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Abstract 

The aim of this exploratory study was to evaluate diaphragmatic function across various neuromuscular diseases using spirometry-controlled 
MRI. We measured motion of the diaphragm relative to that of the thoracic wall (cranial-caudal ratio vs. anterior posterior ratio; CC-AP ratio), 
and changes in the diaphragmatic curvature (diaphragm height and area ratio) during inspiration in 12 adults with a neuromuscular disease 
having signs of respiratory muscle weakness, 18 healthy controls, and 35 adult Pompe patients – a group with prominent diaphragmatic 
weakness. CC-AP ratio was lower in patients with myopathies (n = 7, 1.25 ±0.30) and motor neuron diseases (n = 5, 1.30 ±0.10) than in 
healthy controls (1.37 ±0.14; p = 0.001 and p = 0.008), but not as abnormal as in Pompe patients (1.12 ±0.18; p = 0.011 and p = 0.024). The 
mean diaphragm height ratio was 1.17 ±0.33 in patients with myopathies, pointing at an insufficient diaphragmatic contraction. This was also 
seen in patients with Pompe disease (1.28 ±0.36), but not in healthy controls (0.82 ±0.33) or patients with motor neuron disease (0.82 ±0.24). 
We conclude that spirometry-controlled MRI enables us to investigate respiratory dysfunction across neuromuscular diseases, suggesting that 
the diaphragm is affected in a different way in myopathies and motor neuron diseases. Whether MRI can also be used to evaluate progression 
of diaphragmatic dysfunction requires additional studies. 
© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

Keywords: Myopathy; Motor neuron disease; Pompe disease; Respiratory insufficiency; Diaphragm; MRI. 

1

p
i
[
t

R
N

m
t
u
i
t
W
c

h
0
(

. Introduction 

Respiratory insufficiency is a well-known problem in 

atients with neuromuscular diseases and has been described 

n various types of myopathies and in motor neuron diseases 
1 , 2] . This insufficiency can be caused by weakness of 
he diaphragm, but also by weakness of the intercostal 
∗ Corresponding author at: Erasmus MC, University Medical Center 
otterdam, Center for Lysosomal and Metabolic Diseases, Department of 
eurology, Dr. Molewaterplein 40, 3015 GD Rotterdam, the Netherlands. 

E-mail address: n.beek@erasmusmc.nl (N.A.M.E. van der Beek). 

r

r
d
d

ttps://doi.org/10.1016/j.nmd.2021.11.001 
960-8966/© 2021 The Authors. Published by Elsevier B.V. This is an open acce
 http://creativecommons.org/licenses/by/4.0/ ) 
uscles and accessory respiratory muscles [3 , 4] . Insight in 

he patterns of respiratory muscle weakness could help to 

nderstand the pathophysiology of respiratory insufficiency 

n different types of neuromuscular disease, and possibly 

o evaluate the disease course and future treatment effects. 
hile spirometry evaluates overall pulmonary function, MRI 

an help to specifically study the function of the diaphragm 

elative to that of the other respiratory muscles [5] . 
In Pompe disease, a genetic metabolic muscle disease, 

espiratory insufficiency is caused mainly by a decreased 

iaphragmatic function [6 , 7] . Pompe patients showed a 
ecreased downwards diaphragmatic motion and an abnormal 
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ncreased curvature of the diaphragm during inspiration on 

RI. Conversely, motion of the thoracic wall, expressed 

s function of the intercostal muscles, remained within 

he normal range [8–10] . We recently showed that MRI 
an be also used to investigate early impairment of the 
iaphragm in patients with Pompe disease [11] . It is 
nknown, however, whether these findings are specific for 
ompe disease, or whether the diaphragm is affected in 

 similar way in other types of neuromuscular diseases. 
nterestingly, it was shown in patients with Duchenne 
uscular dystrophy that both diaphragmatic motion and 

horacic wall motion were decreased [12–14] . Increased 

nowledge about the involvement of different respiratory 

uscles across patients with neuromuscular diseases could aid 

o a better understanding and recognition of the sequence of 
vents that finally lead to respiratory insufficiency, including 

arly signs of diaphragmatic involvement. This information 

otentially is also relevant for timely therapeutic interventions 
nd studies on treatment effects. MRI might be a useful tool 
o visualize and quantify the early signs and progression of 
espiratory muscle weakness. 

The aim of this study was to explore the function of the 
iaphragm relative to that of the intercostal muscles in various 
ypes of myopathies and motor neuron disease using MRI. 

. Methods 

.1. Study design and participants 

In this cross-sectional exploratory study, patients with 

arious types of neuromuscular disease were recruited at 
he departments of Neurology and Rehabilitation of Erasmus 

C University Medical Center. Inclusion criteria were: a 
onfirmed diagnosis of either a myopathy (other than Pompe 
isease) or motor neuron disease by a neuromuscular expert; 
igns of respiratory muscle weakness defined as a vital 
apacity less than 80% of predicted using spirometry during 

creening; and the ability to lay flat for at least 30 minutes, 
n order to undergo MRI examination. Exclusion criteria were 
evere comorbidities and medical devices, claustrophobia or 
ther general contraindications to MRI. Patients were included 

onsecutively between April 2017 and March 2019. We 
ompared our findings to the results of 35 patients with a 
NA-confirmed diagnosis of Pompe disease and 18 healthy 

ontrols matched for gender and age to the Pompe patients 
11] . The protocol was approved by the Medical Ethical 
ommittee of Erasmus MC University Medical Center (MEC- 
007-103, amendment 7). All participants provided written 

nformed consent. 

.2. Pulmonary function tests 

All participants started with regular pulmonary function 

ests, including forced vital capacity (FVC) in upright seated 

nd supine positions and maximum static inspiratory pressure 
MIP) and expiratory pressure (MEP) in the upright position. 
ll parameters were expressed as a percentage of predicted 
16 
ormal values [15–17] . In addition, patients were trained to 

erform specific breathing manoeuvres during MRI scanning. 
atients were not excluded when pulmonary function tests 
esults during the day of MRI investigations were slightly 

etter than expected based on spirometry results during 

creening. 

.3. Image acquisition 

MRI images were conducted during a 20-25-minute 
rotocol with a 3 Tesla Signa 750 MRI system (General 
lectric Healthcare, Milwaukee, Winconsin, USA) using 

he whole-body coil for radio-frequency excitation and 

 32-channel torso coil for signal reception [11] . In 

he current study, we used three-dimensional (3D) static 
mages acquired at end-inspiration and end-expiration and 

agittal two-dimensional (2D) dynamic images at the 
evel of the right mid-hemidiaphragm acquired during 

orced inspiration. Breathing manoeuvres during MRI were 
pirometry-controlled to ensure the maximum performance 
nd volume standardization for each patient. We did not 
nclude images of the left mid-hemidiaphragm since its 
egmentation is cumbersome due to the difficult delineation 

f heart and diaphragm contours [11] . Further, we had 

o indication for body side predominant involvement of 
espiratory muscle weakness in any of the patients who 

articipated. 

.4. Image analysis 

For image analysis, we developed automatic lung 

egmentation models using convolutional neural networks 
ased on a 2D or 3D U-Net architecture [18] . The models 
ere implemented and trained with the TensorFlow toolbox 

or Python (TensorFlow 1.14, https://www.tensorflow.org/, 
2019, The TensorFlow authors; Python 3.6.3, https://www. 

ython.org/, ©2001-2019, Python Software Foundation). The 
D segmentations were based on the full 3D scans and 

he model was trained on manual lung segmentations in 

very second axial slice of 10 Pompe patients and 6 healthy 

ontrols, using interpolation co complete the unlabelled axial 
lices [8] . The 2D segmentations were made independently 

or each frame in the sequence. The same segmentation 

etwork was used for the left and right lung. To remove 
ny stray pixels, only the largest object in each segmented 

mage was kept as the final result. The training data included 

anual segmentations of 18 healthy controls and 35 Pompe 
atients who also participated in the current study [11] . 
ata augmentation with elastic deformations was used to 

xtend the training set [18] . Before segmentation, all scans 
ere normalized using the N4ITK bias field correction 

lgorithm [19] . After segmentation, the binary output of the 
etwork was post-processed with a morphological hole-filling 

peration to remove any small holes from the automatic 
ung segmentations. All lung segmentations produced by the 
utomated models were manually checked for inaccuracies 
nd corrected in case of oversegmentations or scanning 

https://www.tensorflow.org/
https://www.python.org/
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Fig. 1. Outcome measures. Explanation of different outcome measures in an exemplary MRI of a healthy control. A) The lung volume of the three-dimensional 
(3D) images is derived from the automatic voxelwise segmentation of the lungs. The level of the two-dimensional (2D) sagittal images is indicated. B) For 
the dynamic 2D images, the automatic pixelwise segmentation for each frame is used to compute the total lung area and other measurements. Cranial-caudal 
distance is the distance between the lung apex and diaphragm apex. Anterior-posterior distance is the longest distance from the anterior to the posterior 
side of the lung perpendicular to the cranial-caudal distance. Diaphragm height is the perpendicular distance between the diaphragm apex and the linear line 
connecting both diaphragm corners. Diaphragm area is the area between the diaphragm contour and the linear line. For analysis, we calculated ratios by 
dividing the outcomes at end-inspiration by the outcomes at end-expiration to correct for differences in size of the patient. 
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rtefacts. Manual adjustments were made for 6% of the 3D 

egmentations in healthy controls, 14% of the Pompe patients 
nd 54% of the patients with other myopathies and motor 
euron diseases; and for 0% of the 2D segmentations in 

ealthy controls, 1% of the Pompe patients and 39% of the 
atients with other myopathies or motor neuron diseases. The 
act that most adjustments were needed for patients with other 
yopathies or motor neuron diseases is because the training 

ata included manual segmentations of healthy controls and 

ompe patients only. 

.5. MRI outcome measures 

To analyse the function of the diaphragm and other 
espiratory muscles, we calculated seven different MRI 
arameters. On 3D images, we calculated 1) the lung volume 
atio between inspiration and expiration to evaluate the total 
ncrease in lung volume during inspiration ( Fig. 1 A). On 

agittal 2D images, we calculated 2) the lung area ratio to 

valuate the total increase in lung area during inspiration, 3) 
he cranial-caudal ratio to evaluate motion of the diaphragm, 
) the anterior-posterior ratio to evaluate motion of the 
horacic wall, 5) the ratio between the cranial-caudal ratio 
17 
nd the anterior-posterior ratio to evaluate the relative motion 

f the diaphragm compared to the motion of the thoracic wall, 
nd 6) the height and 7) area below the diaphragmatic dome 
o evaluate the curvature of the diaphragm ( Fig. 1 B). All MRI 
arameters are ratios, calculated by dividing the outcomes at 
nd-inspiration by the outcomes at end-expiration, to correct 
or differences in size of the patient. 

The analysis was performed using custom-built scripts. The 
D analysis was executed in MATLAB (Mathworks, Natick, 
A), by converting the automatic voxelwise segmentation of 

he lungs into a 3D mesh grid of the lung surface, before 
omputing the measurements [9] . The 2D measurements were 
omputed directly from the binary segmentation using Python 

Python 3.6.3, https:// www.python.org/ , ©2001-2019. Python 

oftware Foundation; SciPy 1.1.0, https://www.scipy.org/, 
2003-2019 SciPy developers). 

.6. Statistical analysis 

Patients with several types of myopathies and patients with 

otor neuron diseases were compared to healthy controls and 

o Pompe patients. Baseline characteristics and pulmonary 

unction test outcomes were compared between subgroups 

https://www.python.org/
https://www.scipy.org/
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Table 1 
Participant characteristics. 

Baseline characteristics Myopathies (n = 7) Motor neuron disease 
(n = 5) 

Pompe disease 
(n = 35) 

Healthy controls 
(n = 18) 

Sex, number of males (%) 7 (100%) ∗∗ , ̂ 3 (60%) 18 (51%) 8 (44%) 
Age, years 51 ± 12 67 ± 6 ∗∗ , ̂^ 40 ± 16 43 ± 14 
Height, cm 184 ± 7 171 ± 5 176 ± 10 178 ± 12 
Weight, kg 83 ± 18 75 ± 19 74 ± 15 79 ± 14 
BMI, kg/m 

2 25 ± 6 25 ± 5 24 ± 4 25 ± 3 
Wheelchair, n (%) 1 (14%) 1 (20%) 1 (3%) 0 (0%) 
Non-invasive ventilation, n (%) 1 (14%) 0 (0%) 1 (3%) 0 (0%) 
Smokers, n (%) 2 (29%) ∗ 2 (40%) ∗∗ , ̂ 2 (6%) 0 (0%) 

Pulmonary function test outcomes 

FVC upright, % of predicted 79 ± 10 ∗∗ 82 ± 14 ∗∗ 88 ± 13 106 ± 8 
FVC supine, % of predicted 76 ± 10 ∗∗ 79 ± 18 ∗∗ 73 ± 20 102 ± 8 
� FVC, % of predicted 3 ± 4 ̂̂  3 ± 16 15 ± 12 4 ± 4 
MIP, % of predicted 75 ± 21 ∗ 78 ± 35 77 ± 25 106 ± 25 
MEP, % of predicted 54 ± 25 ∗∗ , ̂ 87 ± 31 80 ± 27 112 ± 28 

Baseline characteristics and pulmonary function tests outcomes of different groups. Continues values are presented as mean ± standard deviation and categorical 
values are presented as number with percentage. Statistically significant differences between subgroups are indicated: 

∗ p < 0.05 compared to healthy controls 
∗∗ p < 0.0125 compared to healthy controls 
^ p < 0.05 compared to Pompe patients 
^^ p < 0.0125 compared to Pompe patients. 

BMI = body mass index, FVC = forced vital capacity, � FVC = FVC upright – FVC supine, MIP = maximum inspiratory pressure, MEP = maximum expiratory 
pressure. 
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sing the chi-square test for categorical variables (sex, 
umber of patients with wheelchair, number of patients with 

on-invasive ventilation and number of smokers) and the 
ann Whitney test for continuous variables (age, height, 
eight, BMI, and pulmonary function test outcomes). To 

nalyze differences in MRI outcomes, we used multiple linear 
egression analysis, with the patient group as main factor 
nd significant differences in patient characteristics between 

ubgroups (age, sex and smoking) as covariates. In addition, 
VC upright was added as a covariate to exclude a possible 
ffect of the severity of respiratory muscle weakness, instead 

f the specific neuromuscular type of disease, on the MRI 
utcomes. Residual plots were inspected to check the linearity 

ssumption. 
The Spearman’s rank correlation coefficient was used to 

alculate the strength of association between the pulmonary 

unction test outcomes and the MRI outcomes. 
Statistical analysis was performed with SPSS for Windows 

version 25, SPSS Inc, Chicago, IL). The significance level 
as set at p ≤ 0.05. Differences between groups were 

orrected for multiple testing using Bonferroni’s method, 
esulting in a significance level of p ≤ 0.0125 (four 
omparisons). Due to the exploratory character of the study, 
e did not adjust for multiple testing when reporting the 
ifferent MRI outcomes. 
p
s
d
p
F
%
p

18 
. Results 

.1. Patient characteristics 

We included 12 patients with various neuromuscular 
iseases other than Pompe disease (age range 37-73 

ears) ( Table 1 ), comprising seven patients with myopathies 
nemaline myopathy (n = 2), myofibrillar myopathy type 
 (n = 1), inclusion body-myositis (n = 2) and myotonic 
ystrophy type 1 (n = 2)), and five patients with motor neuron 

iseases (progressive spinal muscular atrophy (n = 3) and 

myotrophic lateral sclerosis (n = 2)). Compared to healthy 

ontrols (n = 18) and patients with Pompe disease (n = 35), 
atients with myopathies and motor neuron diseases were 
lder, more often males and more often active smokers 
 Table 1 ). 

.2. Pulmonary function test outcomes in patients with 

yopathies 

Spirometry results in patients with myopathies (mean FVC 

pright 79 ± 10 % predicted; FVC supine 76 ± 10 % 

redicted) were lower than in healthy controls (mean FVC 

pright 106 ± 8 % predicted; FVC supine 102 ± 8 % 

redicted, both p < 0.0125) ( Table 1 ). FVC upright and FVC 

upine in patients with myopathies were not significantly 

ifferent compared to Pompe patients. However, the mean 

ostural drop between FVC upright and FVC supine ( �
VC), indicating diaphragmatic weakness, was only 3 ± 4 

 in patients with myopathies compared to 15 ± 12 % in 

atients with Pompe disease (p = 0.007). Lastly, MEP was 
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Table 2 
MRI outcomes. 

Myopathies (n = 7) Motor Neuron Diseases (n = 5) Pompe disease (n = 35) Healthy controls (n = 18) 

Lung volume ratio 2.19 ± 0.37 1.94 ± 0.29 2.37 ± 0.56 2.86 ± 0.53 
Lung area ratio 2.13 ± 0.35 1.87 ± 0.31 2.22 ± 0.48 2.58 ± 0.39 
Cranial-caudal ratio 1.55 ± 0.10 ∗ 1.43 ± 0.15 1.45 ± 0.24 1.72 ± 0.16 
Anterior-posterior ratio 1.20 ± 0.09 1.15 ± 0.10 1.30 ± 0.11 1.26 ± 0.11 
CC-AP ratio 1.30 ± 0.10 ∗∗ , ̂^ 1.25 ± 0.13 ∗∗ , ̂ 1.12 ± 0.18 1.37 ± 0.14 
Diaphragm height ratio 1.17 ± 0.33 0.80 ± 0.17 ̂̂  1.28 ± 0.36 0.82 ± 0.24 
Diaphragm area ratio 1.38 ± 0.47 0.82 ± 0.22 ̂̂  1.61 ± 0.64 0.90 ± 0.36 

MRI outcomes are ratios, calculated by dividing the outcomes at end-inspiration by the outcomes at end-expiration, presented as means ± standard deviation. 
Differences between subgroups were calculated using multiple linear regression analysis, with adjustment for age, sex, smoking and forced vital capacity in 
upright position. Statistically significant differences between subgroups are indicated: 

∗ p < 0.05 compared to healthy controls. 
∗∗ p < 0.0125 compared to healthy controls. 
^ p < 0.05 compared to Pompe patients. 
^^ p < 0.0125 compared to Pompe patients. 

CC-AP-ratio = cranial-caudal ratio divided by the anterior-posterior ratio. 
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ower in patients with myopathies (mean 54 ± 25) than in 

ompe patients (mean 80 ± 27, p = 0.048) ( Table 1 ). 

.3. Pulmonary function test outcomes in patients with 

otor neuron diseases 

In patients with motor neuron diseases FVC upright was 
2 ± 14 % predicted and FVC supine was 79 ± 18 % 

redicted, both lower than in healthy controls (p < 0.0125) 
nd not significantly different from Pompe patients. No other 
ulmonary function test results in patients with motor neuron 

iseases were significantly different compared to healthy 

ontrols or Pompe patients. 

.4. MRI outcomes in patients with myopathies 

In patients with myopathies, the mean cranial-caudal ratio 

1.55 ± 0.10), evaluating the downwards motion of the 
iaphragm, was lower than in healthy controls (1.72 ±
.16 (p = 0.017)), but not significantly different compared 

o Pompe patients (1.45 ± 0.24) ( Table 2 ). The anterior- 
osterior ratio, evaluating the motion of the thoracic wall, 
as similar in patients with myopathies, healthy controls and 

ompe patients. Interestingly, the two patients with inclusion 

ody myositis had a particularly low anterior-posterior ratio 

 Fig. 3 C). The relative motion of the diaphragm compared 

o the motion of the thoracic wall (cranial-caudal ratio / 
nterior-posterior ratio), was 1.30 ± 0.10 in patients with 

yopathies versus 1.37 ± 0.14 in healthy controls (p = 0.001) 
nd 1.12 ± 0.1 in Pompe patients (p = 0.011). This indicates 
 relative decreased diaphragmatic motion in patients with 

yopathies, but not as much as observed in patients with 

ompe disease. In addition, in patients with myopathies 
he mean diaphragm height ratio was 1.17 ± 0.33 and 

he mean diaphragm area ratio was 1.38 ± 0.47. A ratio 

 1 indicates an increasing diaphragmatic curvature during 

nspiration, which is similar to the ratios found in Pompe 
atients (1.28 ± 0.36 and 1.61 ± 0.64). Conversely, in healthy 

ontrols, these mean ratios are < 1 (0.82 ± 0.24 and 0.90 
19 
0.36), indicating a decreasing curvature during inspiration 

 Fig. 2 ). Thus, the increased curvature reflects an insufficient 
ontraction of the diaphragm during inspiration. Looking at 
he individual results, in particular the two patients with 

emaline myopathy ( Fig. 3 D) and the patient with myofibrillar 
yopathy type 2 had an increased curvature of the 

iaphragm. 

.5. MRI outcomes in patients with motor neuron diseases 

Similar to patients with myopathies, patients with motor 
euron diseases had a decreased cranial-caudal ratio relative 
o the anterior-posterior ratio (mean 1.25 ± 0.13) compared 

o healthy controls (p = 0.008), indicating that the function 

f the diaphragm is more impaired than the function of 
ntercostal muscles ( Fig. 2 ). However, opposite to patients 
ith myopathies, the diaphragm height ratio (mean 0.80 ±
.17) and diaphragm area ratio (mean 0.82 ± 0.22) were 
imilar to healthy controls, suggesting a normal contraction of 
he diaphragm during inspiration ( Fig. 3 E and 3 F). Both the 
iaphragm height ratio and diaphragm area ratio in patients 
ith motor neuron diseases were lower than in Pompe patients 

p = 0.001 and p = 0.002), meaning that the diaphragmatic 
urvature is more flat ( Fig. 2 ). 

.6. Correlation between pulmonary function test outcomes 
nd MRI outcomes 

The correlation between pulmonary function test outcomes 
nd MRI outcomes was moderate ( Table 3 ). The ratio between 

he cranial-caudal ratio and the anterior-posterior ratio, 
valuating the relative motion of the diaphragm compared to 

otion of the thoracic wall, showed the best correlation with 

VC supine ( ρ 0.509) and � FVC ( ρ -0.572). Diaphragm 

eight ratio, evaluating the curvature of the diaphragm, 
howed also the best correlation with FVC supine ( ρ -0.597). 
nterior-posterior ratio showed a weak correlation to all 
ulmonary function tests ( ρ 0.009-0.240) and MEP showed a 
eak correlation to all MRI outcomes ( ρ 0.113-0.271). 
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Fig. 2. Relative diaphragmatic motion and diaphragmatic curvature. Outcomes of diaphragmatic motion compared to motion of the thoracic wall (CC-AP 
ratio) and curvature of the diaphragm (diaphragm height ratio) in patients with other myopathies and motor neuron disease compared to Pompe patients and 
healthy controls. Error bars are means with standard deviations. Differences between subgroups, calculated using multiple linear regression analysis, with 
adjustment for age, sex, smoking and forced vital capacity in upright position, are indicated with p-values. CC-AP ratio = cranial-caudal ratio divided by the 
anterior-posterior ratio. 

Table 3 
Correlation between MRI outcomes and pulmonary function tests outcomes. 

FVC upright FVC supine � FVC MIP MEP 

Lung volume ratio 0.532 ∗∗∗ 0.646 ∗∗∗ -0.526 ∗∗∗ 0.371 ∗∗ 0.225 
Lung area ratio 0.507 ∗∗∗ 0.626 ∗∗∗ -0.462 ∗∗∗ 0.383 ∗∗ 0.221 
Cranial-caudal ratio 0.414 ∗∗ 0.599 ∗∗∗ -0.569 ∗∗ 0.386 ∗∗ 0.198 
Anterior-posterior ratio 0.240 0.193 -0.009 0.095 0.113 
CC-AP ratio 0.304 ∗ 0.509 ∗∗∗ -0.572 ∗∗∗ 0.306 ∗ 0.119 
Diaphragm height ratio -0.460 ∗∗∗ -0.597 ∗∗∗ 0.487 ∗∗∗ -0.329 ∗∗ -0.259 ∗
Diaphragm area ratio -0.476 ∗∗∗ -0.587 ∗∗∗ 0.449 ∗∗∗ -0.297 ∗ -0.271 ∗

Spearman correlation coefficients between MRI-outcomes (ratios between end-inspiration and end-expiration outcomes) and outcomes of pulmonary function 
tests (% predicted). Significant correlations are indicated with 

∗ p < 0.05. 
∗∗ p < 0.01. 
∗∗∗ p < 0.001. 

CC-AP ratio = cranial caudal ratio / anterior posterior ratio. FVC = forced vital capacity, � FVC = FVC upright - FVC supine, MEP = mean expiratory pressure, 
MIP = mean inspiratory pressure. 
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. Discussion 

In this exploratory study, we used spirometry-controlled 

RI to study the involvement of respiratory muscles in 

arious types of neuromuscular diseases. We found a 
ecreased motion of the diaphragm relative to that of the 
horacic wall in patients with myopathies as well as in 

atients with motor neuron diseases. This ratio was however 
ecreased most in patients with Pompe disease, suggesting 

hat Pompe patients had the most severe diaphragmatic 
nvolvement with a relatively preserved function of the 
ntercostal muscles. Similar to Pompe patients, most patients 
ith other myopathies also had a typical increased curvature 
20 
f the diaphragm during inspiration, indicative for an 

nsufficient diaphragmatic contraction. In patients with motor 
euron diseases this curvature was within the normal 
ange. 

These results show that MRI can detect a disproportional 
nvolvement of diaphragmatic function compared to function 

f the intercostal muscles across patients with various types 
f neuromuscular disorders. The limited downwards motion 

nd increased diaphragmatic curvature indicate diaphragmatic 
ysfunction, while the limited anterior motion of the 
horacic wall likely indicates weakness of the intercostal 

uscles. However, the limited motion of the thoracic wall 
an also be caused by a decreased compliance due to 
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Fig. 3. Examples of different patterns of respiratory weakness. Sagittal images at end-inspiration in different neuromuscular diseases, compared to a healthy 
control (A). Red indicates the lung area in inspiration and yellow in expiration. The Pompe patient (B) has no downward motion of the diaphragm and an 
increased curvature of the diaphragm; motion of the thoracic wall is normal. The patient with inclusion body myositis (C) mainly had a decreased motion 
of the thoracic wall. The patient with nemaline myopathy (D) had a decreased motion of the diaphragm and an increased curvature of the diaphragm during 
inspiration. The patients with amyotrophic lateral sclerosis and progressive spinal muscular atrophy (E en F) had a decreased motion of both the diaphragm 

and the thoracic wall, but a normal curvature of the diaphragm. 

21 
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ncreased stiffness of the chest or lung atelectasis [20] . 
he differentiation between diaphragmatic weakness and 

ntercostal muscle weakness could not be made with routine 
ulmonary function tests such as forced vital capacity, that 
re commonly used as an indirect test to measure respiratory 

uscle function in patients with neuromuscular diseases 
n a clinical setting [21 , 22] . The moderate correlation 

etween pulmonary function tests outcomes and MRI 
utcomes indicates that the results are supportive to each 

ther, but also that MRI provides unique information about 
iaphragmatic function. Remarkably, in contrast to Pompe 
atients, neither patients with other myopathies nor patients 
ith motor neuron disease in this study had a postural 
rop in forced vital capacity when moving from an upright 
osition to a supine position, which is normally thought to 

e a good indicator of diaphragmatic weakness [23] . MRI 
an study the function of the diaphragm and that of the 
ntercostal muscles independently and consequently indicate 
hich respiratory muscles are involved. Moreover, MRI 
ight be able to detect a decreased diaphragmatic function 

hen pulmonary function tests are still in the normal 
ange, as was previously illustrated in patients with Pompe 
isease [11] . Therefore MRI might be used to indicate 
arly signs of diaphragmatic weakness in neuromuscular 
isease. 

We also found some typical characteristics in individual 
atients with neuromuscular diseases. The increased 

iaphragmatic curvature that has been observed in Pompe 
isease, was also found in the patients with nemaline 
yopathy and myofibrillar myopathy type 2, in which 

espiratory difficulty is a known clinical feature [24–26] . 
his increased diaphragmatic curvature during inspiration 

ight indicate an insufficient contraction of the diaphragm, 
hich can possibly be explained by an impaired contraction 

f the sarcomeres caused by muscle fiber destruction with 

atty infiltration and fibrosis in patients with myopathies 
27–29] . A different pattern was observed in patients with 

otor neuron disease, who exhibit a normal curvature 
f the diaphragm during inspiration. We hypothesize that 
n these patients the curvature of the diaphragm may be 
ormal, because despite atrophy of muscle fibers caused by 

enervation, the specific force of the remaining muscle fibers 
s normal caused by hypertrophic muscle fibers and a higher 
ercentage of hybrid fibers [30–33] . Lastly, both patients 
ith inclusion body myositis had a limited motion of the 

horacic wall, suggesting involvement of intercostal muscles. 
heir relatively normal function of the diaphragm may be 

he reason why respiratory failure in these patients is rarely 

escribed and often remains asymptomatic [34–36] . 
In this study, we observed a decreased diaphragmatic 

otion and an insufficient diaphragmatic contraction in 

atients with neuromuscular disease using spirometer- 
ontrolled MRI. Although spirometer-controlled MRI is 
elatively expensive and time-consuming, it ensures the 
aximum performance of the patient during breathing 

aneuvers within the MRI. Previously, ultrasound 

emonstrated a decreased diaphragmatic thickness in patients 
22 
ith various myopathies and motor neuron diseases [37–
0] . Ultrasound is easier to perform and less burdensome 
or patients than spirometry-controlled MRI. However, 
ltrasound requires an experienced operator to reduce 
bserver variability [41] . In addition, simultaneous evaluation 

f the diaphragmatic motion and the thoracic wall motion, as 
ell as evaluation of the curvature of the diaphragm, is not 
ossible using ultrasound. Currently, it is unknown whether 
he decreased thickness found using ultrasound correlates to 

ur MRI outcomes, and which outcome is most sensitive 
o detect early diaphragmatic weakness and progression of 
iaphragmatic weakness over time. 

With the development of new therapies for neuromuscular 
iseases, accurate and sensitive outcome measures are needed 

o monitor disease progression and evaluate treatment effects. 
lso, early recognition of diaphragmatic weakness could 

e essential to start treatment in a timely manner to 

revent possible irreversible damage to the diaphragm. Our 
esults show that spirometry-controlled MRI is feasible 
n patients with myopathies and in patients with motor 
euron disease. Our MRI outcomes might be used to detect 
arly signs of diaphragmatic weakness and during follow- 
p. Whether evaluation of the diaphragmatic contraction 

uring inspiration in patients with an unknown diagnosis, 
ould help to differentiate between a myopathy or 
ther causes of diaphragmatic weakness requires further 
nvestigation. 

This study has some limitations. First, the number of 
atients we studied is limited and the group of patients is 
eterogeneous. This is related to the exploratory design of this 
tudy, aiming to gain more information on the involvement 
f the diaphragm and intercostal muscles across a variety of 
euromuscular disorders. In order to study possible disease- 
pecific patterns of muscle involvement, future studies would 

eed a greater number of patients across a greater spectrum 

f each disease. Second, there were some differences in age, 
moking habits and pulmonary function test results between 

he groups. Therefore, differences in MRI outcomes between 

roups were adjusted for these factors. Third, the analysis 
equires segmentations and measurements on dynamic MRI 
cans that would be time-consuming when done manually. 
e automated these steps with a computer algorithm, and 

howed that this is feasible across a group of patients with 

arious neuromuscular diseases. 

. Conclusions 

Using MRI, we were able to compare the function of 
he diaphragm to the function of the intercostal muscles 
cross different types of neuromuscular disease. We observed 

hat both in patients with myopathies and with motor 
euron disease, the function of the diaphragm is particularly 

ecreased. In addition, patients with myopathies seem 

o have an insufficient diaphragmatic contraction during 

nspiration. Our MRI findings warrant studies with larger 
ohorts of patients with neuromuscular diseases. This MRI 
echnique holds promise as an assessment tool for the 
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ensitive evaluation of respiratory muscle weakness and 

otentially also for a better quantification of treatment 
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