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Abstract

Introduction—Acid maltase deficiency (AMD) (Pompe disease) is an inherited myopathic
disorder of glycogen degradation. Diagnosis is often delayed. Muscle ultrasound could improve
diagnosis.

Methods—We compared skeletal muscle ultrasound images from adults with AMD (n=10) to
other myopathies (n=81) and, in AMD, compared qualitative (Heckmatt) and quantitative
(backscatter) ultrasound measurements with strength and function.

Results—Qualitative ultrasound was abnormal in at least one muscle in all AMD subjects.
Ultrasound patterns specific for AMD compared to other myopathies were: normal triceps brachii
despite abnormalities in elbow flexors (89 vs. 17%, p<0.0001), focal abnormalities affecting deep
more than superficial biceps brachii (40 vs. 4%, p=0.002), and more severe involvement of vastus
intermedius than rectus femoris (40 vs. 11%, p=0.03). In AMD, both qualitative (Heckmatt) and
quantitative (backscatter) ultrasound measures increased with decreasing strength and function.

Discussion—Muscle ultrasound identifies the presence and specific patterns of AMD pathology,
measures disease severity, and could help diagnose AMD.
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Introduction

Acid maltase deficiency (AMD) (Pompe disease) is an autosomal recessive disorder of
lysosomal glycogen degradation caused by a deficiency of alpha-glucosidase (GAA)
activity. AMD incidence is about 1 in 45,000 live births and varies between different ethnic
populations 1:2. Infantile onset AMD is characterized by cardiac, skeletal, and smooth
muscle involvement. Later-onset AMD manifests in the first to sixth decades primarily as
progressive, patchy weakness and respiratory insufficiency. Patterns of weakness are
heterogeneous and can mimic other neuromuscular disorders, resulting in a delay in
diagnosis 3:4. Treatment can modify the course of AMD 5, making a timely diagnosis
important. Diagnostic evaluation, initiated by the presence of myopathic weakness and/or
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respiratory insufficiency, includes electromyography, GAA enzyme activity assay, and
muscle biopsy 2. Although muscle imaging using magnetic resonance imaging (MRI) and
computed tomography (CT) can demonstrate pathology in patients with adult-onset AMD 6~
8, the specificity of any patterns of muscle involvement has not been evaluated. Muscle
imaging is therefore not routinely included in the diagnostic evaluation of patients with
suspected AMD 2.

Ultrasound imaging of muscle pathology can be used as an adjunct to the physical exam in
evaluating neuromuscular disorders and offers some advantages over other imaging
modalities. It is inexpensive and can rapidly evaluate multiple muscles in both the arm and
leg at the bedside. Both qualitative and quantitative assessments of the degree of muscular
pathology can be measured using ultrasound 9715. We have developed a reproducible,
quantitative technique for measuring skeletal muscle pathology using calibrated ultrasound
images to estimate the level of acoustic energy reflected by tissue back to the transducer
(calibrated muscle backscatter, cMB) 16. The ultrasound appearance and pattern of muscle
pathology in adult AMD is unknown. In this study we used qualitative ultrasound to
describe the appearance and pattern of muscle pathology in adults with AMD as compared
to other myopathies and examined the utility of qualitative and quantitative ultrasound to
measure disease severity.

We evaluated 6 men and 4 women ages 43 to 72 years with clinical presentations, alpha-
glucosidase enzyme levels, and genotypes consistent with late-onset acid-maltase
deficiency. Subjects with AMD had symptoms for 5 to 21 years. At the time of evaluation, 9
subjects with AMD were taking alglucosidase alfa (Myozyme ©) for an average of 91
(range: 12-134) weeks as part of a concurrent trial. We also reviewed the muscle ultrasound
images of 37 men and 44 women ages 18-78 years referred for muscle ultrasound for
evaluation of known or possible myopathy. These non-AMD subjects all had an established
diagnosis or clinical presentation, electrophysiologic evaluation and/or muscle biopsy that
were not suggestive of AMD 2 (Table 1).

Ultrasound was performed on one unilateral arm and leg in all subjects using an L12-5 Hz
linear array ultrasound probe and either the Philips HD11xe or 1U22 ultrasound machine.
The side examined was randomly determined unless one side was more affected, in which
case that side was selected. Machine settings for image acquisition were saved as presets and
held constant for all images and without adjusting the focal point, gain or time-gain
compensation settings. Rarely, the depth setting was increased to accommodate for larger
limbs/muscles. Each subject was seated with the arm supported by a pillow on a table at
mid-thoracic height and the knee bent at ninety degrees. Ultrasound images were obtained of
the elbow flexors (biceps brachii and brachialis) and triceps brachii approximately 2/3 the
distance from the acromion to the lateral epicondyle of the humerus, for the extensor carpi
radialis, approximately 3 cm distal to the lateral epicondyle of the humerus, for the rectus
femoris, approximately 2/3 the distance from the superior iliac spine to the superior edge of
the patella, and for the tibialis anterior, approximately 1/4 the distance from the lateral
epicondyle of the femur to the lateral malleolus of the tibia. All acid-maltase subjects had
ultrasound images of the elbow flexors, triceps brachii, extensor carpi radialis, rectus
femoris, and tibialis anterior. All non-AMD subjects had ultrasound images of the elbow
flexors (n=81) and most had images of the triceps brachii (n=67) and rectus femoris (n=75).

All ultrasound images were obtained and scored retrospectively by a single examiner (CMZ)
based on Heckmatt’s rating scale as follows: 1-normal, 2-mildy increased muscle echoes
with normal bone reflection, 3- moderately increased muscle echoes with reduced bone
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reflection, 4-severely increased muscle echoes with absent bone reflection (Figure 1).
Images that were judged to be in- between two ratings were assigned an intermediate value
(ie: a rating of 2.5 was borderline between 2 and 3). A muscle ultrasound image was
considered normal if the Heckmatt rating scale was scored less than 2 and abnormal if it was
scored 2 or higher 17.

Quantitative ultrasound analysis was used to measure the amount of brightness of the
ultrasound signal for comparison with strength and functional outcome measurements.
Quantitative ultrasound image analysis was performed for 9 of 10 AMD subjects who had
images obtained using the HD11xe imaging system and who underwent strength and
functional analysis. An average quantitative (cMB) and qualitative (Heckmatt) muscle
ultrasound score for each of these nine subjects was calculated by averaging the cMB or
Heckmatt rating score of the elbow flexors, extensor carpi radialis, rectus femoris, and
tibialis anterior.

The HD11XE ultrasound system was configured and calibrated for estimation of backscatter
intensity (expressed in decibels, dB) and images of subjects with acid-maltase deficiency
were analyzed and measured as described previously 16. Imaging parameters (gain, transmit
focus, and time gain compensation settings) were uniform in all subjects. Eight-bit bitmap
(BMP) images were exported and the mean grayscale values over the region-of-interest,
defined as the entire depth of muscle between the subcutaneous tissue and humerus in the
arm or the deep fascia (excluding the lateral margins of the imaged muscle), were
determined using Philips™ quantitative software (QLAB™). Each BMP image was
analyzed as exported from the ultrasound system without any adjustments or manipulations.
All ultrasound measurements gave mean grayscale values in the linear range of the
calibration curve for the ultrasound machine. Calibrated muscle backscatter values were
calculated by dividing the average grayscale values by the slope of the best-fit line relating
grayscale levels to backscatter (6.6 grayscale levels/dB) and then subtracting the backscatter
of a reference phantom (13.7dB -obtained by imaging a CIRS Grey Scale Ultrasound
Phantom, model 047, using the same imaging parameters as in human subjects). The
calculation for cMB was (grayscale level/6.6) —13.7.

Disease severity, strength, degree of fatigue, and overall level of physical health was
assessed in 9 of 10 subjects with acid-maltase deficiency as part of their participation in a
concurrent clinical trial 5. These subjects completed the Rotterdam Handicap Scale 18,
Short Form-36 Health Survey 19, and the Fatigue Severity Scale 20 an average of 73 days
(range: 0-170 days) from the ultrasound evaluation. Strength was measured by specially
trained neuromuscular physical therapists within one day of and on the same side as the
ultrasound images using the modified MRC 10-point rating scale 21 and using quantitative
muscle testing. An MRC score of 10 was considered normal. Quantitative muscle testing of
strength was measured during maximal voluntary isometric contraction of elbow flexors and
knee extensors and reported as a percent of the predicted normal score using the quantitative
measurement system of the Cooperative International Neuromuscular Research Group 22.
Dr. Zaidman was blinded to the results of the strength and disease severity assessments at
the time of the ultrasound evaluation. Statistical tests include Fischer’s exact two-tailed
probability (FET) and Spearman’s rank coefficient (rs). All variables were treated as
independent samples for comparison. Written informed consent was obtained on all research
subjects.
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Results

The triceps brachii is relatively spared in AMD

Ultrasound showed at least one abnormal muscle (Heckmatt rating of 2 or higher) in all
AMD subjects. Both proximal and distal muscles were often abnormal. Ultrasound was
abnormal in 9 of 10 (90%) elbow flexor muscles, 7 of 10 (70%) rectus femoris muscles, 6 of
10 (60%) tibialis anterior muscles, and 7 of 10 (70%) extensor carpi radialis muscles. The
triceps brachii muscle was usually relatively spared compared to other muscles, especially
elbow flexors, and was abnormal in only 1 of 10 (10%) AMD subjects (p = 0.001 vs. elbow
flexors) (Figure 2). Strength was also spared in elbow extensors compared to elbow flexors.
The MRC rating was normal in 8 of 9 (89%) elbow-extensors (triceps brachii) but in only 3
of 9 (33%) elbow flexors of AMD subjects (p = 0.05). Pathologic evidence of sparing of the
triceps brachii compared to the vastus lateralis was found in one subject with acid-maltase
deficiency who had biopsies of both muscles performed six months before the ultrasound.

Patterns of muscle involvement on ultrasound have specificity for AMD

In patients with an abnormal ultrasound of the elbow flexors, a normal ultrasound of the
triceps brachii was more common (p<0.0001, FET) in AMD (89%; 8 of 9) than in non-AMD
myopathy patients (17%; 8 of 48). Sparing of the superficial biceps brachii with abnormal
deep biceps brachii and brachialis (on both transverse and longitudinal images) was more
common (p=0.002, FET; Figure 2) in AMD (40%; 4 of 10) than in other myopathies (4%; 3
of 81). Relative sparing of the rectus femoris (grade I-11) compared to more severe
involvement of the vastus intermedius was more common (p=0.03, FET, Figure 2) in AMD
(40%; 4 of 10) than in other myopathies (11%; 8 of 75). A combination of two of these
ultrasound patterns (a normal triceps brachii but abnormal elbow flexors, sparing of the
superficial biceps brachii, or relative sparing of the rectus femoris compared to the vastus
intermedius) was seen in 60% (6 of 10) of patients with AMD but only 3% (2 of 67) of
patients with other myopathies (p<0.0001, FET): one with inclusion body myositis and one
with limb-girdle muscular dystrophy of unknown type.

In AMD, cMB and Heckmatt ratings are higher in patients with worse elbow flexion
strength and overall function

Quantitative elbow flexion strength decreased with both higher Heckmatt ratings (rs=—0.8,
p=0.004) and higher cMB levels (rs=—0.8, p=0.008) of the elbow flexors (Figure 3).
Quantitative knee extension strength decreased with higher Heckmatt ratings (r¢=—0.9,
p=0.001) but not cMB levels (r; =—0.4, p=0.2) of the rectus femoris. Compared to the elbow
flexors, ultrasound measurements of the rectus femoris were relatively insensitive to
changes in strength and in some patients did not vary despite large differences in knee
extensor strength (Figure 3). Both average Heckmatt ratings (rs= —0.7, p=0.056) and average
cMB levels (rs= —0.7, p=0.045) were higher in AMD patients with worse function on the
Rotterdam Handicap Scale. Neither average cMB nor average Heckmatt ratings varied with
overall physical health or level of fatigue, measured by the Short Form-36 Health Survey
Physical Health Sum score and Fatigue Severity Scale, or with age, disease duration, or
duration of treatment with alglucosidase alfa (all p>0.1). Average cMB levels and Heckmatt
ratings were strongly correlated with each other (rs= 0.9, p=0.001).

Discussion

Diagnostic neuromuscular ultrasound commonly detects muscle pathology in symptomatic
adults with AMD. Muscle ultrasound was qualitatively abnormal in at least one muscle in all
subjects with AMD with pathology in both proximal and distal arm and leg muscles in most
(70%). The degree of pathology in AMD is well known to vary between and even within
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muscles 23. An ultrasound pattern of normal elbow extensors (triceps brachii) but abnormal
elbow flexors was common in AMD patients (89%) but not in other myopathies (17%).
Strength testing showed a similar pattern of involvement. The differential diagnosis of
weakness of elbow flexion out of proportion to elbow extension includes AMD,
facioscapulohumeral dystrophy, limb-girdle muscular dystrophy 2B and 2L, and motor
neuron disease 24. Additional radiologic and strength studies comparing elbow flexors to
elbow extensors could identify other disorders with similar patterns.

In AMD, there is also heterogeneous pathology within muscle groups that is prominent on
ultrasound images. There was relative sparing of the superficial compared to the deep
portion of the elbow flexors or of the rectus femoris compared to the vastus intermedius in
40% of AMD patients. These patchy or focal ultrasound abnormalities within muscle groups
are more common in patients with AMD than in other myopathies. Similar to our findings
using ultrasound, MRI of anterior thigh muscles in AMD showed sparing of the rectus
femoris and the superficial portion of the vastus lateralis 6. A pattern of medial and posterior
thigh muscle pathology that can suggest AMD, early involvement of the leg adductors and
hamstring muscles with sparing of the short head of the biceps femoris, has been detected
using computer tomography 8. The appearance or pattern of muscle pathology may vary
with differences in system settings, imaging modality, or disease severity. Experience with
an imaging system is therefore required to distinguish neuromuscular pathology from
healthy skeletal muscle. This study of ultrasound identifies patterns of muscle pathology
specific for adults with late-onset AMD who were symptomatic for at least five years as
compared to adults with other myopathies. Additional muscle imaging studies are needed in
infant and child onset AMD and in early symptomatic adult AMD patients to determine if
similar patterns of muscle pathology are present.

Quantitative and qualitative ultrasound measures can evaluate the presence, and measure the
degree, of muscle pathology in myopathies 14717. In this study both quantitative (cMB) and
qualitative (Heckmatt) ultrasound measures increased with decreasing strength and function.
Ultrasound measurements of the elbow flexors showed a strong relationship with strength.
The variable association of ultrasound of the rectus femoris with motor function is likely due
to relative sparing of the rectus femoris compared to other muscles in the quadriceps group
that affect the strength of knee extension.

Both quantitative (cMB) and qualitative (Heckmatt) ultrasound measures can be used to
measure the degree of pathlogy in AMD. Qualitative ratings can be assessed in different
ultrasound systems without specific or fixed settings but are subjective and vary depending
on examiner expertise 12. Quantitative ultrasound measurements such as cMB are more
reliably measured than qualitative ratings but require a specific configuration and calibration
of the ultrasound system if measurements are to be reproduced between systems 12:16. Our
findings of increasing ultrasound signal with decreasing strength in AMD need to be
confirmed in additional studies, as measurements of strength, function, or ultrasound images
may vary between different machines, settings, or examiners.

The type of muscle pathology responsible for the abnormal ultrasound signal intensity
remains to be determined. Abnormal signal on ultrasound 9:10:25, MRI 5 and CT 8
increases with greater amounts of fat or fibrous tissue. Other pathologies, including
inflammation or muscle fiber atrophy from denervation, could also produce abnormal signal
26. There was no relationship between cMB or Heckmatt ratings with age or disease
duration, similar to a prior study using MRI 6, or with measures of fatigue or physical
health, which are both affected in AMD 19:20. This suggests that in AMD, ultrasound of
skeletal muscle could specifically measure pathology affecting muscle strength and function
but not patients’ overall health or stamina.
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In conclusion, ultrasound of skeletal muscle is commonly abnormal in symptomatic adults
with AMD and identifies patterns of muscle involvement that can suggest AMD. AMD
myopathy patterns include normal elbow extensors despite abnormalities in the elbow
flexors, focal abnormalities affecting the deep more than superficial biceps brachii, and
more severe involvement of the vastus intermedius than rectus femoris. Ultrasound signal
increases with decreasing strength and function in AMD. As ultrasound can be used to
screen large areas of multiple muscles quickly and at the bedside, adding ultrasound to the
routine evaluation of adults with neuromuscular disorders could improve the likelihood of
identifying patients with AMD.
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Figure 1. Qualitative ultrasound assessment of skeletal muscle pathology using Heckmatt’s
rating scale

Normal (grade 1) ultrasound appearance of the biceps brachii and brachialis shows
predominantly dark muscle (M) bordered by subcutaneous fat (SC) and a bright, distinct
bone reflection (B). Grade Il: increased signal in the biceps brachii and brachialis with
preserved bone reflection. Grade I11: moderately increased signal and reduced bone
reflection. Grade 1V: markedly increased signal and absent bone reflection.
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Figure 2. Patterns of Muscle Pathology on Ultrasound in Acid Maltase Disease

Ultrasound of the biceps brachii and brachialis (Row 1), triceps brachii (Row 2) and rectus
femoris and vastus intermedius (Row 3) is shown for four patients with acid-maltase disease
(AMD) aged 45-63 years and a 49 year-old woman with limb-girdle muscular dystrophy
(LGMD). In AMD patients, there is sparing of the triceps brachii compared to the biceps
brachii (patients 1-4), sparing of the superficial portion of the biceps brachii (arrows,
patients 1 and 2), and sparing of the rectus femoris (arrowhead) compared to the vastus
intermedius (*, patients 1, 2, and 4). In contrast, in LGMD there is more diffuse,
homogenous involvement of the proximal arm and leg muscles.
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Figure 3. Ultrasound in adults with AMD: Relations to Strength

Elbow flexion strength (top, expressed as a percent of normal) decreased with both higher
quantitative (cMB, rs=—0.8, p=0.008) and qualitative (Heckmatt rating, rs=—0.8, p=0.004)
ultrasound measures of muscle pathology in the elbow flexors. Knee extension strength
decreased with higher Heckmatt ratings (rs=—0.9, p=0.001) but not cMB levels (rs =—0.4,
p=0.2) of the rectus femoris. Compared to the elbow flexors, ultrasound measurements of
the rectus femoris were relatively insensitive to changes in strength. For example, five
subjects had a Heckmatt rating of two despite differences in knee extension strength from 48
to 13% of normal.
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Table 1

Ultrasound of Patients with Known or Suspected Myopathy

Type of Myopathy # of Patients with Abnormal Ultrasound/Total (%)
Acid maltase disease 10/10 (100)
Immune myopathy/Myositis 19/23 (83)

Limb girdle/facioscapulohumeral muscular dystrophy ~ 17/18 (94)

Myalgia, cramps, idiopathic elevated creatine kinase 4/9 (44)

Metabolic/Mitochondrial 3/7 (42)
Inclusion body Myositis (hereditary and idiopathic) 6/7 (85)
Congenital Muscular Dystrophy 5/5 (100)
Becker Muscular Dystrophy 2/2 (100)
Other Myopathy 8/11 (72)
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