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and reduced life expectancy (9). Riluzole, a blocker 
of tetrodotoxin-sensitive sodium channels, can 
delay the onset of ventilator dependence and prolong 
survival by a few months (10), but there is no 
curative treatment for ALS. Non-invasive ventila-
tion (NIV) is now part of the standard of care 
for patients with advanced respiratory insuffi ciency 
(11 – 13). NIV alleviates dyspnoea, improves sleep, 
and prolongs life. 

 In the absence of curative therapy, symptomatic 
approaches aimed at improving muscle strength 
and/or endurance could be considered. Moderate 
improvements of unknown clinical relevance have 

  Introduction 

 Amyotrophic lateral sclerosis (ALS) is a neuro-
degenerative disorder of unknown origin leading to 
death one to three years after diagnosis (1 – 4). Motor 
neuron cell death leads to progressive weakness 
of muscles. Respiratory muscle weakness and the 
corresponding respiratory failure are prominent neg-
ative prognostic factors in ALS. It is associated with 
reductions in quality of life and survival (1,3,5 6), 
respiratory failure being the most common cause of 
death in ALS patients (7). Specifi cally, the involve-
ment of the diaphragm in the degenerative process 
is associated with dyspnoea (8), sleep alterations (9), 
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 Abstract 
 In amyotrophic lateral sclerosis (ALS) patients, respiratory insuffi ciency is a major burden. Diaphragm conditioning by 
electrical stimulation could interfere with lung function decline by promoting the development of type 1 muscle fi bres. 
We describe an ancillary study to a prospective, non-randomized trial (NCT00420719) assessing the effects of diaphragm 
pacing on forced vital capacity (FVC). Sleep-related disturbances being early clues to diaphragmatic dysfunction, 
we postulated that they would provide a sensitive marker. Intramuscular diaphragm pacers were implanted laparoscopically 
in 18 ALS patients for daily conditioning. ALS functioning score (ALSFRS), FVC, sniff nasal inspiratory pressure (SNIP), 
and polysomnographic recordings (PSG, performed with the stimulator turned off) were assessed before implantation and 
after four months of conditioning ( n   �  14). Sleep effi ciency improved (69   �   15% to 75   �   11%,  p   �  0.0394) with fewer 
arousals and micro-arousals. This occurred against a background of deterioration as ALSFRS-R, FVC, and SNIP declined. 
There was, however, no change in NIV status or the ALSFRS respiratory subscore, and the FVC decline was mostly due 
to impaired expiration. Supporting a better diaphragm function, apnoeas and hypopnoeas during REM sleep decreased. 
In conclusion, in these severe patients not expected to experience spontaneous improvements, diaphragm conditioning 
improved sleep and there were hints at diaphragm function changes.  

  Key words:   Amyotrophic lateral sclerosis  ,   respiratory insuffi ciency  ,   diaphragm  ,   diaphragm pacing  ,   sleep-related disturbances   
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been observed in response to inspiratory muscle 
training (14) and the administration of theophyl-
lines that slightly increase respiratory muscle 
endurance (15). 

 Electrical neuromuscular stimulation of striated 
muscles can improve their function (16), and 
preliminary observations have suggested that low 
frequency electrical stimulation of limb muscles 
could be benefi cial in Duchenne ' s myopathy (17) 
and in ALS (18). Regarding the diaphragm, dia-
phragm pacing can reverse diaphragm disuse 
atrophy in quadriplegic patients (19,20). It is also 
known, from animal models, to promote the devel-
opment of oxidative fatigue-resistant type 1 muscle 
fi bres (21 – 23). It has therefore been hypothesized 
that low frequency electrical stimulation of the dia-
phragm could slow the decline in vital capacity (or 
forced vital capacity) that is characteristic of ALS. 
It could also be that ALS-related phrenic degenera-
tion is heterogeneous (24), and that there can be a 
variable distribution of upper and lower motor 
neuron losses. Exploratory attempts at electrically 
conditioning the diaphragm in ALS patients through 
intra-diaphragmatic phrenic nerve stimulation 
have shown suffi cient promise for a multicentre 
trial to be launched with the approval of the US 
Food and Drug Administration (ClinicalTrials.gov 
NCT00420719). This trial was designed to deter-
mine the effect of diaphragm pacing on a primary 
endpoint of forced vital capacity decline. As of 
March 2011, the results of this trial are pending and 
will be the subject of a separate report. 

 The present article reports on an ancillary 
study to NCT00420719 performed within the 
cohort of patients implanted at the French partici-
pating centre. In this study, the impact of diaphragm 
pacing on sleep has been assessed using polysomno-
graphic recording. 

 There is a close link between diaphragm function 
and sleep abnormalities, both in general (review 
in 25,26) and during ALS where diaphragm weak-
ness is associated with REM sleep-related episodes 
of hypoventilation and deteriorated sleep architec-
ture and effi ciency (9,27). Respiratory related 
sleep disturbances can be observed in patients 
with diaphragmatic dysfunction who otherwise 
exhibit little spirometric abnormality (26,28). This 
suggests that they are sensitive markers (although of 
unknown specifi city). It was therefore hypothesized 
that, irrespective of results on forced vital capacity, 
a positive effect of diaphragm pacing on diaphragm 
function could improve sleep effi ciency and other 
sleep characteristics in ALS patients.   

 Methods  

 Trial design and participants 

 The study reported here was ancillary to a prospec-
tive, non-randomized, multicentre, interventional 

trial of a laparoscopically implanted diaphragm 
pacing device (NeuRx Diaphragm Pacing System 
(DPS) TM , Synapse, Oberlin, Ohio, USA) in 106 
patients with ALS, conducted at seven North 
American centres and one French centre (Clinical-
Trials.gov NCT00420719). This trial was designed 
to assess the impact of the DPS on the decline of 
forced vital capacity (FVC). 

 The sleep study described here involved patients 
attending the French centre. Local ethics committee 
approval was obtained. The patients gave written 
consent in accordance with the Declaration of 
Helsinki. Eligibility criteria were as for the main 
study, namely that patients had to be aged 18 years 
or older, with familial or sporadic ALS diagnosed as 
laboratory-supported probable, probable or defi nite 
according to the World Federation of Neurology 
El Escorial criteria; with bilateral hemidiaphragm 
mobility documented fl uoroscopically during a 
sniff test; an FVC between 50% and 85% of pre-
dicted values at screening (and greater than 45% of 
predicted at time of implant) and no underlying 
cardiac or respiratory diseases likely to increase risk 
from general anaesthesia. Negative pregnancy test-
ing in females of childbearing potential was required. 
Patients were excluded if they had gross cognitive 
dysfunction likely to impair their ability to function 
with the device.   

 Procedures for implantation and 
operation of the device 

 The surgical technique for device implantation is 
described elsewhere (29,30). Briefl y, following 
mapping to identify optimal diaphragm stimulation 
sites (31), two electrodes were implanted laparo-
scopically in each hemidiaphragm. Electrode leads 
were tunnelled to a percutaneous exit site. A subcu-
taneous fi fth electrode served as an anode. All 
leads were connected to the external stimulator. 
Diaphragm contractions were induced 8 – 18 times 
per min by delivering trains of stimuli (15 Hz fre-
quency, pulse width 90 – 150  μ s, intensity 8 – 18 mA 
as tolerated). The patients were instructed to use the 
DPS device for three to fi ve 30-min stimulation ses-
sions per day, and were allowed to use it more if they 
so wished. They were asked to fi ll in daily logs of 
their stimulation sessions. In addition, they were 
provided with a set of six 500-h batteries and 
instructed to ask for replacements when the fourth 
battery had run out. This provided a rough method 
to verify their actual use of the device.   

 Data collection 

 After inclusion (M0), there was a three-month 
lead-in period. The primary data collection was 
made at the end of the third month (M3), immedi-
ately before implantation. Repeat assessments were 
performed at months 5, 7, 9, and 12 (i.e. 2, 4, 6 and 
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   Diaphragm pacing and sleep in ALS    3

9 months post-implant). Collected data comprised 
ALS functional rating scale (ALSFRS-R); quality 
of life assessment (SF-36 questionnaire); spirometric 
variables including forced vital capacity (FVC) (32); 
respiratory muscle variables including sniff nasal 
inspiratory pressure (SNIP) (33), maximal inspira-
tory and expiratory pressures (Pi,max and Pe,max, 
respectively) (34); blood gases; fl uoroscopic dia-
phragm evaluation; tolerance and safety information. 

 In the patients in the ancillary sleep study addi-
tional measurements at M3 and after four months 
of diaphragm stimulation (M7) were performed. 
These included diaphragm function testing (oesoph-
ageal, gastric and transdiaphragmatic pressure twitch 
response  – Pes,tw, Pga,tw and Pdi,tw, to supramaxi-
mal bilateral anterior magnetic stimulation (BAMPS) 
(35), according to recommended procedures (36). 
Sleep assessments included the Epworth score 
and full-night laboratory polysomnographic 
recordings (PSG). These recordings included three 
electroencephalograms (Fp1/Cz, O2/Cz, C3/A2), 
bilateral electrooculogram, surface electromyogram 
of the chin, leg muscles, and inspiratory neck mus-
cle, airfl ow via nasal pressure transducers (during 
unassisted breathing) or a pneumotachograph 
(during non-invasive ventilation), tracheal sounds 
through a microphone, thoracic and abdominal belts, 
electrocardiogram, and fi nger pulse oximetry. 

 These recordings were performed while the 
patients were breathing spontaneously or under 
non-invasive ventilation depending on their current 
clinical status, but always with the stimulator off. 

 The sleep stages (37), arousals (38), and respira-
tory events (39) were scored visually according to 
international criteria. Hypopnoea was defi ned as 
more than 50% decrease in airfl ow associated with 
a 3% oxygen desaturation or an arousal. Outcomes 

of particular interest were total sleep time, sleep 
effi ciency, sleep latency, duration of stage N1-N2, 
N3 and REM sleep, arousal index, apnoea and 
hypopnoea index during sleep and during REM 
sleep, the proportion of time spent with an SpO 2  
(transcutaneous pulsed oxygen saturation) below 
90% and inspiratory neck muscle use expressed 
as the ratio of the time spent with a visible EMG 
activity to total sleep period. The study design is 
summarized in Figure 1.   

 Statistical analysis 

 To minimize bias, the analysis was not restricted 
to those of the implanted patients who underwent 
both the M3 and the M7 sleep studies ( ‘ sleep stud-
ies ’  cohort,  n   �  14), but it was conducted on the 
whole  ‘ implanted cohort ’  ( n   �  18). Missing data 
were categorized as non-informative (not relating to 
the outcome under study) or informative (missing 
systematically or possibly relating to the outcome, 
e.g. where a patient was physically unable to perform 
a test). Statistical comparisons were conducted 
after imputing non-informative missing data with 
the median of the observed data from the sleep 
studies cohort, and imputing informative missing 
data with the 10th or 90th percentile, whichever 
coincided with the worst performance relative to the 
median. Data were summarized using the mean, 
standard deviation, median, minimum and maxi-
mum for continuous variables and number and per-
cent for categorical variables. Continuous variables 
were paired within patients and statistical signifi -
cance (defi ned as a probability  p  of a type 1 error 
below 0.05) was assessed using the Wilcoxon signed 
rank test. Of importance, the imputing process 
had minimal effects on the signifi cance levels when 

  

Figure 1.     Study design showing timing of the additional measures performed in the patients included at the French centre of the 
multicentre trial ( ‘ sleep study ’ ). These included full night polysomnography and the assessment of the diaphragm response to bilateral 
phrenic nerve stimulation (twitch pressures).  
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comparing the analysis of observed versus imputed 
data (results not shown). Given the exploratory 
nature of the study, the interpretation of the results 
was conducted from the uncorrected analysis, but a 
multiplicity correction was performed for informa-
tion using Hochberg ' s procedure (40).    

 Results 

 Thirty-eight patients were screened between 
September 2008 and March 2009. Twenty-four met 
the inclusion criteria and were enrolled. Among 
these, one died from massive inhalation during the 
run-in period, one withdrew consent, and four had 
an excessive fall in FVC (FVC less than 45% at the 
end of the run-in). As a result, 18 patients were 
implanted (Figure 2). There were no serious adverse 
events during or following anaesthesia or relating to 
device insertion. Mean hospital stay was two days. 
Minor complaints of shoulder pain on initiation of 
stimulation were resolved by adjustment to stimula-
tor settings (fi nal settings at seven months: pulse 
width 116.6  �  30.4  μ s, intensity 9.65  �  3.35 mA). 
The 18 implanted patients ( ‘ implanted cohort ’ ) 
completed baseline sleep studies and diaphragm 
stimulation derived measurement at M3. Fourteen 
of them completed evaluations at four months after 
device implantation (M7) ( ‘ sleep studies ’  cohort) 
(Table I). Of these 14 patients, six were classifi ed 
clinically as having a predominantly  ‘ upper motor 
neuron ’  form, six a predominantly  ‘ lower motor 
neuron ’  form, and two a  ‘ balanced ’  form. 

 The stimulation logs showed that all the patients 
in the sleep studies cohort used their stimulator 
according to the instructions received (eight patients 
were very consistent in performing fi ve sessions each 

day; three started with three sessions and increased 
to fi ve after two months; and three started with three 
sessions, went to fi ve, and then stimulated them-
selves for several hours per day). The number of 
missed days between M3 and M7 never exceeded 
eight except in two cases (55 and 60 days). In addi-
tion, 11 patients in the sleep cohort continued to 
order batteries after M7, which indicates a sustained 
use of the device after the end of the sleep study. 

 The ALSFRS-R deteriorated between M3 
and M7 (Table II), without signifi cant change in its 
respiratory subscore. No signifi cant change was 
observed in the SF-36 score. 

 FVC declined signifi cantly (Table II). This decline 
(from 66  �  12% predicted to 58  �  18%) was princi-
pally expiratory in nature. The expiratory reserve 
volume (ERV) declined from 70    �    32% predicted 
to 54    �    27% ( p   �  0.0134), while the decline in 
inspiratory capacity (IC) did not reach statistical 
signifi cance. The Pi,max and Pe,max declined at 
similar rates of magnitude, but only the decline 
in Pe,max was statistically signifi cant (Table II). 
Twitch pressures were low to start with (Pes,tw 
7.3  �  5.9 cm H 2 O, for an expected value above 
11 (36); Pdi,tw 9.3    �    7.2 cm H 2 O, for an expected 
value above 20 (36)). They deteriorated signifi cantly 
during the follow-up period (Table II). 

 Between M3 and M7, none of the patients 
was put on any form of sedative treatment. Half of 
the patients were already on NIV at the time of 
implantation (Table I). In this subpopulation there 
was no settings change between the two sleep 
studies. The other half of the patients was not under 
NIV at the time of implantation, and in this sub-
population there was no case of NIV initiation 
between the two sleep studies. 

  Figure 2.     Flow chart of the French ancillary sleep study.

 ∗ 50% of the patients received non-invasive ventilation (NIV) at the time of implantation (M3).
 ∗∗ There was no change in NIV status or NIV duration during the four-month diaphragm conditioning period, i.e. between M3 and M7.  
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   Diaphragm pacing and sleep in ALS    5

  Table I. Demographics and disease characteristics of patients, 
as observed at inclusion (M0).  

Observed  n   �  18 
Implanted cohort

Observed  n   �  14 
Sleep study cohort

Gender
Male 10 (56%) 9 (64%)
Female 8 (44%) 5 (36%)

Age at inclusion 
(years)

66  �  6 (66)
  52  –  76

66  �  6 (67)
  52 – 76

Weight (kg) 65  �  10 (63)
  50  –  85

64  �  10 (62)
  50 – 85

Height (m) 1.7  �  0.1 (1.7)
  1.6  –  1.8

1.7  �  0.1 (1.7)
  1.6  –  1.7

BMI (kg/m 2 ) 23.6  �  3.1 (24.1)
  18.5  –  28.5

23.1  �  3.3 (22.5)
  18.5  –  28.5

Disease duration at 
inclusion (months)

42  �  27 (35)
  9 � 124

43  �  30 (33)
  9 – 124

ALSFRS-R at 
inclusion

34.0  �  7.8 (36.0)
  15  –  42

33.0  �  8.2 (36.0)
  15 – 42

Site of disease onset
Bulbar 2 (11%) 2 (14%)
Limb 16 (89%) 12 (86%)

Bulbar involvement ∗ 9.9  �  2.4 (10.5)
  4  –  12

9.7  �  2.6 (10.5)
  4 – 12

Use of riluzole 17/18 (94%) 13/14 (93%)
Use of NIV at 

inclusion
9/18 (50%) 7/14 (50%)

Use of PEG at 
inclusion

0/18 (0%) 0/14 (0%)

FVC (% predicted), 
sitting

69  �  10 (68)
  54 � 92

71  �  9 (69)
  54 – 92

IC (% predicted), 
sitting

69  �  18 (73)
  40  –  98 N  �  15

71  �  16 (74)
  45  –  98 N  �  12

ERV (% predicted), 
sitting

78  �  28 (74)
  46  –  131 N  �  15

77  �  28 (75)
  46  –  131 N  �  12

SNIP (% predicted) 42  �  24 (36)
  16  –  108

45  �  26 (42)
  16 – 108

Pi,max (% predicted) 57  �  28 (54)
  16  –  128 N  �  17

59  �  30 (57)
  16  –  128 N  �  13

Pe,max (% 
predicted)

40  �  18 (36)
  18  –  66 N  �  15

42  �  18 (36)
  21  –  66 N  �  11

pH 7.42  �  0.02 (7.42)
  7.39  –  7.45

7.42  �  0.02 (7.42)
  7.39  –  7.45

PaO 2  (mmHg) 77  �  12 (80)
  39  –  88

80  �  7 (80)
  70  –  88

PaCO 2  (mmHg) 46  �  8 (44)
  35  –  73

44  �  3 (44)
  35  –  49

Inclusion-
implantation delay 
(months)

3.2  �  0.2 (3.2)
  2.8  –  3.9

3.2  �  0.3 (3.2)
  2.8  –  3.9

    ∗ Bulbar involvement  �  sum of ALSFRS-R speech, salivation 
and swallowing scores.   
 Values as mean  �  SD (median) (min-max)  n   �  (if less than value 
supplied in column header).   
 BMI: body mass index; ALSFRS-R: amyotrophic lateral 
sclerosis functional rating scale; NIV: non-invasive ventilation; 
PEG: percutaneous endoscopic gastrostomy; FVC: forced vital 
capacity volume; IC: inspiratory capacity; ERV: expiratory 
reserve; SNIP, sniff nasal inspiratory pressure; Pi,max: maximal 
static inspiratory pressure measured at the mouth; Pe,max: 
maximal static expiratory pressure measured at the mouth 
(predicted values from Black and Hyatt).    
 pH, PaO 2,  PaCO 2  from arterial samples taken during unassisted 
spontaneous room air breathing.   
 ERV and IC are the expiratory and inspiratory components of 
VC, respectively.   

 Regarding sleep, we did not observe signifi cant 
changes in the Epworth sleepiness scale, in gross 
sleep architecture, and in the percentage of time 
spent with an SpO 2  below 90% (Table III). Time 
in stages N1, N2, N3 and REM sleep remained 
similar over the study period. Sleep effi ciency sig-
nifi cantly improved from 69    �    15% to 75    �    11% 
( p   �  0.0394) (Table III, Figure 3a). This was driven 
by a decrease in the time spent awake after sleep 
onset (wake after sleep onset, WASO), from a mean 
of 182 min to 136 min ( p   �  0.0032) (Table III, 
Figure 3b). The arousal index (awakenings and 
micro-awakenings, the latter not accounted for in 
the WASO) was also signifi cantly reduced from a 
mean of 22 per h to 16 per h ( p   �  0.0005) (Table III, 
Figure 3c). While the overall apnoea-hypopnoea 
index was unchanged (Table III), there was a 
signifi cant reduction in the REM-related apnoea- 
hypopnoea index from a mean of 10.4 per h to 4 
per h ( p   �  0.045) (Table III). The use of neck muscle 
during sleep, as studied from EMG recordings 
(see Methods), decreased signifi cantly between M3 
and M7 ( p   �  0.0093). Only two patients in the sleep 
studies cohort clearly deteriorated in terms of 
the above sleep characteristics, in spite of reporting 
using the stimulator. The others were either stable 
( n   �  2) or improving ( n   �  10). 

 There was no discernible relationship between 
DPS application and the studied outcomes (includ-
ing in the two patients who deteriorated). There 
were also no obvious differences between bulbar and 
spinal onset patients, and no obvious differences 
between upper motor neuron versus lower motor 
neuron patients (although the two patients who 
deteriorated had a dominant pattern of lower motor 
neuron lesions).   

 Discussion 

 This study shows that after four months of diaphragm 
conditioning, patients with ALS exhibit signifi cant 
sleep improvements, irrespective of their status 
regarding NIV. Sleep effi ciency increased (median 
9%), with a reduction in arousal index driving a 
decrease of wake after sleep onset (median 69 min). 
These changes are all the more noteworthy that 
they occurred against a background of continuing 
deterioration (of the ALSFRS-R score, of FVC, of 
respiratory pressures). They were therefore observed 
in patients not expected to experience any form of 
spontaneous improvement. Of note, no comparable 
NIV data are available. As an indication of the mag-
nitude of the observed effect, we note that widely 
prescribed pharmacological treatments for primary 
insomnia increase sleep effi ciency by 6 – 7% and 
reduce wake after sleep onset by 15 – 20 min (41,42). 
The risks associated with surgical implantation of 
the stimulators were low, as already reported (29). 

 Sleep studies can be confounded by the so-called 
 ‘ fi rst-night effect ’  where patients, unfamiliar with 
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  Table II. ALSFRS-R and respiratory variables at month 3 (M3; baseline) and month 7 (M7; four months after device implantation 
and diaphragm conditioning). (Implanted cohort) (Difference imputed).  

Observed and imputed

Parameter

Observed
Difference

  (M7  –  M3)    n   �  18  p -value # M3 M7

ALSFRS-R 30  �  7 (30)
  14 – 42
   n   �  18

25  �  8 (24)
  12  –  34
   n   �  15

–4.9  �  6.1 (–1.0)
  –18  –  2

0.0032 ∗ 

VC (% predicted) 66  �  12 (64)
  49  –  89
   n   �  18

58  �  18 (63)
  22  –  85
   n   �  15

–9.4  �  10.8 (–8.5)
  –29  –  19

0.0024 ∗   

ERV (% predicted) 70  �  32 (65)
  26  –  136

   n   �  18

54  �  27 (49)
  21  –  117
   n   �  15

–14.1  �  21.4 (–11.5)
  –37  –  39

0.0134 ∗   

IC (% predicted) 65  �  22 (58)
  27  –  115

   n   �  18

58  �  21 (59)
  22  –  89
   n   �  15

–10.3  �  21.2 (–5.8)
  –62  –  24

0.0817  

SNIP (% predicted) 37  �  16 (32)
  19  –  70
   n   �  15

33  �  19 (24)
  8  –  70
   n   �  15

–9.1  �  8.6 (–8.0)
  –21  –  15

0.0010 ∗ 

Pi,max (% predicted) 47  �  19 (45)
  20  –  85
   n   �  16

44  �  18 (44)
  12  –  77
   n   �  15

–6.1  �  16.8 (0)
  –35  –  18

0.3510

Pe,max (% predicted) 32  �  18 (29)
  10  –  73
   n   �  14

28  �  17 (27)
  7  –  59
   n   �  15

–6.3  �  7.6 (–6.5)
  –18  –  15

0.0027 ∗   

Pes, twitch with BAMPS(cmH 2 O) 7.3  �  5.9 (4.8)
  1.1  –  19.0

   n   �  17

5.3  �  5.4 (3.5)
  0  –  16.4
   n   �  15

–2.5  �  3.5 (–1.8)
  –13.1  –  3.7

0.0055 ∗   

Pga, twitch with BAMPS (cm H 2 O) 3.1  �  2.6 (2.8)
  0  –  8.3
   n   �  14

2.6  �  3.1 (2.0)
  –2.3  –  9.0

   n   �  15

–1.4  �  2.0 (–0.9)
  –6.5  –  1.3

0.0160 ∗   

Pdi, twitch with BAMPS (cm H 2 O) 9.3  �  7.2 (6.3)
  1.9  –  24.6

   n   �  14

7.5  �  8.0 (4.8)
  0  –  25.4
   n   �  15

–3.6  �  4.9 (–2.5)
  –19.7  –  3.7

0.0009 ∗ 

    # Wilcoxon signed rank test.   
  ∗ Remained statistically signifi cant after application of the Hochberg multiple testing procedure.   
 Values as mean  �  SD (median) (min-max)  n   �  (if less than value supplied in column header).
FVC: forced vital capacity; ERV: expiratory reserve volume; IC: inspiratory capacity;
SNIP: sniff nasal inspiratory pressure; Pi,max: maximal static inspiratory pressure measured at the mouth; Pe,max: maximal static 
expiratory pressure measured at the mouth; Pes: oesophageal pressure; BAMPS: bilateral anterior magnetic stimulation; Pga: gastric 
pressure; Pdi: transdiaphragmatic pressure, computed as Pga-Pes.   

the sleep laboratory environment, experience a 
deterioration of their sleep during their fi rst night in 
the laboratory (43). In our patients, the comparison 
of the M3 and M7 nights (Table III) did not show 
any of the characteristics of the fi rst-night effect 
(namely, more N1-N2, less N3, less REM, a longer 
sleep latency) (43). In addition, six patients had 
undergone a sleep recording for clinical reasons prior 
to their inclusion in the study. There was no signifi -
cant difference between these prior nights and the 
M3 nights (time lag fi ve to eight months) regarding 
the fi rst-night effect criteria (Table IV). A placebo 
effect cannot be excluded (a reason why it was 
decided against including a sleep quality question-
naire among the outcomes). However, the pattern of 
sleep improvement and its pathophysiological coher-
ence go against the likelihood of a placebo effect 
being the sole explanation of the results. Other con-
cerns could be raised. The study population was 

small, but signifi cant changes were observed in 
key indices of sleep. Most of them, if not all, resisted 
the correction for multiplicity. Not all patients 
completed the second sleep study at M7, but this 
was accounted for conservatively at imputation. 
There was no control group because this study was 
ancillary to a larger one that was powered on FVC 
and during which the patients served as their own 
controls. It is therefore not possible to determine 
with certainty whether, or how, the evolution of ALS 
was infl uenced by the intervention. In spite of these 
limitations that are real and of importance, the 
observed sleep improvements were physiologically 
coherent and, again, occurred in spite of a general 
and respiratory decline. For these reasons, we believe 
that these results are important and require close 
consideration. 

 Although they are fragmentary, there are 
arguments to support the hypothesis that diaphragm 
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  Table III. Sleep and neck muscle use data M3 – M7 ( n   �  18 Cohort (Difference imputed))  .

Variable

Observed and imputed

Observed
Difference 

  (M7 – M3)   ( n   �  18)  p -value # M3   ( n   �  18) M7   ( n   �  14)

Epworth sleepiness score   (0–24) 5.9  �  4.0 (5.5)
  1.0  –  13.0

6.0  �  5.1 (5.0)
  0  –  20.0

–0.8  �  3.1 (–2.0)
  –6.0  –  8.0

0.0745  

Total sleep period   (min) 582  �  60 (566)
  484  –  710

551  �  118 (551)
  304  –  758

–42  �  107 (–19)
  –246  –  140

0.0969

Total sleep time   (min) 370  �  119 (404)
  1.2  –  521

411  �  112 (413)
  212  –  557

26  �  104 (35)
  –111  –  256

0.6013

Sleep effi ciency   (%) 69  �  15 (70)
  33  –  90

75  �  11 (76)
  51  –  88

8  �  12 (9)
  –13  –  28

0.0394 ∗ 

Sleep latency   (min) 35  �  41 (23)
  0  –  179

53  �  51 (33)
  10  –  153

11  �  52 (5)
  –127  –  109

0.3829

Stage N1–N2
  (% of total sleep time)

63  �  12 (65)
  40  –  85

67  �  14 (66)
  41  –  93

0.1  �  12.1 (0.9)
  –16.6  –  20.3

0.9229

Stage N3
  (% of total sleep time)

20  �  10 (19)
  3  –  41

20  �  12 (17)
  1  –  38

1.3  �  10.3 (4.6)
  –13.0  –  23.7

0.9068

REM 
  (% of total sleep time)

16  �  5 (16)
  8  –  25

14  �  7 (15)
  0  –  24

–1.4  �  6.9 (–0.5)
  –13.0  –  12.6

0.4748

Wake after sleep onset   (min) 182  �  102 (173)
  54  –  474

136  �  65 (114)
  63  –  264

–59  �  73 (-69)
  –210  –  73

0.0032 ∗ 

Arousal Index   (per h) 22  �  10 (22)
  6  –  42

16  �  8 (14)
  9  –  38

–6  �  7 (–7)
  –21  –  6

0.0005 ∗ 

Apnoea-hypopnoea index (per h) 8  �  15 (1)
  0  –  56

5  �  9 (1)
  0  –  32

–4  �  10 (–1)
  –35  –  4

0.1196

REM Apnoea-hypopnoea index (per h) 10.4  �  19.0 (1.4)
  0.0  –  58.7

4.0  �  7.0 (0.0)
  0.0  –  24.5

–7.4  �  15.8 (–1.8)
  –58.7  –  6.8

0.0450

Neck muscle use (% of total sleep period) 34  �  28 (22)
  5  –  100
   n   �  14

27  �  25 (17)
  5  –  100

–5.2  �  9.3 (–3.8)
  –29.6  –  12.4

0.0093

Time spent with SpO 2  less than 90% 
(% of total sleep period)

2.6  �  4.6 (0.2)
  0.0  –  16.6

4.1  �  7.0 (1.2)
  0.0  –  21.5

1.4  �  4.3 (0.0)
  –7.9  –  10.8

0.2661

    # Wilcoxon signed rank test.   
  ∗ Remained statistically signifi cant after application of the Hochberg multiple testing procedure.
Values as mean  �  SD (median) (min-max), with mention of  n   �  if less than supplied in column header.
REM: rapid eye movements sleep; Sp0 2 : transcutaneous pulsed oxygen saturation.   

pacing was effi cient in interfering with diaphragm 
function, as follows. FVC decreased in our patients, 
but to interpret this fi nding properly it must be kept 
in mind that the FVC manoeuvre consists of a max-
imal inspiration (inspiratory capacity) and a maxi-
mal expiration (expiratory reserve volume) performed 
sequentially. A reduction in FVC can therefore result 
from an inspiratory ailment, an expiratory one, 
or both. In our patients, the reduction in FVC 
was driven by a reduction in the expiratory compo-
nent (Table II), on which diaphragm conditioning 
would not be expected to have any direct effect. 
In contrast, there was no signifi cant decrease in 
inspiratory capacity (Table II). This is compatible 
with diaphragm pacing altering the course of dia-
phragmatic degeneration against a background of 
expiratory deterioration. Similarly, maximal expira-
tory pressure decreased but that was not the case 
with maximal inspiratory pressure (Table II). Another 
and perhaps stronger argument in favour of an actual 
effect of diaphragm conditioning is the reduction 
in REM sleep-related hypopnoea (Table III) that 
occurred between M3 and M7. REM sleep constitutes 

the most vulnerable period in the presence of 
respiratory muscle weakness, and REM sleep related 
episodes of hypoventilation are closely linked 
with diaphragmatic dysfunction (9,25,26). Further-
more, our patients exhibited a signifi cant decrease 
in inspiratory neck muscle activity at night. How-
ever, patients suffering from diaphragm paralysis 
have an increased recruitment of extradiaphragmatic 
inspiratory muscle at night (28), and there is a 
link between diaphragmatic dysfunction and inspira-
tory neck muscle use in ALS patients (8,44). It is 
thus reasonable to speculate that the reduced neck 
muscle activity in our patients was possible because 
of an improved diaphragm function. It is important 
to note that improvements in sleep were seen in 
patients who received NIV at M3 as well as 
in patients who did not. This further supports the 
argument that diaphragm pacing did indeed change 
diaphragm function. 

 One intriguing question at this stage is how to 
reconcile an improvement in diaphragm function 
allowing sleep to improve with the observed reduc-
tions in sniff nasal inspiratory pressure and twitch 
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  Figure 3.     Sleep effi ciency (A), wake after sleep onset (B) and arousal index (C) depicted as individual patients ’   ‘ before-after ’  plots 
(top row; M3: white squares. M7: black circles) and as the M7-M3 difference (bottom row; individual values with the median and 
interquartile space).  

pressures. Chronic, low-frequency, electrical stimu-
lation of a muscle can change its fi bre type composi-
tion (45,46). In the diaphragm, for example, animal 
models have shown that the  ‘ normal ’  mixture of 
rapid and slow fi bres is replaced after a few weeks 
by a uniform population of slow fi bres (21 – 23). 
Experience from diaphragm pacing in quadriplegic 
patients suggests that this also occurs in humans, the 
increase in contractility during diaphragm recondi-
tioning being accompanied by a progressive reduc-
tion in the stimulus frequency at which fusion of the 
contraction is observed (47). Slow fi bres are impor-
tant for muscle endurance but they produce less 
force than fast fi bres. Thus, an improved diaphragm 
endurance despite a loss of diaphragm strength is 
theoretically possible. Similar phenomena have been 
observed in response to electrical conditioning of 
striated muscles (48,49). This would explain positive 
effects of diaphragm conditioning on ventilation 
during REM sleep-improved endurance  –  that 
would be concomitant with reductions in twitch 
pressures and SNIP (loss in force)  –  that are more 
dependent on fast fi bres. In this perspective, SNIP 
 –  fast contraction  –  decreased in our patients while 
static inspiratory pressure  –  slow contraction  –  did 
not signifi cantly do so. To further test the  ‘ endurance 
hypothesis ’  and strengthen the evidence regarding 
the putative effect of pacing on diaphragm proper-
ties, we conducted a post-hoc analysis of the 
sniff nasal inspiratory pressure (SNIP) tracings 
obtained in the  ‘ sleep cohort ’  patients. During the 
SNIP procedure, the patients perform several (ca. 10) 
sniff manoeuvres in succession. We hypothesized 
that 1) because our patients already had markedly 
weak muscles at the time of inclusion, this could 

suffi ce to induce fatigue-compatible changes in the 
SNIP dynamics; 2) a positive effect of diaphragm 
pacing on diaphragmatic endurance would reduce 
the magnitude of such changes. We observed that at 
M3, the SNIP value corresponding to the last effort 
performed during a given  ‘ sniff session ’  was signifi -
cantly lower than the SNIP value produced during 
whichever of the fi rst three efforts was the best (12% 
on average,  p   �  0.0085, Wilcoxon signed rank test). 
This is compatible with incipient fatigue, whatever 
its origin. In contrast, at M7, this difference was not 
present ( � 1% on average, n.s.) even though the 
SNIP value had declined. Future studies should spe-
cifi cally address this issue in a prospective manner. 

 In conclusion, we submit that the sleep improve-
ments observed in our patients give this study a rea-
sonably strong proof-of-concept value. The fi ndings 
are all the more important given that these patients 
would have been expected to deteriorate over the 
duration of the protocol. The study therefore pro-
vides a rationale for future work aimed at delineating 
the clinical relevance of diaphragm conditioning 
in ALS, and at defi ning optimal target populations 
(pacing should be more benefi cial in patients 
with predominant upper motor neuron forms), 
implantation timing, and stimulation parameters. 

 To answer these questions, randomized con-
trolled trials will be needed both to corroborate our 
fi ndings and to determine how diaphragm condi-
tioning and NIV will interact and complement one 
another. Meanwhile, it should be kept in mind that 
in a condition that has such a poor prognosis, every 
step that has the potential to alleviate symptoms and 
improve quality of life represents a signifi cant 
advance. 
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  Table IV. First-night effect criteria.  

Parameter Pre-study   ( n   �  6) M3   ( n   �  14)

Difference
  (M3 – PreStudy)

  ( n   �  6)  p -value # 

Total sleep time 442  �  94 (471)
  282  –  532

   n   �  5

378  �  75 (404)
  236  –  464

–23.4  �  51.9 (–11.0)
  –90  –  45

   n   �  5

0.3125

Sleep latency 32  �  18 (23)
  19  –  63
   n   �  5

38  �  45 (23)
  10  –  179

2.6  �  17.8 (–2.0)
  –19  –  29

   n   �  5

1.000

Stage 1-2 duration 63  �  10 (64)
  46  –  72

   n   �  5

66  �  12 (67)
  41  –  85

8.4  �  14.7 (8.0)
  –10.4  –  30.3

   n   �  5

0.3125

Stage 3-4 duration 24  �  16 (19)
  13  –  52

   n   �  5

18  �  9 (17)
  3  –  41

–8.8  �  16.6 (–2.2)
  –37.0  –  6.0

   n   �  5

0.3125

REM duration 20  �  9 (17)
  11  –  35
   n   �  5

15  �  4 (15)
  8  –  23

–8.6  �  11.7 (–6.1)
  –26.3  –  4.4

   n   �  5

0.1875

    ∗ If less than that supplied in column header  . 
# Wilcoxon signed rank test.   
 The pre-studies were performed two to fi ve months before inclusion in the study (time lag three to eight months). They led to NIV 
in two cases, adjustments of NIV settings in one case, continuous positive airway pressure for obstructive sleep apnoea in one case, 
and no intervention in two cases.   
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