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ABSTRACT  

 

Amyotrophic lateral sclerosis (ALS) patients show progressive respiratory muscle weakness 

leading to death from respiratory failure. However, there are no data on diaphragm 

histological changes in ALS patients and how they correlate with routine respiratory 

measurements. 

We collected 39 diaphragm biopsies concomitantly with laparoscopic insertion of 

intradiaphragmatic electrodes during a randomised controlled trial evaluating early diaphragm 

pacing in ALS (NCT01583088). Myofibre type, size, and distribution were evaluated by 

immunofluorescence microscopy and correlated with spirometry, respiratory muscle strength, 

and phrenic nerve conduction parameters. The relationship between these variables and 

diaphragm atrophy was assessed in multivariate regression models. 

All patients exhibited significant slow- and fast-twitch diaphragmatic atrophy. Vital capacity, 

maximal inspiratory pressure, sniff nasal inspiratory pressure, and twitch transdiaphragmatic 

pressure did not correlate with the severity of diaphragm atrophy. Inspiratory capacity 



    

 

 

correlated modestly with slow-twitch myofibre atrophy. Supine fall in vital capacity 

correlated weakly with fast-twitch myofibre atrophy. Multivariate analysis showed that 

inspiratory capacity, sniff nasal inspiratory pressure, and functional residual capacity were 

independent predictors of diaphragm slow-twitch – but not fast-twitch – atrophy.  

Routine respiratory tests are poor predictors of diaphragm structural changes. Improved 

detection of diaphragm atrophy is essential for clinical practice and for management of trials 

specifically targeting diaphragm muscle function. 

 

 

TAKE HOME MESSAGE  

 

Vital capacity and other widely used respiratory measures are poor predictors of 

diaphragmatic atrophy. Vital capacity should not be used as the sole selection criteria in 

clinical trials targeting diaphragm mass or function.  

 

INTRODUCTION  

 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder in which 

motor neuron loss results in extensive paralysis, usually leading to death from respiratory 

failure approximately 3 years after symptom onset [1]. The progression of ALS-related 

respiratory muscle weakness can be tracked through sequential measurements of vital 

capacity (VC) and muscle strength [2], which provide robust information on prognosis [3] and 

guide the initiation of NIV [4]. Within the framework of generalised respiratory muscle 

weakness, diaphragm involvement plays a major role in ALS-related respiratory insufficiency 

[5];[6] and is a strong predictor of short-term mortality [7]. 

 

Human skeletal muscles are composed of several types of fibres that differ in their myosin 

heavy chain (MyHC) isoform content. Slow-twitch (type I) fibres contain the MyHC-I 

isoform, and fast-twitch (type II) fibres contain MyHC-IIa (type IIA) or MyHC-IIx (type IIX) 

[8]. The normal human diaphragm contains approximately equal amounts of type I and type II 

fibres [9,10], accounting for both the extreme endurance of the diaphragm and its ability to 

support rapid respiratory and postural responses. There have been no histological studies of 

diaphragm remodelling in ALS patients, and therefore it is not known how ALS-related 

diaphragm changes translate into specific alterations of the results of pulmonary function 

tests. 



    

 

 

 

To address this knowledge gap, we analysed the morphology and composition of muscle 

fibres in diaphragm biopsies obtained at the time of device implantation from a subset of 

patients who participated in the RespiStimALS study (NCT01583088), a randomised 

controlled trial conducted to test the hypothesis that early diaphragm pacing could delay the 

need for NIV in ALS patients. The trial was interrupted because of excess mortality in the 

treatment arm [11,12].  Here, we performed a comprehensive study of the morphology and 

composition of diaphragm myofibres and assessed the correlations with routine respiratory 

tests. 

 

METHODS 

Patients 

This study included a subset of the patients in the RespiStimALS study population 

(http://www.lppr.org/RespistimALS/RespiStimALS_Protocol.pdf)[11]. Briefly, the 

RespiStimALS study enrolled 74 ALS patients over a 34-month period. Inclusion criteria 

were sitting forced VC (FVC) 60–80% of predicted, age >18 years, and fulfilment of the 

revised El Escorial criteria for laboratory-supported probable, clinically probable, or clinically 

definite ALS [13]. Functional impairment was assessed using the revised ALS Functional 

Rating Scale (ALSFRS-R) [14]. All patients underwent laparoscopic insertion of 

intradiaphragmatic electrodes (NeurRx® DPS, Synapse Biomedical, Cincinnati, OH, USA) 

and were randomised into active or sham stimulation groups. The patients were asked to 

participate in a complementary diaphragm biopsy study approved by the appropriate legal and 

ethical French authority (CPP Ile-de-France VI, Pitié-Salpêtrière, Paris, France; decision 

number 2012-A00178-35). All patients received detailed information about methods, 

objectives, and risks, and provided written informed consent specific to the biopsy study. A 

total of 50 patients consented to participate in the biopsy study. . 

 

Respiratory measurements 

Preoperative measurements (spirometry, maximal inspiratory pressure [MIP], and maximal 

sniff nasal inspiratory pressure [SNIP]) were performed at the participating centres upon 

inclusion and then again at the coordinating centres before surgery (median delay before 

surgery, 1 day [range 1–19 days]; median interval between enrolment and preoperative 

measures, 16 days [0–78 days]). The analysis reported here used only the values obtained 

from preoperative measurements. Diagnostic phrenic stimulation was also performed [11], 

which provided values for twitch transdiaphragmatic pressure (defined as the difference 

http://www.lppr.org/RespistimALS/RespiStimALS_Protocol.pdf


    

 

 

between intrathoracic pressure and intra-abdominal pressure) and the latency and amplitude of 

the diaphragm compound motor action potentials (CMAP). 

 

Morphometric analysis of diaphragm muscle samples 

Diaphragm biopsy samples were collected at the end of the surgical procedure as described 

[15]. Samples (approximately 8×2.5 mm) were removed from the left costal diaphragm 

adjacent to its insertion on the tenth rib, rapidly frozen in isopentane precooled with liquid 

nitrogen, and stored at −80°C until analysis of muscle fibre type and distribution by indirect 

immunofluorescence. 

  

In brief, 8-μm-thick cryostat sections were blocked with IgG-free 3% bovine serum albumin 

for 1 h at room temperature (RT) protected from light. The sections were then washed and 

incubated with antibodies to MyHC-I (BA-D5-s; Developmental Studies Hybridoma Bank 

[DHSB] at the University of Iowa, IA, USA) or MyHC-IIa (SC-71-s; DSHB, University of 

Iowa) for 2 h at RT protected from light. After washing, the sections were incubated with an 

antibody to MyHC-IIx (6H1-s; DSHB, University of Iowa) overnight at 4°C. The sections 

were then incubated with the appropriate secondary antibody (CY3-conjugated goat anti-

mouse IgG2b, 1:100, Interchim #115-165-207; Alexa Fluor 488-conjugated goat anti-mouse 

IgG1, 1:100, Interchim #115-545-205; or AMCA-conjugated goat F(ab′)2 anti-mouse IgM, 

1:50, Interchim #115-156-020) for 1 h at RT, washed, and analysed. A minimum of 400 

muscle fibres were analysed for each patient. 

 

Quantitative analysis of muscle histology was performed using an ArrayScan XTI automated 

workstation equipped with HCS Studio 3.0 software (Thermo Scientific, Courtaboeuf, 

France). Single images were acquired with a 10× objective at different wavelengths to 

generate merged composite images of tissue sections. Single wavelength composite images 

were processed for quantitative analysis using the Morpho algorithm to allow automated 

segmentation of regions of interest. Fibres lying only partially within the picture frame were 

automatically excluded. The software also included built-in image editing to manually inspect 

and adjust fibre boundaries when required. Muscle fibre size was estimated by measuring the 

minimum diameter of each fibre. As the RespistimALS study did not include normal subjects, 

we based our cutoffs for atrophy on the reference data formerly obtained in subjects without 

neuromuscular disorders and with normal respiratory function by the Paris Respiratory 

Muscle Group [10]. For each fibre type, atrophic fibres were defined as myofibres with a 

diameter 2 standard deviations below the mean diameter of the same diaphragm muscle fibre 



    

 

 

type [10]. The cut-off diameters for atrophic type I and type II fibres were set at 54.02 and 

47.08 µm, respectively. In normal muscle, fibres innervated by different motor neurons are 

intermingled, leading to an apparently random mix of type I and type II fibres. Fibre-type 

grouping, i.e. groups of muscle fibres of the same type, is a well-established indicator of 

partial denervation followed by reinnervation [16]. Fibre-type grouping can be assessed by 

determining the number of fibres surrounded on all sides by fibres of the same type, i.e. 

“enclosed fibres” [17]. To be considered as “enclosed”, one muscle fibre must exclusively be 

in contact with fibres of the same type. To quantify fibre-type grouping we manually 

determined, in each muscle section, the number of muscle fibres contained in each cluster of 

“enclosed” fibres. All morphometric analyses were performed by an investigator blinded to 

the patient’s stimulation group. For each muscle sample, fibre-type grouping and size were 

derived from analysis of 400–6000 fibres (mean 2037). 

Statistical analysis 

Statistical analyses were conducted with XLSTAT 2017 (Addinsoft, Paris, France) and 

MATLAB (Statistics and Machine Learning Toolbox 11.2, R2017b, MathWorks, Natick, MA, 

USA). Welch's tests were used to compare the mean minimal diameter of muscle fibres and 

fibre-type proportions between ALS patients and historical controls. Other continuous 

variables were compared with the Mann–Whitney U test. Categorical data were analysed with 

Fisher’s exact test. Correlations between variables were analysed using Spearman’s 

nonparametric rank correlation test. Multivariate analyses were performed to evaluate the 

relationship between respiratory data and muscle fibre atrophy. Variables yielding a Spearman 

correlation p<0.3 were entered into generalised linear models. The response variables being 

proportions (of atrophic fibres), both logistic and linear functions of a full two degree 

polynomial were considered. The final models were determined using a forward or backward 

stepwise regression. All statistics were two-tailed and the level of significance was set at 0.05. 

 

RESULTS 

Fifty of the 74 patients enrolled in RespiStimALS agreed to participate in the biopsy study. 

Eleven of the 50 biopsies were of insufficient quality for analysis (samples too small and/or 

consisting mainly of fibrovascular and adipose tissue).The demographic and clinical 

characteristics of the remaining 39 patients (active stimulation, n=19; sham stimulation, n=20) 

are described in Table 1.  

 

Figure 1 shows representative micrographs of the specimens from an ALS patient, featuring 

the characteristic diaphragm changes. Numerous small-caliber angular type I and II fibres are 



    

 

 

evident, with some grouping of the same fibre types (Figure 1A). In some patients, such fibre-

type grouping leads to a predominance of a single fibre type (Figure 1B). Table 2 (mean, 

median [IQR]) and Figure 2 (median [range]) summarise the results in the whole study 

population. The median proportion of type I muscle fibres was 55.5%, with striking 

variability (range 30.1–94.1, Figure 2A). The mean diameters for type I and II fibres were 

significantly smaller for ALS patients (54.2 µm and 44.9 µm, respectively) than for normal 

subjects (59.7 and 55.3 μm, respectively [10]), reflecting the marked atrophy of both fibre 

types in the patient population (Table 2 and Figure 2B). Instead of the checkerboard pattern of 

type I and II fibres typical of a normal diaphragm, “enclosed” muscle fibres that were only in 

contact with fibres of the same type (“fibre-type grouping”) were evident in most of the ALS 

patient sections. The median proportion of enclosed type I fibres was significantly higher than 

that of enclosed type II fibres (5.3% [range 0–35.6] vs 1.0% [0–12.5]; p<0.01, Table 2 and 

Figure 2C). There was a positive correlation between disease duration at the time of biopsy 

and the proportion of enclosed type I muscle fibres (r=0.337, 95% confidence interval [CI], 

0.015–0.596, p=0.036). However, no correlations were detected between histological 

characteristics and age, ALSFRS-R score, or respiratory ALSFRS-R subscore at the time of 

biopsy. Notably, there were no significant differences between the active and sham 

stimulation groups with respect to fibre typing, fibre atrophy, or fibre-type grouping (Table 3). 

 

Significant correlations were detected between several respiratory parameters and muscle 

morphometric measures in the combined active and sham groups (n=39). Sitting FVC 

correlated modestly with the proportion of enclosed type I muscle fibres (r=0.317, 95% CI 

−0.006–0.581, p=0.049; Figure 3A). The reduction in slow VC (SVC) in the supine posture 

(delta SVC) correlated weakly with the proportion of type II atrophic myofibres (r=0.325, 

95% CI −0.007–0.593, p=0.05). There were no other correlations between sitting and supine 

SVC or their difference and muscle histological variables. Similarly, MIP, SNIP, and twitch 

transdiaphragmatic pressure values did not correlate with any diaphragm histological 

characteristics. Inspiratory capacity (IC) was the respiratory variable most clearly correlated 

with histological characteristics of the diaphragm, although these correlations were generally 

modest (r < 0.4). Sitting IC correlated positively with type I muscle fibre diameter (r=0.380, 

95% CI 0.062–0.628, p=0.017; Figure 3B). Sitting IC correlated negatively with the 

proportion of type I atrophic fibres (p=0.017, r=−0.380, 95% CI −0.628–−0.062; Figure 3C). 

Supine IC correlated negatively with the proportion of type I muscle fibres (r=−0.336, 95% CI 

−0.598–−0.009, p=0.039; Figure 3D), reflecting the fibre-type composition, and correlated 

positively with the proportion of enclosed type II muscle fibres (r=0.356, 95% CI 0.030–



    

 

 

0.613, p=0.029; Figure 3E), reflecting reinnervation of fast-twitch myofibres. Finally, sitting 

functional residual capacity (FRC) correlated negatively with the proportion of type I muscle 

fibres (r=−0.365, 95% CI −0.620–−0.040, p=0.025; Figure 3F). 

 

With respect to electrophysiology, a modest positive correlation was observed between the 

amplitude of the left phrenic nerve CMAP and the proportion of type II muscle fibres 

(r=0.323, 95% CI 0.000–0.585, p=0.045), whereas terminal latency did not correlate with any 

diaphragm histological characteristics. 

 

Multivariate analysis showed that sitting FRC, supine FRC, sitting IC, supine IC, and SNIP 

yielded a correlation with the proportion of atrophic type I fibres (p<0.3), whereas only sitting 

SVC and delta SVC correlated with the proportion of atrophic type II fibres (see correlation 

map in Supplementary Figure 1). The linear models outperformed the logistic models, and the 

results of a backward or forward stepwise linear regression analysis on the full second degree 

polynomial model were identical. The characteristics of the final model for predicting type I 

atrophy are shown in Table 4. Multiple linear regression showed that increased type I 

myofibre atrophy was independently associated with higher sitting FRC (regression 

coefficient 0.0041, p=4.6×10−4), lower sitting IC (regression coefficient −0.0008, p=0.01), 

and lower SNIP (regression coefficient −0.0031, p=3.1×10−3). Overall, 48.33% of the 

variance of diaphragm slow-twitch atrophy could be explained by the model. In contrast, no 

model gave a significantly better prediction of type II myofibre atrophy than a constant 

model. 

 

DISCUSSION 

 

This study provides the first description of structural changes in the diaphragm of ALS 

patients. We detected profound diaphragm anomalies in patients who were considered to have 

only mild respiratory abnormalities based on VC measurements.  

 

These histological diaphragm modifications included morphological changes associated with 

denervation consequent to motor neuron death, with significant atrophy of both slow- and 

fast-twitch muscle fibres. Interestingly, in this supposedly homogeneous patient population, 

there was a striking degree of inter-patient variability, with some specimens exhibiting >90% 

atrophic fast-twitch myofibres. Significant fibre-type grouping was also observed, mainly 

involving type I fibres. In the context of chronic denervation, fibre-type grouping is a 



    

 

 

consequence of collateral reinnervation of denervated muscle fibres, with the degree of 

grouping reflecting the extent of reinnervation [19]. Since motor neuron impulse patterns 

determine myofibre MyHC expression [20], fibre-type grouping results from the 

transformation of type I to type II fibres, or vice versa, under the influence of reinnervating 

collateral sprouts [19]. Denervated myofibres can be reinnervated by both slow-firing (type I) 

and fast-firing (type II) motor neurons. Nevertheless, as we observed in our ALS patients, a 

preponderance of type I grouping and an increase in the proportion of muscle area occupied 

by type I fibres are common after reinnervation, possibly because type I motor neurons may 

have faster axonal growth rate [21]. As for muscle fibre atrophy, we observed a highly 

variable degree of fibre-type grouping among our patients. This reflects individual disparities 

in the efficiency of reinnervation, a higher proportion of reinnervated fibres being associated 

with longer disease duration [22]. Reinnervation of denervated muscle fibres by the remaining 

motor neurons is a crucial compensatory process in ALS [23–25]. In limb muscles, motor 

function is preserved as long as motor neuron loss is compensated for by reinnervation [22]. 

Our results in the diaphragm are in line with these data, a higher reinnervation of slow-twitch 

myofibres being associated with a higher sitting FVC. We did not detect any correlation 

between reinnervation of fast-twitch myofibres and FVC. This may be explained by the fact 

that reinnervated fibres were predominantly slow-twitch rather than fast-twitch myofibres. 

However, we found that a higher reinnervation of fast-twitch myofibres was associated with a 

higher supine IC. 

 

 

Our analysis uncovered a striking contrast between the histological evidence of advanced 

diaphragm atrophy and the moderate impairment of VC that defined our study population (as 

dictated by the study design). This is not surprising as inspiratory neck muscles have been 

reported to compensate for diaphragm dysfunction to preserve VC in ALS patients [26]. 

Similarly, diaphragm atrophy did not individually correlate with MIP or SNIP, which are 

global inspiratory muscle tests [27]. These tests are undoubtedly useful to evaluate inspiratory 

muscle function decline and as biomarkers of survival in ALS [2], but our study shows that 

they should not be used as markers of diaphragm structural impairment. We found that IC was 

the only respiratory variable to correlate significantly with both diaphragm atrophy (where 

high sitting IC is associated with a lower proportion of type I atrophic myofibres) and 

reinnervation (where high supine IC is associated with a higher proportion of enclosed type II 

myofibres). This novel finding is of particular interest because, in contrast to VC, IC involves 

the diaphragm and extradiaphragmatic inspiratory muscles, but not the expiratory muscles.  



    

 

 

 

Our finding that FRC, a static lung volume determined solely by the equilibrium between 

inward lung recoil and outward chest wall recoil, correlates with a diaphragmatic structural 

characteristic (lower percentage of type I fibres) is somewhat surprising. However, the 

diaphragm is a component of the chest wall, of which the trophicity influences lung volume 

and compliance [28]. ALS-related diaphragm remodelling could influence FRC through 

changes in its mechanical properties. Indeed, it has been shown that, during muscle 

remodelling, modifications in fibre-type composition were accompanied by changes in the 

relative proportion in muscle collagen major forms, with transformation of muscle fibres from 

fast to slow being associated with increase in type I collagen content [29]. Predominantly 

“slow” muscles also contain more abundant and cross-linked collagen, which can increase 

muscle rigidity [30]. In our study, a lower FRC was associated with a higher proportion of 

type I myofibres in the diaphragm, suggesting that a “predominantly slow-twitch” diaphragm 

produces a lower outward elastic recoil. This may thus be due to modifications in diaphragm 

collagen composition concomitant to slow fibre enrichment.   

 

There have been few studies relating muscle morphometric changes to motor function in ALS. 

In a study in 24 patients with motor neuron disease, including 21 ALS cases, Patten et al. 

found that the density of atrophic myofibres (number of atrophic fibres per square centimeter) 

correlated with the degree of muscle weakness [31]. This study is however difficult to 

interpret because the site of the biopsy sample for each patient was not specified. In a study 

performed in 19 patients with motor neuron disease (including six ALS patients) [32], 

pathological features of denervation and reinnervation - with considerable variation between 

patients - were observed in the quadriceps rectus femoris muscle, as in our study in the 

diaphragm. Also as in our study, there was no correlation between quadriceps morphometry 

and its motor function (i.e. knee extension). However, knee extension involves not only 

quadriceps rectus femoris (the only muscle biopsied in the study by Froes et al.), but also 

vastus lateralis, vastus medialis and vastus intermedius. We thus believe that the lack of strong 

correlation between diaphragm histology and lung volumes or respiratory pressures in our 

study is probably not an intrinsic feature of ALS. Rather, it probably illustrates that it is 

unlikely to find strong correlations between the morphometric features of one muscle (e.g. the 

diaphragm) and the strength of a group of muscles (lung volumes). 

 

In ALS, the reduction of diaphragm CMAP amplitude has prognostic value [33], but a 

dramatically reduced CMAP can also coexist with VC values within the normal range.[34] In 



    

 

 

our study, a smaller CMAP amplitude was associated with a lower proportion of fast-twitch 

myofibres, suggesting that M-wave amplitude is mainly reduced by loss of these fibres in 

ALS patients. This is consistent with early selective loss of the largest and fastest motor units, 

as previously reported in several ALS mouse models [24,25]. However, the size or 

reinnervation of type II fibres did not correlate with CMAP amplitude, indicating that 

diaphragm remodelling is only partially reflected by changes in this parameter. Although 

other studies have suggested that prolongation of phrenic nerve terminal latency may be an 

early indicator of respiratory involvement in ALS [35], we did not detect any association 

between terminal latency and diaphragm histology. We also saw no association between 

twitch transdiaphragmatic pressure and muscle atrophy. This is not particularly surprising in 

so far as twitch transdiaphragmatic pressure depends not only on myofibre size [36] and fibre-

type composition [37], but also on other factors like lung volume (which influences 

diaphragm length) or mechanical properties of the abdominal and thoracic wall [18].  

 

Our inability to detect a correlation between standard respiratory variables and diaphragm 

atrophy does not diminish the value of these variables for assessing global respiratory muscle 

strength [2], predicting prognosis [3], and guiding the indications for NIV in ALS [4]. 

However, it does indicate that these indices cannot be used to predict diaphragm structural 

changes, and particularly myofibre atrophy. Instead, we suggest that a combination of sitting 

FRC, sitting IC, and SNIP are better indicators of atrophy. Specifically, a low FRC with 

preserved sitting IC and SNIP is suggestive of a low proportion of type I atrophic muscle 

fibres and a moderate degree of diaphragm atrophy. Of note, we did not identify a model able 

to predict fast-twitch myofibre atrophy.  

 

Our study has limitations. First, the RespiStimALS trial by nature only involved ALS patients. 

It was therefore impossible to compare our diaphragm biopsy data with true control data 

(namely obtained at the same time with the same procedure). To determine the cut-off value 

for atrophic fibres, we used historical data obtained during surgical procedure in ten patients 

with normal lung function [10]. In this previous study, healthy subjects were slightly younger 

(mean age 47.4) and fibre type was assessed by the myosine ATPase histochemical 

methodology [38]. However, a good correlation has been shown between histochemically 

determined fibre types and MHC content in human muscle, both for single fibres [39] and 

entire biopsy specimens [40]. In another study of human diaphragm in patients with chronic 

obstructive pulmonary disease [41], no differences were found with respect to fibre type 

proportion when comparing the ATPase method and the immunocytochemical determination 



    

 

 

of MyHC isoform content that we used here. We therefore believe that this issue does not 

negate the impact of our findings. Another limitation of the study is that we could only 

examine diaphragm samples at one time point, for obvious reasons. Serial sampling during 

follow-up would have improved our understanding of the mechanisms underlying the adverse 

effects of diaphragm pacing. It is important to note, however, that we observed no differences 

in diaphragm histology between patients in the active stimulation and sham stimulation 

groups. Therefore, the results of the RespiStimALS trial cannot be explained by differences in 

diaphragm atrophy and remodelling between patients in the sham and activate stimulation 

groups. Finally, it should be noticed that the pulmonary function values used in this study 

(Table 1) differ in part from those in the RespiStimALS main report [11], because here we 

present preoperative values collected at the study coordinating centre, while the main report 

gives inclusion values collected at the various recruiting centers. This probably accounts for a 

median VC in our 39-patient biopsy subpopulation falling outside the 60–80% predicted 

window that was an inclusion criterion for RespiStimALS. Several explanations can be 

considered for this difference that illustrates the difficulty and variability of FVC 

measurement in ALS patients. While some patients may have deteriorated between the two 

measurements, others probably produced better FVC values during the second set of 

measurements because of a learning effect, enhanced motivation in the perspective of the 

inclusion in the trial, or more active coaching from highly trained and specialised laboratory 

technicians. 

 

CONCLUSION 

 

Our findings indicate that severe histological alterations in the diaphragm, as indicated by 

muscle atrophy and compensatory (reinnervation-induced) remodelling, are already present in 

many ALS patients who are considered to have only modest respiratory involvement. We 

posit that the respiratory measurements routinely used to monitor ALS patients (mainly VC 

and respiratory pressures) are inadequate for diagnosing diaphragm atrophy. Our results not 

only contribute to our understanding of diaphragm abnormalities in ALS but also have 

potential importance in shaping the enrolment criteria for clinical trials specifically aimed at 

preserving or restoring diaphragm muscle mass or function (e.g. calcium channel sensitizers).  

In such trials, it is important to identify patients with advanced diaphragm atrophy because 

they are the most unlikely to respond to diaphragm-targeted interventions. In this view, the 

failure of tirasemtiv (a selective activator of the fast skeletal muscle troponin complex that 

increases its sensitivity to calcium) to meet the "24 weeks supine FVC" primary endpoint of a 



    

 

 

randomized, placebo-controlled ALS trial [42,43] could be due to the fact that the enrolled 

patients had marked diaphragm atrophy in spite of a baseline supine FVC ≥ 70% predicted.  

 

We suggest that a combination of sitting FRC, sitting IC, and SNIP could be a more 

appropriate selection criterion than FVC for trials targeting the diaphragm, as a marker of 

slow-twitch diaphragm myofibre atrophy. Sitting IC could also be used for this purpose in 

routine practice. Recent advances in ultrasound evaluation of the diaphragm may also open 

new avenues of research to identify better stratification criteria in diaphragm targeted clinical 

trials in ALS [44,45]. 
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Table 1: Demographic and clinical characteristics of patients who underwent diaphragm 

biopsy (n=39) and normal subjects (n=10) 

 

  

 
ALS patients Normal group 

[10] 

Age, year  56 +/- 12.4 [47–63] 47 +/- 4.4 

Male gender, n 23 - 

Bulbar onset, n (%) 7 (18) - 

Disease duration at the time of biopsy (months) 25 [18–36] - 

ALSFRS-R score at the time of biopsy 33 [26–38] - 

Respiratory ALSFRS-R subscore at the time of biopsy* 11 [10–12] - 

Riluzole treatment, n (%) 39 (100) - 

Active stimulation group, n 19 - 

Deceased at last follow-up, n 24 - 

Disease duration (months)† 53 [39–70] - 

Pulmonary function tests Sitting    Supine Sitting 

FVC (% predicted)   83 +/- 14.4 [75–97] - 108 +/- 4.8 

SVC (% predicted)        79 [73–94]    78 [71–87] - 

FRC (% predicted)   92 +/- 18.4 [78–104]    72 [60–80] 106 +/- 5.4 

Sitting IC (L)        2.3 [1.8–2.7]    2.5 [1.9–3] - 

MIP (% predicted)        73 [50–82] - - 

SNIP (% predicted)        57 [47–65] - - 

Twitch transdiaphragmatic pressure (cm H2O)§  19.8 [11.4–25.4] - 

Left phrenic nerve CMAP amplitude (µV)**  497 [374.7–684.3] - 

Left phrenic nerve terminal latency (ms)**  7.8 [7.1–8.2] - 

 

Values are the n, n (%), median [IQR], or median, SD, [IQR]. IQR were not available in the 

reference data formerly obtained in normal subjects by the Paris Respiratory Muscle Group, 

we thus present SD for comparison [10]. ALSFRS-R=ALS Functional Rating Scale-Revised 

(score 0 [total disability] to 48 [no disability]). CMAP=compound motor action potential. 

FVC=forced vital capacity. SVC=slow vital capacity. FRC=functional residual capacity. 

IC=inspiratory capacity. MIP=maximal inspiratory pressure. SNIP=sniff nasal inspiratory 

pressure. For sitting SVC, FRC, and IC, n=38; for supine SVC, n=37; for MIP, n=38; for 

SNIP, n=35. *Respiratory ALSFRS-R subscore includes the three items of the ALSFRS-R that 

evaluate respiratory symptoms (dyspnoea, orthopnoea, use of mechanical ventilation) on a 

scale of 0 to 12. †Disease duration=time between first ALS symptoms and death or last 

follow-up. §Twitch transdiaphragmatic pressure=highest value obtained from cervical 

magnetic stimulation or bilateral anterior magnetic stimulation (n=31). Phrenic stimulation 

was performed according to the ATS/ERS guidelines.[18] **Values are from the left side only 

to match the diaphragm biopsy location. With the exception of a significant 

overrepresentation of women in the sham group (M:F ratio 7:13 vs the active stimulation 

group, 16:3; p=0.003), there were no significant differences between patients in the active and 

sham groups. 

 

  



    

 

 

 

 

 

 

 

 

 

Table 2: Histological characteristics of the diaphragm in ALS patients 

 

 
ALS patients Normal subjects [10] p value 

Mean Median SD IQR Mean SD 

Type I fibres        

Minimum diameter (µm) 54.2 53.4 8.4 48.9–59.9 59.7 0.9 p = 0.00026 

Proportion (%) 54.7 55.5 14.6 42.5–65.1 53.2 1.8 NS 

Proportion of atrophic fibres (%)* 56.0 57.1 15.5 46.3–67.3 N/A -  

Proportion of enclosed fibres (%)† 8.3 5.3 8.3 3.2–11.2 N/A  -  

Type II fibres        

Minimum diameter (μm) 44.9 44.3 14.8 34.1–54.2 55.3 1.3 p = 9.8 x 10-5 

Proportion (%) 45.3 44.5 14.6 34.9–57.6 46.8 1.8 NS 

Proportion of atrophic fibres (%)* 56.0 53.7 24.5 39.4–74.5 N/A -  

Proportion of enclosed fibres (%)† 1.9 1.0 2.6 0.4–2.3 N/A -  

 

N/A=not applicable.*Atrophic fibres=diameter two standard deviations below the mean 

diameter measured in normal subjects. In the absence of more recent normative data, we 

based our cutoffs for atrophy on the reference data formerly obtained by the Paris Respiratory 

Muscle Group [10]. As IQR were not available in these reference data, we present SD for 

comparison. †Enclosed muscle fibres=fibres surrounded on all sides by fibres of the same type 

[17]. 
 

  



    

 

 

 

 

 

Table 3: Comparison of histological characteristics of the diaphragm in the active and 

sham stimulation groups 

 

 

Active 

stimulation 

group 

Sham 

stimulation 

group 

p 

value 

Type I fibres    

Proportion (%) 54.5 [41.5–61.5] 57.3 [44.5–67.2] NS 

Minimum diameter (µm) 53.7 [51.0–60.3] 50.9 [46.9–59.0] NS 

Proportion of atrophic fibres (%)* 55.6 [46.5–60.1] 64.8 [44.1–75.4] NS 

Proportion of enclosed fibres (%)† 5.1 [3.6–11.9] 6.1 [2.5–9.0] NS 

Type II fibres    

Minimum diameter (μm) 45.0 [38.6–55.4] 40.8 [33.6–53.7] NS 

Proportion of atrophic fibres (%)* 52.0 [37.6–69.3] 67.4 [41.9–76.3] NS 

Proportion of enclosed fibres (%)† 1.3 [0.5–2.5] 0.7 [0.3–2.1] NS 

 

All values are the median [IQR]. NS=not significant. *Atrophic fibres=diameters two standard 

deviations below the mean diameter measured in normal subjects [10]. †Enclosed muscle 

fibres=fibres surrounded on all sides by fibres of the same type [17]. 
 

Table 4: Multivariate analysis of the relationship between respiratory parameters and 

the proportion of atrophic type 1 fibres 

 

 

Independent variable Regression coefficient p value 

Sitting FRC (% predicted) 0.0041 4.6×10−4 

Sitting IC (% predicted) −0.00078 1.0×10−2 

SNIP (% predicted) −0.0031 3.1×10−3 

All vs constant model  4.3×10−5 

 

FRC=functional residual capacity. IC=inspiratory capacity. SNIP=sniff nasal inspiratory 

pressure. 
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FIGURE LEGENDS 

 

Figure 1: Diaphragm remodelling in ALS patients 

(A and B) Representative immunofluorescent staining of MyHC type I (type I slow-twitch 

fibres, red), MyHC IIa (type II fast-twitch fibres, green), and MyHC IIx (type II fast-twitch 

fibres, blue) in diaphragm muscle cross-sections from ALS patients observed under a light 

microscope (×16 objective). (A) Numerous small-calibre angular type I and type II fibres can 

be seen, together with enclosed fibres (fibres surrounded on all sides by fibres of the same 

type; arrow). (B) In some patients, fibre-type grouping affects predominantly type I muscle 

fibres, leading to type I predominance. Scale bar=100 μm.  

 

Figure 2: Heterogeneity of diaphragm histology in ALS patients 

Scattergram representations of the percentage of (A) total type I and type 2 fibres, (B) 

atrophic type I and type 2 fibres, and (C) enclosed type I and type 2 fibres in ALS patients 

(n=39). Each dot represents one patient. Median (range) values are: (A) 55.5% (30.1–94.1%) 

for type I and 44.5% (5.9–69.9%) for type II fibres; (B) 57.1% (29.4–78.2%) for type I and 

53.7 (8.6–99.2%) for type II fibres; and (C) 5.3% (0–35.6%) for type I and 1.0% (0–12.5%) 

for type II fibres (p<0.01). Red cross=mean value; red line=median value. 

 

Figure 3: Relationship between pulmonary function tests and diaphragm histological 

properties  

(A) Positive correlation between sitting FVC and percentage of enclosed type I (slow-twitch) 

fibres (r=0.317). (B) Positive correlation between sitting IC and type I fibre diameter 

(r=0.380). (C) Negative correlation between sitting IC and percentage of atrophic type I fibres 

(r=−0.380). (D) Negative correlation between supine IC and percentage of type I fibres 

(r=−0.336). (E) Positive correlation between supine IC and percentage of enclosed type II 

(fast-twitch) fibres* (r=0.356). (F) Negative correlation between sitting FRC and percentage 

of type I fibres (r=−0.365). All r values are Spearman’s rank correlation coefficients. 

FVC=forced vital capacity. IC=inspiratory capacity. FRC=functional residual capacity. 

*Enclosed muscle fibres=fibres surrounded on all sides by fibres of the same type (ie, fibre-

type grouping indicating partial denervation followed by reinnervation). 

 

 

  



    

 

 

 

 

 

 
  



    

 

 

 

 

 

 
  



    

 

 

 

 

 

 



Supplementary figure: Spearman’s correlation map and associated p-values of 
less than 0.3 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Atroph I: Proportion of type I atrophic fibers (%) 
Atroph II: Proportion of type II atrophic fibers (%) 
R-score: ALS Functional Rating Scale-Revised respiratory subscore: includes the 3 items of ALSFRS-
R evaluating respiratory symptoms (dyspnea, orthopnea, use of mechanical ventilation), score 0 to 12 

 



CMAP: Compound Motor Action Potential 
Twitch: Twitch transdiaphragmatic pressure 
Sit. SVC: Sitting Slow Vital Capacity 
Sup. SVC: Supine Slow Vital Capacity 
Delta SVC: Delta Slow Vital Capacity 
Sit. FRC: Sitting Functional Residual Capacity 
Sup. FRC: Supine Functional Residual Capacity 
Delta FRC: Delta Functional Residual Capacity 
Sit. RV: Sitting Residual Volume 
Sup. RV: Supine Residual Volume 
Delta RV: Delta Residual Volume 
Sit. IC: Sitting Inspiratory Capacity 
Sup. IC: Supine Inspiratory Capacity 
Delta IC: delta Inspiratory Capacity 
MIP: Maximal inspiratory pressure 
SNIP: Sniff nasal inspiratory pressure 

 


