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Abstract

Late-onset Pompe disease (LOPD) causes myopathy of skeletal and respiratory muscles, and phrenic nerve pathology putatively contributes
to diaphragm weakness. The aim of this study was to investigate neural contributions to diaphragm dysfunction, usefulness of diaphragm
ultrasound, and involvement of expiratory abdominal muscles in LOPD. Thirteen patients with LOPD (7 male, 5117 years) and 13 age-
and gender-matched controls underwent respiratory muscle strength testing, ultrasound evaluation of diaphragm excursion and thickness,
cortical and cervical magnetic stimulation (MS) of the diaphragm with simultaneous recording of surface electromyogram and twitch
transdiaphragmatic pressure (twPdi; n=6), and MS of the abdominal muscles with recording of twitch gastric pressure (twPgas; n=6).
The following parameters were significantly reduced in LOPD patients versus controls: forced vital capacity (p<0.01), maximum inspiratory
and expiratory pressure (both p<0.001), diaphragm excursion velocity (p<0.05), diaphragm thickening ratio (1.8 £0.4vs. 2.6 0.6, p<0.01),
twPdi following cervical MS (12.0+6.2vs. 19.44+4.8 cmH,0, p<0.05), and twPgas following abdominal muscle stimulation (8.8 £8.1vs.
34.6+17.1 cmH,0, p<0.01). Diaphragm motor evoked potentials and compound muscle action potentials showed no between-group
differences. In conclusion, phrenic nerve involvement in LOPD could not be electrophysiologically confirmed. Ultrasound supports assessment
of diaphragm function. Abdominal expiratory muscles are functionally involved in LOPD.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction and lipodystrophic changes [1]. Clinical hallmarks of the
condition include a limb-girdle pattern of muscle weakness

Late-onset Pompe disease (LOPD) is an autosomal- and respiratory muscle dysfunction, both resulting in

recessive lysosomal storage disease caused by deficiency of
the o—1,4-glucosidase enzyme [1]. This causes accumulation
of glycogen in various tissues but mainly in skeletal
muscle, leading to myofibrillar dysfunction, muscle atrophy
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functional disability and reduced life span [2-5].

Enzyme replacement therapy (ERT) has been available
since 2006 and may improve or stabilize motor function
and vital capacity [6], but some patients still progress
to significant respiratory muscle weakness and develop
nocturnal hypoventilation requiring home ventilatory support
[7]. In clinical practice, assessment of respiratory muscle
function follows standard recommendations [8], and forced
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vital capacity (FVC), maximum inspiratory pressure (MIP),
maximum expiratory pressure (MEP) and peak cough flow
(PCF) in addition to blood gas analysis are indispensable
for medical indication for non-invasive ventilation (NIV) or
mechanical cough assistance [8,9].

In LOPD, respiratory muscle weakness has mainly been
attributed to myopathic involvement of the diaphragm itself,
which is supported by both functional and imaging studies
[10-13], but expiratory abdominal wall muscles may also
be affected. Interestingly, accumulation of glycogen has also
been found in cervical motor neurons and central nervous
system (CNS) neurons suggesting that neuronal pathology
may contribute to respiratory muscle dysfunction [14,15].
These findings have recently been discussed as a potential
limitation of current ERT strategies, which do not specifically
target the CNS [16,17]. However, electrophysiological studies
to verify phrenic nerve pathology in patients with LOPD
are lacking. Therefore, the present study investigated phrenic
nerve conduction properties following posterior cervical
magnetic stimulation (CEMS). This technique has been shown
to be less painful for patients than electrical stimulation
of the phrenic nerves [18-20]. Resulting EMG responses
are referred to as compound muscle action potentials
(CMAP) which can be analyzed in terms of amplitude
and latency, and help to differentiate axonal damage from
demyelination. MS of the diaphragm can also be performed
transcranially yielding motor evoked potentials that allow
assessment of central conductivity of the inspiratory pathway
[21,22].

Evaluation of pulmonary function by FVC and respiratory
muscle strength by MIP, MEP and PCF as described above
is highly dependent on co-operation and effort, which are
difficult to control for [8]. Non-volitional assessment of
diaphragm strength can be achieved when CEMS of the
phrenic nerves is combined with invasive measurement
of the resulting twitch transdiaphragmatic pressure (twPdi)
using esophageal and gastric balloon catheters [8,23]. This
technique has been applied only once in patients with LOPD,
showing that twPdi correlates with supine FVC and MIP [24].

Magnetic resonance imaging (MRI) has been proposed for
quantification of diaphragm involvement in LOPD [10,11,13],
but technical prerequisites may not always be available.
For this reason, our study evaluated diaphragm morphology
and function by ultrasound. As shown in healthy subjects,
diaphragm thickening ratio (DTR) and diaphragm velocity
during a voluntary sniff maneuver may be specifically useful
to assess diaphragm function [25].

MS of the abdominal expiratory muscles along with
recording of twitch gastric pressure (twPgas) has been
introduced for non-volitional assessment of expiratory muscle
strength [26]. In LOPD, substantial involvement of the
abdominal wall muscles has been shown by computer
tomography [10], but to date, studies applying MS of
the abdominal nerve roots have not been published. One
previous study found weak correlation between the MEP and
both twPdi and maximum voluntary Pdi without specifically
reporting gastric pressures [24].

The aim of this study was to comprehensively evaluate
diaphragm strength and respiratory muscle function in
LOPD patients by combining spirometry with phrenic nerve
conduction studies, diaphragm ultrasound, and non-volitional
assessment of twPdi and twPgas following MS of the
diaphragm or the abdominal muscles, respectively.

2. Methods
2.1. Study participants

This cross-sectional case-control study was conducted from
November 2017 to October 2018. Ethical approval was
obtained from the local ethics committee (Ethikkommission
der Arztekammer Westfalen-Lippe und der WWU Miinster).
All patients provided written informed consent prior to
enrolment in the study. This study was part of a wider
project investigating respiratory muscle strength and function
in neuromuscular disorders and chronic obstructive pulmonary
disease (ClinicalTrials.gov Identifier: NCT03032562). Only
adult patients with genetically proven LOPD and ongoing
ERT were recruited. Control subjects were matched for age,
gender, and body mass index (BMI) (age difference <5 years
and variation in BMI <3kg/m?).

2.2. Clinical evaluation

For assessment of neurological disability, the Walton and
Gardner-Medwin Scale (WGMS) was applied, which has been
used in clinical studies on LOPD [27]. The WGMS score
ranges from O to 10, with a higher score indicating more
disability. The Medical Research Council dyspnea scale was
used for self-assessment of breathlessness [28,29]. The 6 min
walking test (6-MWT) was performed to quantify exercise
performance [30].

2.3. Spirometry

Lung function tests were performed according to standard
recommendations using an electronic spirometer (Vitalograph
3000™, Vitalograph, Hamburg, Germany) [8]. Participants
were encouraged to perform a maximum effort towards
their individual FVC and forced expiratory volume (FEV)
in the upright position. At least five consecutive tests were
performed until the best result was achieved and showed
<10% variation from the preceding test. FVC was expressed
as percentage of the predicted value [8,31]. MIP and
MEP were obtained using a handheld electronic manometer
(MicroRPM™ , CareFusion, Baesweiler, Germany) equipped
with a flanged mouthpiece. The best of three attempts was
recorded if variability to the preceding test was <10%, and
pathological cut-off values were obtained from the literature
[32]. All measurements were performed using a nasal clip to
prevent leakage of air.
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2.4. Carbon dioxide monitoring

Daytime blood gas analysis (with samples drawn from
the earlobe which was arterialized using nonivamid/nicoboxil
ointment) and transcutaneous nocturnal capnometry (Sentec,
Therwil, Switzerland) had been performed in all LOPD
patients between 1 and 90 days prior to the study
procedures.

2.5. Diaphragm ultrasound

A portable ultrasound machine (LOGIQ S8 -XD clear, GE
Healthcare, London, United Kingdom) with a 3.5 MHz convex
transducer was used for assessment of diaphragm excursions,
and a 10MHz linear transducer was used for evaluation of
diaphragm thickness. Measurements were performed on the
right hemidiaphragm with the subject in the supine position.
Diaphragm excursions were evaluated during tidal breathing,
at total lung capacity (TLC) and during a voluntary sniff
maneuver, with the 3.5MHz probe subcostally positioned
between the mid-clavicular and anterior axillary line (Figure
S1A). Diaphragm excursion velocity was assessed during
tidal breathing and voluntary sniff only (Figure S1B).
Diaphragm thickness was measured as the vertical distance
between the pleural and peritoneal layer at both TLC and
functional residual capacity (FRC) (Figures S1C and S1D)
with the probe positioned in the posterior axillary line
between the eighth and tenth intercostal space. The DTR
was calculated as thickness at TLC divided by thickness at
FRC.

2.6. Cortical and cervical magnetic stimulation of the
diaphragm

Diaphragm surface electromyogram was recorded
bilaterally (Dantec 2000™, Dantec Medical, Skovlunde,
Denmark). Electrodes were placed in the seventh intercostal
space with the reference electrodes positioned cranially to
the xiphoid process (16cm inter-electrode distance). The
ground electrode was placed around the right wrist. Magnetic
stimulation was performed using a MagPro Compact™
magnetic stimulator equipped with a 12cm C-100 circular
coil (MagVenture, Willich, Germany). Stimulus duration
was 0.1 ms, and stimulus intensity was 100% of the
magnetic flux density (2 Tesla). For CEMS, the coil was
placed at C7 and then moved up towards C6 until the
highest reproducible CMAP amplitude was obtained. For
cortical MS (COMS), the magnetic coil was placed above
Cz” [33]. At least five stimuli were delivered in order
to achieve the highest possible amplitude showing <10%
variation from the preceding two stimulations. To avoid
twitch potentiation, stimuli were separated by at least 40 s.
Stimulation at FRC was determined by visual observation
of abdominal movements. Figure S2 displays representative
CMAP following cortical (Figure S2A) and cervical (Figure
S2B) stimulation at FRC. Central motor conduction time
(CMCT) was calculated by subtraction of peripheral latency

following CEMS from overall response latency following
COMS.

2.7. Transdiaphragmatic pressure recordings following
volitional inspiratory maneuvers and CEMS of the phrenic
nerves

Esophageal and gastric pressure (Pes and Pgas) were
simultaneously measured using balloon catheters (Cooper
Surgical, Trumbull, CT, USA) transnasally inserted into the
stomach and the distal esophagus [34]. Balloon catheters
were connected to a differential pressure transducer (DPT-
100™, Utah Medical Products, Athlone, Ireland) and carrier
amplifier (AD Instruments, Oxford, UK), and Pgas, Pes and
Pdi (defined as Pes — Pgas) were continuously displayed using
LabChart™ software (Fig. S3A). Pdi measurements were
performed during a voluntary sniff and Mueller maneuver (i.e.
maximal inspiration against an occluded airway).

Subjects were encouraged to achieve maximum deflection
of the Pdi curve. After participants had learned and
practiced the maneuvers several times, five measurements
were recorded for each and the best result achieved was
taken for analysis (Figure S3B). Volitional maneuvers were
separated by 5 min of quiet breathing. Twitch Pdi (twPdi),
calculated as twPes — twPgas, was simultaneously recorded
with diaphragm CMAP following CEMS of the phrenic
nerves as described above.

2.8. Gastric pressure recordings following voluntary cough
and magnetic stimulation of the abdominal muscles

For recording of Pgas during forced expiration, subjects
were instructed to repeatedly perform a voluntary cough with
5 min between single maneuvers. After careful instruction,
five attempts were recorded with visual feedback to the patient
in order to obtain maximum deflection of the Pgas curve
(Figure S3D). The best result achieved was kept for further
analysis.

The abdominal nerve roots were magnetically stimulated
at the tenth vertebra [26]. Surface electrodes were bilaterally
placed near the lower costal margin 16cm from the xiphoid
process. Stimulus duration was 0.1 ms, and stimulus intensity
was 100% of the maximum magnetic output as previously
described [35]. Again, stimulation at FRC was determined
by visual observation of abdominal movements. Twitch Pgas
following stimulation at FRC at TH10 is shown in Fig. S3C.

2.9. Statistical analyses

All analyses were performed using Sigma Plot™ software
(Version 13.0, Systat Software GmbH, Erkrath, Germany).
Results are expressed as mean and standard deviation for
parametric data, and median and interquartile range (IQR) for
continuous variables with a skewed distribution. Categorical
variables are expressed as percentages, unless otherwise
specified. Differences between groups were analyzed using
the unpaired #-test or the Mann-Whitney U test as appropriate.
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Table 1
Demographic and basic lung function data in LOPD patients and controls.

LOPD patients (n=13)  Healthy volunteers (n=13)  p-value

Male, n (%) 7 (54) 7 (54) n.s.
Age, years 50.5+15.9 499+14.4 n.s.
BMI, kg/m? 245+3.9 249+23 n.s.
6MWD, m 408+£175 - -
MRC dyspnea score 2.1£14 - -
Lung function data
FVC, L 27+£1.2 45+1.3 <0.01
FVC,% predicted 64.3+£21.3 110.5+18.7 <0.01
PEF, L/sec 51+£15 83+25 <0.01
PEF,% predicted 67.3+183 104.6+25.0 <0.01
Maximum inspiratory pressure, cmH,O  37.5+18.5 97.5+£26.6 <0.01
Maximum exspiratory pressure, cnH,O  74.24+26.7 130.1+£26.1 <0.01

Data are presented as mean and standard deviation or number of patients (%).
6MWD, 6 min walking distance; BMI, body mass index; FEV|, forced expiratory volume after 1 s; FVC,
forced vital capacity; n.s., not significant; PEF, peak expiratory flow.

Table 2
Baseline characteristics for individual patients.

Patient ID Age  Sex Age at symptom Age at diagnosis Age at ERT start Duration of ERT MRC-DS WGMS
onset (years) (years) (years) (years)

1 42 M 38 39 39 3 1 3
2¢ 36 M childhood 28 29 7 4 5
3 33 F adolescence 25 25 8 3 2
4 63 F 20 34 51 12 2 7
5°¢ 73 F 55 64 64 9 4 6
6°* 58 M childhood 56 56 2 2 4
7 62 F 15 59 61 1 4 5
8 71 M 51 71 76 1.5 3 6
9 45 F 34 35 35 10 1 6
10 22 M 10 19 20 2 1 2
11 52 F 30 41 41 9 1 3
12 59 M childhood 50 55 4 1 3
13 35 M adolescence 33 33 2 2 4
Mean - - 42.6 422 5.4 2.3 43
SD - - 15.4 14.7 3.7 1.2 1.6

ERT, enzyme replacement therapy; F, female; M, male; MRC-DS,

Gardner Medwin Scale.

MRC dyspnea scale; SD, standard deviation; WGMS, Walton

* non-invasive ventilation for nocturnal hypoventilation. Patient 4 was wheelchair-bound.

Differences in categorical data were compared using the x?2
—test. For all analyses, a p-value of <0.05 was considered
statistically significant. For graphical illustrations, GraphPad
Prism 7™ (GraphPad Software, San Diego, California) was
used.

3. Results
3.1. Subjects

Thirteen patients with LOPD (age 51%6 years, 7 male,
BMI 25.0+4kg/m?) and 13 healthy control subjects (age
50+15 years, 7 male, BMI 25.1£2kg/m?) were enrolled
(Table 1). Spirometry, phrenic nerve conduction studies
following CEMS and diaphragm ultrasound were performed
in all subjects. Invasive measurement of Pgas and Pes was
refused by 7 LOPD patients leaving a cohort of 6 patients in
whom full data sets were available. In all patients, diagnosis
of Pompe disease was confirmed by both genetic and enzyme

activity testing. Individual baseline characteristics of LOPD
patients are shown in Table 2. All patients were receiving ERT
according to standard recommendations (biweekly, 20 mg/kg
body weight). Age at symptom onset ranged from late
childhood to 55 years. Duration of ERT ranged from 1
year to 12 years. Mean WGMS score was 4.341.7 with
4 patients requiring walking aids (n=3) or wheelchair
assistance (n=1). Mean MRC breathlessness grade was
2.1+1.4. Seven patients were receiving nocturnal NIV for
treatment of sleep-related hypoventilation.

3.2. CO, measurements, spirometry, and bedside tests of
respiratory muscle strength

None of the patients showed daytime hypercapnia (data
not shown), and in non-ventilated individuals, nocturnal
hypercapnia had recently been excluded by transcutaneous
capnometry (maximum transcutaneous carbon dioxide tension
[pCO,] 44+3mmHg, mean pCO, 394+3mmHg). In
patients with LOPD (n=13), FVC, MIP and MEP were
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Fig. 1. Forced vital capacity (A) and maximum inspiratory pressure (B) in hypercapnic (left panels) and normocapnic late-onset Pompe disease (LOPD)

patients (mid panels) and healthy controls (right panels).
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Fig. 2. Correlation between forced vital capacity and clinical disease severity
(WGMS) in patients with late-onset Pompe disease.

significantly reduced compared with control subjects (Table 1,
all p<0.01). Both FVC and MIP were significantly lower
in LOPD patients receiving home ventilatory support than
in non-ventilated patients (Fig. 1A and B). FVC (r=-0.72;
p<0.01) and MIP (r=-0.59; p<0.03) were correlated with
clinical disease severity based on the WGMS score, but not
with the MRC dyspnea scale score (Fig. 2).

3.3. Diaphragm ultrasound

Whereas diaphragm thickness could be measured in all
subjects, quantitative assessment of diaphragm excursion was
hampered by an insufficient acoustic window in a subset
of patients and controls (Table 3). Diaphragm excursion
amplitude during deep breathing was significantly reduced
(by 42%, p=0.01) in LOPD patients versus controls (Table
3; Fig. 3). Excursion velocity during voluntary sniff and
DTR were also significantly lower in LOPD patients than
in controls (Table 3). When LOPD patients were stratified
by the presence of nocturnal NIV, no significant between-
group differences were found with regard to DTR, excursion

velocity, and excursion amplitude. Diaphragm ultrasound
parameters did not significantly correlate with the MRC
dyspnea scale score or the WGMS score, but FVC was
significantly correlated with DTR (r=0.62; p=0.02).

3.4. Diaphragm motor evoked potentials and phrenic nerve
conduction studies following magnetic stimulation

In all study participants (n=26), reproducible EMG
responses were recorded following both CEMS and COMS of
the diaphragm. Motor evoked potentials and CMAP showed
no significant side-to-side difference regarding latency and
amplitude (Table 4). According to reference values reported
in the literature and compared with control subjects in this
study, the latency and amplitude of diaphragm CMAP and
motor evoked potentials were normal (Table 4).

3.5. Transdiaphragmatic pressure recordings following
volitional inspiratory maneuvers and CEMS of the phrenic
nerves

Following a voluntary sniff maneuver, Pdi was significantly
reduced in LOPD patients (n=6) compared with control
subjects (Table 5). Twitch Pdi amplitude following CEMS of
the phrenic nerves was significantly lower in LOPD patients
than in healthy volunteers (Table 5, Fig. 4A). Twitch Pdi was
not statistically related to MIP and upright FVC (data not
shown).

In-depth analysis of the twPdi curve showed that the area
under the curve (AUC) was significantly reduced in LOPD
patients versus controls (median 1.16 [IQR 0.65-1.71] vs.
3.62 [1.75-4.99] cmH;0-sec, p<0.05), possibly due to a
decrease in both amplitude and maximum rate of relaxation (—
67.8 =35 vs. —134.2+74.0 cmH,O/msec; p=0.07). The latter
is defined as the negative peak of the pressure derivative
as a function of time, and measures the initial part of
the pressure decay [36,37]. Maximum rate of contraction
(MRC), defined as the steepest slope of the inclining
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Table 3
Diaphragm ultrasound measures in LOPD patients and control subjects.

LOPD patients Controls p-value

Diaphragm excursion
Amplitude during tidal breathing, cm 14+£0.6 (n=10) 14+£05 (n=11) n.s.
Velocity during tidal breathing, cm/sec 1.3£0.5 (n=10) 1.0£04 (n=11) n.s.
Amplitude during voluntary sniff, cm 1.9+£0.7 (n=8) 23+1.7 n=9) n.s.
Velocity during voluntary sniff, cm/sec 45+14 (n=9) 64+2.3 (n=9) 0.03
Amplitude at TLC, cm 43+£19 (n=9) 7.4+2.6 (n=10) 0.01
Diaphragm thickness
at FRC, cm 0.134+0.06 (n=13) 0.214+0.05 (n=13) <0.01
at TLC, cm 0.214+0.07 (n=13) 0.554+0.20 (n=13) <0.01
DTR 1.8+0.4 (n=13) 2.6+0.6 (n=13) <0.01

Data are presented as mean and standard deviation. DTR, diaphragm thickening ratio, FRC, functional residual capacity;
max., maximum; n.s., not significant; TB, tidal breathing; TLC, total lung capacity. Quantitative assessment of diaphragm
excursion was hampered by an insufficient acoustic window in a subset of patients and controls.
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Fig. 3. Sniff velocity (A) and diaphragm thickening ratio (B) in patients with late-onset Pompe disease (left panels) and controls (right panels).
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Fig. 4. Inspiratory and expiratory muscle strength in late-onset Pompe disease (LOPD) patients and controls. Values of twitch transdiaphragmatic pressure
(Twitch Pdi) following cervical stimulation of the phrenic nerve roots at functional residual capacity (i.e. inspiratory muscle strength) in patients with late-onset
Pompe disease (left panels) and in controls (right panels) [A]. Values of twitch gastric pressure (Twitch Pgas) following stimulation of the abdominal muscle
roots at functional residual capacity (FRC) (i.e. expiratory muscle strength) in patients (left panels) and controls (right panels) [B].

twPdi curve) did not significantly differ between patients
and controls (354+290vs. 439+354 cmH,0O/msec; p=0.65).
Twitch Pdi showed no correlation with parameters reflecting
clinical disease severity (i.e. MRC dyspnea scale and
WGMS).

3.6. Gastric pressure recordings following voluntary cough
and magnetic stimulation of the abdominal muscles

Twitch Pgas was significantly reduced (by 74%, p<0.01)
in LOPD patients (n=7) compared with healthy volunteers
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Table 4
Magnetic phrenic nerve conduction studies in LOPD patients and control
subjects.

LOPD patients Controls p-value
(n=12) (n=12)
Cortical MS at FRC
Right-sided latency, msec 18.57+1.85 19.15+3.15 n.s.
Right-sided amplitude, mV ~ 0.83+0.84 0.6040.59 n.s.
Left-sided latency, msec 19.26+2.78 19.30+3.18 n.s.
Left-sided amplitude, mV 0.9240.98 0.7610.53 n.s.
Cervical MS at FRC
Right-sided latency, msec 5.114+1.42 4.64+1.42 n.s.
Right-sided amplitude, mV ~ 0.24+£0.10 0.31£0.28 n.s.
Left-sided latency, msec 5.08+0.76 4.96+1.34 n.s.
Left-sided amplitude, mV 0.23+0.14 0.35+0.32 n.s.
Right-sided CMCT, msec 13.45+2.33 14.51+3.49 n.s.
Left-sided CMCT, msec 14.18+3.03 14.33+4.02 n.s.

Data are shown as mean and standard deviation. CMCT, central
motor conduction time, FRC, functional residual capacity; MS, magnetic
stimulation; n.s., not significant. One patient with LOPD denied magnetic
stimulation.

(Table 5 and Fig. 4B), but Pgas following voluntary cough
was not (Table 5). Twitch Pgas was not associated with
the functional dysphagia score, the WGMS score, or the
MRC dyspnea scale score (data not shown). Furthermore,
twPgas and MEP showed no significant correlation (r=0.743
p=0.09).

4. Discussion

This observational study comprehensively explored
respiratory muscle strength, phrenic nerve and diaphragm

Table 5

function in adult patients with genetically proven LOPD
receiving long-term ERT. Two major findings can be
summarized: Firstly, magnetic nerve conduction studies
suggest that diaphragm involvement in LOPD is not
attributable to impaired conductivity of the phrenic nerves or
the central inspiratory pathway. Secondly, MS of the lower
thoracic nerve roots confirms significant weakness of the
expiratory abdominal muscles in patients with LOPD.
Respiratory muscle weakness is common in LOPD and
gradually increases with disease progression [2—4,6,9—
11,24,38,39]. However, its age of manifestation and natural
course appear to be highly variable [2-4]. ERT has been
shown to slightly improve average FVC for several years
[6,7,39] but treatment response is heterogeneous [6,39]. It
has been suggested that not only diaphragm myopathy but
also neurogenic pathology may contribute to respiratory
muscle weakness. In fact, glycogen accumulation has been
reported in cervical motor neurons and CNS neurons
[14,15,40,41], which would explain dysfunction of the
phrenic nerves and even impairment of central breathing
control. Currently approved ERT does not specifically
target the CNS. This could be one explanation for the
observation that improvement, or stabilization, of respiratory
function by ERT cannot be achieved in up to one-third of
patients, or is not sustained after several years of treatment
[42]. Electrophysiological studies to verify neurogenic
contributions to diaphragm weakness in LOPD are still
lacking. Our study is the first to investigate phrenic
nerve conduction and motor evoked potentials of the
diaphragm in this condition. Although it is a limitation
that the study enrolled only 13 individuals with LOPD,

Invasively-obtained inspiratory and expiratory muscle strength data in LOPD patients and control subjects.

Subject Inspiratory tests Expiratory tests
1D
twPdi (cmH;0) Sniff Pdi (cmH,0) MIP (cmH,0) twPgas (cmH,0) coughPgas (cmH,0) MEP (cmH;0)
Patients
18 9.3 42.3 50 3.9 49.9 78
2 20.8 8.4 22 1.3 27.4 68
3 15.6 47.0 37 9.0 118.3 55
6 24 - 27 1.6 - 65
9 114 34.0 60 17.1 78.2 85
10 12.4 37.0 61 20.1 57.5 106
Mean + SD 12.0+5.6 33.7+13.4 42.8+15.3 88+74 66.3+30.7 76.2+16.4
Control subjects (age [years], sex)
142, M) 20.4 107.9 74 62.2 111.3 100
2 (37, M) 15.7 96.9 117 27.0 79.4 176
3 (34, F) 16.5 57.4 51 22.7 58.4 72
4 (60, M) 27.1 - 68 - - 115
5 (45, F) 14.4 51.5 117 21.1 68.5 110
6 (24, M) 222 123.8 143 39.9 172.1 162
Mean + SD 19.4+4.4 87.5+28.4 95.0+32.6 34.6+15.3 97.9+41.1 122.5+35.8
p-value* <0.05 <0.01 <0.01 <0.01 n.s. <0.05

Data are shown as mean and standard deviation. CoughPgas, gastric pressure following a forced cough; F, female; M, male; MEP, maximum expiratory
pressure; MIP, maximum inspiratory pressure; SD, standard deviation; n.s., not significant; Sniff Pdi, transdiaphragmatic pressure following a voluntary sniff
maneuver; twPdi, transdiaphragmatic pressure following supramaximal cervical stimulation of the phrenic nerves; twPgas, gastric pressure following stimulation

of the lower thoracic nerve roots.
§ patient ID according to Table 2.
* Mann-Whitney U test for comparison between patients and controls.
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it should be noted that electrophysiological findings were
entirely normal in all patients. This speaks against any
functional involvement of the phrenic nerves even in
patients with significant diaphragm weakness and nocturnal
NIV. In addition, we showed that central conductance
of the inspiratory pathway was unaffected. The latter
finding does not contradict the observation that central
hypercapnic response may be decreased in LOPD patients,
contributing to daytime hypercapnia beyond mere diaphragm
dysfunction [4]. Further studies are required to confirm our
results in larger patient samples, aiming to clarify whether
accumulation of glycogen in phrenic nerve motor neurons
has any electrophysiological correlate in LOPD patients.
Notably, both the extent and impact of neuronal pathology
are of particular interest in patients with infantile-onset
Pompe disease, in whom long-term ERT has led to a new
phenotype with nervous system manifestations previously
unknown [17].

It is striking that between LOPD patients and healthy
controls, group differences were much greater concerning
volitional tests of respiratory muscle strength than with regard
to twPdi measurements following CEMS of the phrenic
nerves. For example, mean MIP and maximum volitional
Pdi were more than 60% lower in LOPD patients than in
controls, but the difference in mean twPdi at FRC was
40% only. Since CMCT and phrenic nerve conduction were
normal in all subjects, our finding can be explained by
decreased voluntary activation of the diaphragm, which might
be subjected to alterations of central respiratory control [43].
Alternatively, maximum effort in volitional tests of respiratory
muscle strength may be lower in patients than in healthy
subjects, rendering non-volitional measurements indispensable
for reliable evaluation.

In LOPD, respiratory muscle weakness is mainly
attributable to diaphragm dysfunction, leading to impaired
inspiration and hypercapnia as well as weakness of forced
expiration or cough. Morphologic changes spare accessory
inspiratory muscles such as the external intercostals [10]. The
significance of diaphragm involvement is underlined by the
fact that supine volume drop of FVC is a clinical hallmark
of LOPD [24,44]. Our study confirms that FVC reduction
is associated with the presence of (nocturnal) hypercapnia
and the need for home ventilatory support as well as
clinical disease severity [4]. Therefore, sonographic evaluation
of diaphragm function and morphology is both promising
and feasible for routine clinical purposes. Compared
with healthy controls, LOPD patients showed significant
reduction of excursion amplitude during deep breathing,
excursion velocity during voluntary sniff and DTR, the
latter two probably best reflecting inspiratory muscle strength
[25].

Twitch Pdi represents a selective test of diaphragm action
in response to magnetic stimuli. Detailed analysis of the twPdi
curve allows further investigation of contractile and relaxation
properties of the diaphragm [45]. Diaphragm contraction
and relaxation are both crucial for normal respiration and
adaptation to changes in respiratory load. MRC reflects the

steepest slope or the “speed” of the inclining twPdi, whereas
the maximum rate of relaxation (MRR) represents the initial
part of the pressure decline. Our study provides these data
in LOPD patients for the first time, showing that both
MRC and MRR were reduced compared to controls. The
fact that only the difference in MRR achieved statistical
significance possibly reflects that diaphragm dysfunction
due to myopathic tissue damage [10,11,44] is mainly
related to impaired muscle relaxation. Further studies
are needed to investigate this aspect in larger patient
samples.

A recent whole-body MRI study showed that there
is significant atrophy of the abdominal wall muscles in
LOPD [10,11]. The present study confirms expiratory muscle
dysfunction by means of magnetic stimulation of the lower
thoracic nerve roots and invasive recording of twPgas. MEP
was decreased by 44% in LOPD patients (n=13) versus
controls, confirming the findings of a previous study [24],
and twPgas showed even greater reduction (by 74%, n="17).
Whereas MEP functionally reflects various expiratory muscles
(diaphragm, internal intercostal and abdominal muscles), the
protocol used in this study allowed more selective assessment
of abdominal muscle function. There is still controversy
about the significance of expiratory muscle strength testing
in lung and neuromuscular diseases [35]. MEP is a feasible
bedside marker to exclude expiratory muscle weakness if
measured values are clearly normal [32]. However, for
patients with borderline values or difficulties in performing
forced expiration, twPgas following MS of the abdominal
muscles might be useful to distinguish weakness from
normality [35].

Despite the comprehensive protocol applied in this study,
several limitations have to be acknowledged. Firstly, the
number of patients enrolled was small. For this reason,
we combined a case-control design with our initial, cross-
sectional approach, to minimize the influence of age and
gender on inspiratory pathway conductivity. Secondly, inter-
and intra-observer variability may have affected the COMS
and CEMS results in particular. We aimed to address this
by extensive training and by performing up to five tests
per patient until variability was <10%. Finally, threshold
testing for magnetic output was not performed. Instead, the
same magnetic field output (100%) was used in every subject
to achieve reproducible CMAP amplitudes in patients and
control subjects.

In conclusion, LOPD is associated with significant
inspiratory and expiratory muscle weakness. The latter
comprises functional impairment of abdominal wall muscles
which can be detected by MS of the lower thoracic
nerve roots and invasive recording of twPgas. However,
diaphragm dysfunction remains the mainstay of respiratory
muscle weakness in LOPD, and standard tests of respiratory
muscle strength can easily be supplemented by ultrasound.
Motor evoked potentials of the diaphragm and phrenic
nerve conduction studies provide no evidence for neurogenic
contributions to diaphragm weakness in patients with
LOPD.
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