the
largest possible region of interest to calculate echointensity values using
the grayscale histogram function while excluding subcutaneous tissue,
fascial planes, vascular structures, tendons, bone, and peripheral nerves.
Echointensity was then reported via the grayscale histogram function
on a scale of 0–255, with 0 representing black and 255 representing
white.

Intra- and inter-rater reliability was determined in 5 subjects with
LOPD, 10 subjects withmyopathy, and 10 subjects with neuropathy, se-
lected based on examiner and subject availability prior to starting study
procedures. Intra-rater reliability was determined by having the sonog-
rapher repeat the described procedures. Inter-rater reliability was de-
termined by having a second trained sonographer evaluate the tongue
using the described method. This examiner qualitatively assessed the
US image to be normal or abnormal andmeasured tonguemuscle thick-
ness using the on-screen calipers. Echointensity was calculated by the
primary sonographer as described above using this US image.

Blinded US analysiswas performed by an additional experienced so-
nographer without knowledge of subject diagnoses using the saved US
images obtained by the primary examiner for initial assessments and
intra-rater reliability. Analysis was completed for qualitative assess-
ment, muscle thickness, and echointensity using the described method.

2.3. Statistical Analysis

Summary statistics, means/standard deviations/median/range for
continuous outcome variables, and counts/% for categorical variables
were used to summarize data. Associations between medical groups
(LOPD, myopathy, and neuropathy) and any categorical variables
(race, gender, or rating group) were conducted using Chi-squared
tests or Fisher's exact test. Relationships between continuous variables
and medical groups were examined using either ANOVA or non-
parametric Kruskal-Wallis tests depending on whether the variables
are normally or non-normally distributed, respectively; pairwise com-
parison of continuous variables between any two medical diagnosis
group was conducted using Students t-tests or Wilcoxon tests. Kappa
coefficients and inter- and intra-class correlations [18] were assessed
for the variables and medical diagnosis groups of interest. Statistical
significance was examined at alpha = 0.05. Statistical analyses were
performed with the SAS 9.4 statistical software (SAS Institute Inc.,
Cary, NC).

3. Results

3.1. Subjects

Seventy subjects completed the study, 10 with a recent diagnosis of
LOPD who had not yet received or declined ERT, 30 with other forms of
myopathy, and 30 with neuropathy to serve as controls. Demographic
data, including specific diagnoses for subjects with myopathy and neu-
ropathy, are summarized in Table 1.

3.2. Primary Outcomes

3.2.1. Tongue Strength: Manual Muscle Testing
As seen in Table 2, scores for tongue strength assessed with manual

muscle testing ranged from 0 (normal strength) to 2 (moderate weak-
ness); scores of 3 and 4 indicating severe or profound weakness were
not present in any subject. Fisher exact tests were performed to assess
statistical significance across the full sample and for pairwise compari-
sons. Based on manual muscle testing results, there were statistically
significant differences in tongue strength across the full sample (P =
0.0127). Statistically significant differences in tongue strength were
present between subjects with LOPD and neuropathy (P = 0.0038)
and myopathy and neuropathy (P = 0.0288), but not LOPD and myop-
athy (P = 0.5181).



Fig. 3. Cross-sectional US images of the tongue. Image on the left is from a control subject and the image on the right is from an LOPD subject. Tongue thickness ismeasured inmillimeters
from theunderlying bony border (denoted byD1) to the superficial fascia of themuscle using on-screen calipers. ABD=anterior belly of diagastricmuscle, SCT= subcutaneous tissue, GH
= geniohyoid, GG= genioglossus.
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3.2.2. Tongue Strength: Quantitative Muscle Testing
As seen in Table 3, maximum lingual strengthwas 37.4 kPa (16.8) in

LOPD subjects, 52.9 kPa (18.0) in myopathy subjects, and 53.8 kPa
(13.8) in neuropathy subjects. Kruskal Wallis tests were performed to
Table 1
Demographic data.

LOPD (n =
10)

Myopathy (n = 30) Neuro

Age 40.0 (17.3) 55.7 (14.6) 53.4 (1

Gender
Male 7 (30%) 15 (50%) 15 (50

Female 3 (70%) 15 (50%) 15 (50

Race
White 9 (90%) 26 (86.7%) 27 (90

Black 0 (0%) 4 (13.3%) 3 (10%
Other (more than one
race)

1 (10%) 0 (0%) 0 (0%)

Medical diagnoses LOPD
(100%)

FSHD (n = 6, 20%) CMT1
Myotonic dystrophy (n = 5, 17%) Unspe
Unspecified muscular dystrophy (n = 5,
17%)

Diabet

Inclusion body myositis (n = 4, 13%) Idiopa
Becker muscular dystrophy (n = 2, 7%) Carpal
Central core myopathy (n = 2, 7%) Multif

= 1, 3
LGMD (n = 2, 7%) Small
Mitochondrial myopathy (n = 2, 7%) Vascul
Congenital myopathy (n = 1, 3%) Multif
Necrotizing myopathy (n = 1, 3%)

LOPD= late-onset Pompe disease, n = number of subjects, FSHD= facioscapulohumeral mus
disease type 1, CMT = Charcot-Marie-Tooth disease.

a Kruskal Wallis test.
b Chi-Square test.
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assess statistical significance across the full sample and for pairwise
comparisons. Based on quantitative muscle testing results, there were
statistically significant differences in tongue strength across the full
sample (P = 0.0321). Statistically significant differences in tongue
pathy (n = 30) Total (n
=
70)

p-value

6.0) 52.4
(16.2)

0.0362a

%) 37
(52.9%)

0.5026b

%) 33
(47.1%)

%) 62
(88.6%)

0.1183b

) 7 (10%)
1 (1.4%)

(n = 10, 33%)
cified CMT (n = 5, 17%)
ic neuropathy (n = 5, 17%)

thic peripheral sensorimotor neuropathy (n = 4, 13%)
tunnel syndrome (n = 2, 7%)
ocal acquired demyelinating sensory and motor neuropathy (n
%)
fiber neuropathy (n = 1, 3%)
itic neuropathy (n = 1, 3%)
ocal motor neuropathy (n = 1, 3%)

cular dystrophy, LGMD= limb-girdle muscular dystrophy, CMT1= Charcot-Marie-Tooth



Table 2
Results of lingual manual muscle testing across groups. Fisher exact test.

Group MMT Score
0: Normal
strength

1: Mild
weakness

2: Moderate
weakness

Total P value

Myopathy
Frequency 19 7 4 30
Percent 27.14 10.00 5.71 42.86
Row
Percent

63.33 23.33 13.33

Column
Percent

37.25 58.33 57.14

LOPD
Frequency 5 2 3 10
Percent 7.14 2.86 4.29 14.29
Row
Percent

50.00 20.00 30.00

Column
Percent

9.80 16.67 42.86

Neuropathy
Frequency 27 3 0 30
Percent 38.57 4.29 0.00 42.86
Row
Percent

90.00 10.00 0.00

Column
Percent

52.94 25.00 0.00

Total 51 12 7 70
72.86 17.14 10.00 100.00

Full sample 0.0127a

LOPD versus neuropathy 0.0038a

LOPD versus myopathy 0.5181
Myopathy versus neuropathy 0.0288a

MMT= manual muscle testing.
a Denotes statistical significance at 0.05 level.

Table 3
Lingual quantitative muscle testing results. Kruskal Wallis test.

LOPD Myopathy Neuropathy Total P value

Quantitative Muscle Testing (kPa)
N 10 30 30 70
Mean (SD) 37.4 (16.8) 52.9 (18.0) 53.8 (13.8) 51.1 (16.9)
Median 35.5 52.0 53.8 51.1
Q1, Q3 22.0, 53.0 47.0, 65.0 47.0, 63.0 42.0, 63.0
Full sample 0.0321a

LOPD versus neuropathy 0.0099a

LOPD versus myopathy 0.0298a

Myopathy versus neuropathy 0.5440

QMT= quantitative muscle testing.
a Denotes statistical significance at 0.05 level.

Table 4
Ultrasound data for qualitative assessment, muscle thickness, and echointensity across
groups. Chi-Square test used for qualitative appearance, Kruskal Wallis test used for
tongue thickness and echointensity.

LOPD Neuropathy Myopathy Total P value

Qualitative appearance
N 10 30 30 70
Normal 6 (60%) 30 (100%) 23 (76.7%) 11 (15.7%)
Abnormal 4 (40%) 0 (0%) 7 (23.3%) 59 (84.3%)
Full sample 0.0034a

LOPD vs neuropathy 0.0003a

LOPD vs myopathy 0.3067
Myopathy vs neuropathy 0.0049a

Muscle thickness (mm)
N 10 29 30 70
Mean (SD) 7.5 (2.1) 10.6 (2.1) 10.1 (2.9) 10 (2.7)
Median 7.2 9.7 10.2 9.5
Q1, Q3 5.8, 8.0 9.0, 12.7 7.3, 12.0 8.1, 12.0
Full sample 0.0022a

LOPD vs neuropathy 0.0002a

LOPD vs myopathy 0.0119a

Myopathy vs neuropathy 0.3951

Echointensity (au)
N 10 30 29 69
Mean (SD) 38.2 (11.4) 25.3 (14.7) 39.9 (25.3) 33.5 (20.7)
Median 38.9 22.0 39.7 28.0
Q1, Q3 26.2, 42.3 16.1, 35.2 15.5, 52.2 17.8, 42.5
Full sample 0.0139a

LOPD vs neuropathy 0.0063a

LOPD vs myopathy 0.9502
Myopathy vs neuropathy 0.0204a

LOPD= late-onset Pompe disease, N= number of subjects, US= ultrasound,mm=mil-
limeters, SD = standard deviation, Q1, Q3 = quartile 1, quartile 3, au = arbitrary units.

a Denotes statistical significance at 0.05 level.
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strength were also present between subjects with LOPD and neuropa-
thy (P = 0.0099), LOPD and myopathy (P = 0.0298), but not neuropa-
thy and myopathy (P = 0.5440).
3.3. Secondary Outcomes

3.3.1. Tongue Ultrasound: Qualitative Assessment
Tongue US findings for qualitative assessment are shown in Table 4.

Qualitative assessment was abnormal in 40% of LOPD subjects, 23.3% of
myopathy subjects, and 0% of neuropathy subjects. Chi-Square tests
were performed to assess statistical significance across the full sample
and for pairwise comparisons. Based on qualitative US assessment,
there were statistically significant differences across the full sample (P
= 0.0034). Statistically significant differences for qualitative appear-
ance were also present between subjects with LOPD and neuropathy
(P = 0.0003), neuropathy and myopathy (P = 0.0049), but not LOPD
and myopathy (P = 0.3067).
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3.3.2. Tongue Ultrasound: Muscle Thickness
Tongue US findings for muscle thickness are shown in Table 4. Mean

tongue thickness was 7.5 mm (2.1) in LOPD subjects, 10.1 mm (2.9) in
myopathy subjects, and 10.6 mm (2.1) in neuropathy subjects. Kruskal
Wallis tests were performed to assess statistical significance across the
full sample and for pairwise comparisons. Based on muscle thickness,
there were statistically significant differences across the full sample (P
= 0.0022). Statistically significant differences in muscle thickness
were also present between subjects with LOPD and neuropathy (P =
0.0002), LOPD and myopathy (P = 0.0119), but not neuropathy and
myopathy (P = 0.3951).

3.3.3. Tongue ultrasound: Echointensity
Tongue US findings for echointensity are shown in Table 4. Mean

echointensity was 38.2 au (11.4) in LOPD subjects, 39.9 au (25.3) inmy-
opathy subjects, and 25.3 au (14.7) in neuropathy subjects. Kruskal
Wallis tests were performed to assess statistical significance across the
full sample and for pairwise comparisons. Based on echointensity,
there were statistically significant differences across the full sample (P
= 0.0139). Statistically significant differences in muscle thickness
were also present between subjects with LOPD and neuropathy (P =
0.0063), neuropathy and myopathy (P = 0.0204), but not LOPD and
myopathy (P = 0.9502).

Individual subject data for all outcomes in LOPD subjects is shown in
Table 5.

3.4. Reliability

Reliability results are shown in Table 6. Reliability results for tongue
strength assessed with manual muscle testing were calculated with
Kappa coefficients and interpreted using standard guidelines [19]. To
calculate intra-rater reliability, manual muscle testing was repeated by
the examiner in 25 participants. Intra-rater reliability formanualmuscle
testing demonstrated perfect agreement (κ= 1.00 [95% CI 1.00, 1.00]).



Table 5
Individual subject data for late-onset Pompe disease subjects.

LOPD
subj
ID

Age Sex Approx. symptom
duration
before diagnosis
(months)

Record-ed
mis-diagnoses

Interval between LOPD
diagnosis and study
visit
(months)

MMT
score
(0–4)

Maximal
lingual
strength
(kPa)

Qualitative
appearance

Muscle
thickness
(mm)

Echo-intensity
(au)

1 63 M 236 LGMD 3 2 16 Normal 5.8 36.57
2 31 F 103 – 3 0 58 Normal 9.2 26.16
3 38 M 46 Congenital or metabolic

myopathy
2 2 22 Normal 5.4 22.68

4 62 M 24 – 2 2 33 Abnormal 7.2 40.96
5 16 M NA Marfans 12 0 38 Normal 12.1 42.25
6 38 M 144 LGMD 1 0 42 Normal 8.0 36.80
7 51 F 132 Inflammatory myopathy 1 1 30 Abnormal 5.0 55.29
8 43 M 84 – 10 0 53 Normal 7.9 25.15
9 11 M 64 – 2 0 64 Abnormal 6.9 41.30
10 47 F 30 Myopathy vs LOPD 2 1 18 Abnormal 7.1 55.30

x = 95.9 x = 3.8
SD = 63.6 SD = 3.7

LOPD= late-onset Pompe disease, MMT=manual muscle test, kPa= kilopascals, US= ultrasound, mm=millimeters, au = arbitrary units, LGMD= limb-girdle muscular dystrophy.

Table 6
Intra-rater, inter-rater, and blinded inter-rater reliability across outcome variables.

Outcome variable Intra-rater
reliability

Inter-rater
reliability

Blinded inter-rater
reliability

Lingual MMT 1.0, 95% CI [1.0,
1.0]a

0.45, 95% CI [0.13,
0.77]a

NA

Lingual QMT 0.98119b 0.96674b NA
Qualitative
appearance

1.0, 95% CI [1.0,
1.0]a

−0.5 95% CI [−0.15,
0.04]a

0.29, 95% CI [0.09,
0.49]a

Muscle Thickness 0.91089b 0.89914b 0.81454b

Echointensity 0.65238b 0.77607b 0.90315b

MMT=manual muscle testing, QMT=quantitativemuscle testing, US= ultrasound, NA
= not applicable.

a Kappa correlation coefficient.
b Intraclass correlation coefficient.
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To calculate inter-rater reliability, a second examiner completedmanual
muscle testing in 31 patients. Inter-rater reliability for manual muscle
testing was poor (κ = 0.45 [95% CI 0.13, 0.77]).

Reliability results for tongue strength assessed with quantitative
muscle testing were calculated with intraclass correlation coefficients
(ICCs) and interpreted using standard guidelines [20]. For measures of
intra-rater reliability, quantitative muscle testing was repeated by the
examiner in 26 participants. Intra-rater reliability for quantitative mus-
cle testing was excellent (ICC = 0.98119). For measures of inter-rater
reliability, lingual quantitative muscle testing was completed by a sec-
ond examiner in 25 participants. Inter-rater reliability for lingual quan-
titative muscle testing was excellent (ICC = 0.99974).

Reliability for qualitative US appearance was calculated with Kappa
coefficients and interpreted using standard guidelines [19]. Reliability
for muscle thickness and echointensity was calculated with ICCs and
interpreted using standard guidelines [20]. For intra-rater reliability,
the primary sonographer obtained a second US image for analysis in
26 participants. For inter-rater reliability, a second examiner obtained
a second US image in 31 participants. Intra-rater reliability for qualita-
tive US demonstrated perfect agreement (κ = 1.0 [95% CI 1.0, 1.0]),
while inter-rater reliability was poor (k = −0.5 [95% CI -0.15-0.04]).
Intra-rater reliability was excellent for muscle thickness (ICC =
0.91089) and was good for echointensity (ICC = 0.65238). Inter-rater
reliability was excellent for muscle thickness (ICC = 0.89914) and
echointensity (ICC = 0.77607).
3.4.1. Blinded Inter-Rater Reliability
Blinded inter-rater reliability for US data are shown in Table 6. Reli-

ability for qualitative appearancewas calculatedwithKappa coefficients
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and interpreted using standard guidelines [19]. Reliability for muscle
thickness and echointensity was calculated with ICCs and interpreted
using standard guidelines [20]. To complete blinded inter-rater reliabil-
ity, additional analysis was performed by an experienced sonographer
naïve to group allocation and not otherwise involved in the study
using the US images obtained by the primary examiner for primary
analysis and intra-rater reliability. Blinded assessments of qualitative
appearance, muscle thickness, and echointensity were completed for
63/70 of US images used for primary analysis (data not available in
seven instances) and 26/26 of US images obtained for intra-rater reli-
ability. Blinded inter-rater reliability was poor for qualitative assess-
ment (κ = 0.29 [95% CI 0.09, 0.49]) and excellent for muscle thickness
(ICC = 0.81454) and echointensity (ICC = 0.90315).
4. Discussion

Our findings provide additional evidence of tongue involvement in
subjects with LOPD. Compared to controls, subjects with LOPD had sta-
tistically significant differences across all outcomes. Tongue strength
was decreased with both manual and quantitative muscle testing
while sonographic outcomes revealed abnormal qualitative appearance,
increased echointensity, and decreased muscle thickness. These find-
ings suggest that fibrofatty replacement and atrophy of the lingualmus-
culature associated with decreases in muscle strength are present in
LOPD.

Our data also suggest that tongue involvement may be useful in dif-
ferentiating LOPD from other forms of acquired/hereditary myopathy.
Myopathy subjects also had evidence of tongue involvement compared
to controls, including statistically significant decreases in tongue
strength withmanual muscle testing and abnormalities in both qualita-
tive appearance and echointensity. However, despite the presence of
tongue involvement in both LOPD and myopathy subjects, we were
still able to differentiate these groups based on measures of tongue
strength and thickness. That is, LOPD subjects had reduced tongue
strengthwith quantitativemuscle testing and reducedmuscle thickness
on US compared to myopathy subjects. These findings suggest that
tongue involvement is more severe in LOPD compared to other ac-
quired/hereditary myopathies, even in patients without bulbar
symptoms.

Differential diagnosis of LOPD is challenging due tomany factors, in-
cluding the overlap of disease signs and symptoms with those encoun-
tered in other acquired/hereditary myopathies. It has been suggested
that the identification of tongue involvement may have diagnostic
value in LOPD [12–14]. Our findings suggest that the detection of tongue
involvement in patients with myopathy should increase suspicion for
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LOPD and prompt further diagnostic evaluation, especially when quan-
titative declines in tongue strength and muscle thickness are present.
Review of the medical record also provides support for the potential di-
agnostic value of tonguemuscle involvement in LOPD, as three subjects
were previously misdiagnosed with other acquired/hereditary myopa-
thies, including limb-girdle muscular dystrophy and inflammatory my-
opathy (Table 6). Differential diagnosis included congenital or
metabolic myopathy in another subject and myopathy versus LOPD in
another. In such cases, identification of tongue involvement may have
increased suspicion for LOPD, prompted additional testing, shortened
diagnostic delay, and facilitated treatment. However, as supported by
our findings, clinicians must also consider that tongue involvement
may be present in other myopathic conditions including
oculopharyngealmuscular dystrophy [21,22], ACTA1-related congenital
nemaline myopathy [23], myotonic dystrophy type 1 [14], and several
other diseases. Distinguishing between these disorders may be aided
by the development of whole body MRI in pattern recognition of
inheritedmuscles disorders. The LOPD subjects included in this research
hadnot yet initiated treatmentwith ERT. These criteriawere included in
order to control for the unknown effects of ERT on the tongue muscula-
ture and to assess lingual strength and structure early in the disease
course at the time of diagnosis. It is important to note that research par-
ticipation occurred by a mean of 3.8 months after diagnosis, yet we are
unable to definitively confirm that tongue involvement is typically pres-
ent early in the disease course as our 9 symptomatic subjects had, on av-
erage, an approximate 8-year history of symptoms prior to their
research visit. It is also important to note that examination of individual
subject data reveal the presence of mild tongue weakness with quanti-
tative muscle testing in our one participant with asymptomatic LOPD,
similar to the finding of mild tongue weakness with manual muscle
testing in two asymptomatic subjects in an earlier study [10]. Therefore,
although extremely limited, there is some evidence that tongue weak-
nessmay be present even in asymptomatic LOPD. Assessment of tongue
involvementmay prove to have a role in the surveillance of asymptom-
atic or presymptomatic disease and inform treatment decisions, espe-
cially considering the increasing numbers of such individuals
identified via newborn screening or positive family history.

Our findings are consistent with previous data regarding tongue
weakness in LOPD. In an earlier study, we used manual muscle testing
to assess tongue strength and found mild to severe lingual weakness
in 100% of 19 LOPD subjects [10]. In the present study, manual muscle
testing identified mild to moderate tongue weakness in 50% of our
LOPD subjects. We also previously used quantitative muscle testing to
assess tongue strength in 30 LOPD subjects [11]. Mild to severe tongue
weaknesswas present in 80% of participants and themeanmaximal lin-
gual strengthmeasurementwas 29.2 kPa. In the present research, quan-
titative muscle testing identified tongue weakness in 60% of our LOPD
subjects and the mean maximal lingual strength measurement was
37.4 kPa. Although prior investigations have identified tongue weak-
ness more frequently and with greater severity, our results compare fa-
vorably with these prior studies especially when differences in the
samples are considered. For example, the average duration of symptoms
was 16 years in the study fromDubrovsky and colleagues compared to 8
years in this study. Although the effects of disease duration on tongue
strength have not been identified, it is well-established that muscular
weakness is progressive and linked to disease duration in LOPD and dif-
ferences in our findings compared to those from prior research may re-
flect differences in overall disease severity/duration.

To our knowledge, this is the first study to utilize US to assess the
tongue musculature in LOPD. US of the lingual musculature was well-
tolerated by subjects without adverse events. Additionally, US assess-
ment was straightforward, cost effective, and quick to perform. Our
findings that implicate abnormalities in the tongue musculature com-
pare favorably to previousMRI findings [12,13] andwewere able to ex-
tend these prior results by quantifying echointensity and muscle
thickness. Limited data regarding tongue atrophy in LOPD are available
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in the literature. Dubrovsky and colleagues reported lingual atrophy in
two LOPD subjects [10] while Karam et al. described tongue atrophy
based on brainMRI in three [14]. Overall, we foundUS to be an effective,
efficient imagingmodality to quantitatively assess the lingual muscula-
ture at the point of care.

Our intra-rater, inter-rater, and blinded inter-rater reliability data
warrant additional consideration. Intra-rater, inter-rater, and blinded
inter-rater reliability for our continuous outcome variables (quantita-
tivemuscle testing,muscle thickness, echointensity)were excellent, ex-
cept for intra-rater reliability with echointensity which was good. It is
important to emphasize that these are all quantitative data. There is lit-
tle room for subjectivity in the quantitative strength testing and thick-
ness measures. With echointensity, there is more room for differences.
The echointensity can be affected by small differences in transducer
angle while imaging. Post-imaging, the examiner is required to select
the size and placement of the region to calculate the echointensity
value. These factors introduce more variability and likely require more
expertise on the part of the examiner. For similar reasons, the reliability
data for our categorical outcomes (manual muscle testing, qualitative
appearance) were much less impressive as inter-rater and blinded
inter-rater reliability measures were inadequate. While inter-rater reli-
ability for manual muscle testing was fair, both inter-rater and blinded
inter-rater reliability for qualitative appearance were poor. Overall,
these reliability data indicate that quantitative muscle testing, muscle
thickness, and echointensity offer both robust within examiner repeat-
ability and between examiner agreement. Manual muscle testing of-
fered perfect within examiner repeatability and modest between
examiner agreement. Structured, focused, and ongoing training for
manual muscle testing may be useful to improve agreement between
raters and, in retrospect, such efforts were limited in the present
study. Considering the common use of manual muscle testing to assess
tongue strength in clinical settings by neurologists, speech-language pa-
thologists, and other healthcare professionals, such efforts may be
worthwhile. Finally, although there was perfect within examiner re-
peatability for qualitative appearance, therewas little to no between ex-
aminer agreement for thismeasure. Considering thatmuscle quality can
be assessed quantitatively with US with both excellent repeatability
within examiners and agreement between examiners, assessment of
qualitative appearance appeared to be of limited value in this study.

Future research should further investigate the effects of tongue in-
volvement in LOPD on speech and swallowing. Although prior studies
have reported both dysarthria [11] and oropharyngeal dysphagia [24]
in LOPD, the functional impact of lingual involvement on speech and
swallowing disorders is an important topic that requires further sys-
tematic investigation. As our knowledge of the functional effects of
LOPD on speech and swallowing expands, investigations which exam-
ine the effects of treatment on the tongue musculature may become in-
creasingly important. Data regarding the progression of tongue
involvement over time are also needed. Finally, future research should
continue to investigate the role of tongue involvement in thedifferential
diagnosis and ongoing surveillance of LOPD. Such efforts would be en-
hanced by the establishment of reference data regarding tongue thick-
ness in children and adults and this is another important area for
future research efforts.
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