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ABSTRACT:  Patients with respiratory muscle weakness show nocturnal hypoventila-
tion, with oxygen desaturation particularly during rapid eye movement (REM) sleep,
but evidence in individuals with isolated bilateral diaphragmatic paresis (BDP) is
conflicting.  The effect of sleep on relative activity of the different respiratory muscles
of such patients and, consequently, the precise mechanisms causing desaturation
have not been clarified.

We have studied eight patients, four with generalized muscle weakness and four
with isolated BDP during nocturnal sleep with measurements including oxygen
saturation and surface electromyographic (EMG) activity of various respiratory
muscle groups.

Nocturnal oxygenation correlated inversely with postural fall in vital capacity, an
index of diaphragmatic strength.  During REM sleep, hypopnoea and desaturation
occurred particularly during periods of rapid eye movements (phasic REM sleep).
In most subjects, such events were ""central"" in type and associated with marked
suppression of intercostal muscle activity, but two subjects had recurrent desaturation
due to "obstructive"" hypopnoea and/or apnoea.  Expiratory activity of the external
oblique muscle was present whilst awake and during non-rapid eye movement
(NREM) sleep in seven of the eight subjects in the semirecumbent posture.  This
probably represents an ""accessory inspiratory"" effect, which aids passive caudal
diaphragmatic motion as the abdominal muscles relax at the onset of inspiration.
Expiratory abdominal muscle activity was suppressed in phasic REM sleep, suggest-
ing that loss of this ""accessory inspiratory"" effect may contribute to ""central""
hypopnoea.

We conclude that, in patients with muscle weakness, nocturnal oxygenation
correlates with diaphragmatic strength.  During sleep, episodes of oxygen desatura-
tion are predominantly due to reduced muscle activity in association with eye
movements during REM sleep resulting in central hypopnoea, though obstructive
events may also occur.
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It is well recognized that patients with respiratory
muscle weakness are at risk of hypoxaemia and hyper-
capnia during sleep, especially rapid eye movement (REM)
sleep [1, 2].  The likely mechanism is the normal reduc-
tion in respiratory drive associated with sleep acting on
muscles with reduced capacity due to disease.  Data in
normal subjects during REM sleep suggest differential
suppression of various muscle groups, with relative pre-
servation of activity of the diaphragm [3–5].  It might,
therefore, be expected that patients with the most severely
impaired diaphragmatic function would be the most
vulnerable during REM sleep.  LAROCHE et al. [6] studied
patients with isolated bilateral diaphragmatic paresis
(BDP) and suggested that this was not the case, and that
significant nocturnal hypoxaemia was seen only in the
presence of generalized respiratory muscle weakness.

Hypopnoea and desaturation might also result if the

activity of the upper airway muscles were disproportio-
nately suppressed, leading to narrowing or occlusion of
the upper airway.  In a recent study of patients with
Duchenne's muscular dystrophy, it was inferred that
apnoeas were predominantly obstructive [7].  Further-
more, the frequency of obstructive apnoea or hypopnoea
in patients with muscle weakness may be underestimated
if reliance is placed on conventional sleep measurements,
such as chest wall motion [8].

In awake subjects with severe weakness or paralysis
of the diaphragm, the abdominal muscles may have an
important role as accessory inspiratory muscles [9], but
such an effect is dependent on gravity and it is not known
whether it is relevant during sleep.

We have, therefore, performed detailed investigation
of respiratory muscle activity during REM and non-rapid
eye movement (NREM) sleep in patients with either



generalized muscle weakness or isolated BDP, in order
to assess the contribution of the different muscle groups
to hypopnoea (hypoventilation) and consequent hypox-
aemia.  In particular, we have concentrated on: 1) the
comparative severity of hypoxaemia associated with
generalized weakness and BDP alone; 2) the respective
contributions of "obstructive" and "central" hypopnoea
and their mechanisms; 3) the activity of the abdominal
muscles as possible accessory inspiratory muscles dur-
ing sleep.

Subjects and methods

Eight subjects were studied, four (Nos. 1–4) had gen-
eralized muscle disease and four (Nos. 5–8) had isolated
BDP with normal maximal expiratory pressures mea-
sured at the mouth and no evidence of weakness of other
skeletal muscles.  Their diagnoses, characteristics and
pulmonary function are shown in table 1.  All except
one (No. 1) showed paradoxical abdominal motion in the
posteroanterior dimension both awake and asleep when
semi-recumbent.  No subject was taking any drugs which
might have affected respiration.  Subjects were recruited
to the study on the basis of willingness to participate and
absence of significant airway obstruction (forced ex-
piratory volume in one second/vital capacity (FEV1/VC)
≥60%).  Neither the presence nor absence of sleep related
symptoms was a criterion for selection.  All participants
gave informed consent prior to participation in the study,
which was approved by the local Ethics Committee.

All subjects had standard polysomnographic signals
recorded overnight in hospital following one acclimatiza-
tion night.  Arterial oxygen saturation (Sa,O2) was recorded
by a pulse oximeter using a finger probe (Biox 3700e,
Ohmeda, Louisville, USA), airflow by thermistors at the
mouth and nose (Oxford Medical, Oxford, UK).  Postero-
anterior ribcage (RCPA) and posteroanterior abdominal
(ABPA) motion were recorded using linearized magneto-
meters [10].  A single channel electroencephalogram
(EEG) Cz/Oz was recorded, and an electro-oculogram

(EOG) from left and right eyes arranged as a single
channel, as previously validated [11], to allow sleep
staging.  In addition, for the purpose of the present study,
surface electromyographic (EMG) activity was recorded
from selected respiratory muscles, using 10 mm silver/
silver chloride cup electrodes (SLE, Croydon, Surrey,
UK) applied to carefully cleaned and abraded skin with
an impedance less than 1 kΩ.  Pairs of electrodes were
placed at least 2 cm apart over the five muscle groups
studied.  The muscles sampled were those of the upper
airway ("genioglossus group", EMGge), placed 1 cm
lateral to the midline midway between the chin and the
hyoid bone; parasternal intercostal (EMGint), lateral to
the sternum in the second intercostal space; diaphragm
(EMGdi), in the seventh or eighth intercostal space in
the anterior axillary line, on the right to reduce cardiac
artefact; rectus abdominis (EMGra) 2 cm lateral to the
umbilicus; and external oblique (EMGexob), midway
between the inferior costal margin and the iliac crest in
the midclavicular line.  Signals were passed through
preamplifiers and amplifiers, filtered 40–1,000 Hz, recti-
fied and smoothed using a first order low-pass filter with
a time constant of 50 ms.  Both processed and raw EMG
were recorded onto digital tape (EDR 128, Earthdata,
Southampton, UK).  Posture was recorded by viewing
the subject with a low light camera (Panasonic, Japan)
under infra-red illumination and recording onto 3 h VHS
tape using a videorecorder (NV-G18 Panasonic, Japan)
running at half standard speed, to give a study time of
6 h. [12].  Synchronization of the digital and videotape
recorders was achieved by using a clock in view of the
camera.  Each subject slept in his or her preferred posi-
tion, which in every case was semirecumbent.

Epochs of wakefulness, NREM and REM sleep, as
assessed by standard criteria after RECHTSCHAFFEN and
KALES [13], were identified from a hard copy of the
whole study replayed on a chart recorder (TA4000 Gould,
Ilford, UK).  REM sleep was further divided into phasic
REM sleep (pREM) or tonic REM sleep (tREM) depend-
ing on the presence or absence of eye movements.  Sec-
tions of recordings of stable signal quality with the subject
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Table 1.  –  Subject characteristics

Sub. Age BMI       FEV1 VC erect    ∆VC     FRC    Pdi,sniff    PI,max    PE,max   Awake*
No. Sex yrs Diagnosis kg·m-2 % pred    % pred      %     % pred   cmH2O     cmH2O    cmH2O    Sa,O2

1 F 36 Mitochondrial myopathy 32.0 62 61 12 92 39 -17 32 98
2 F 53 Unclassified myopathy 41.3 86 61 49 124 9 -36 74 94
3 M 44 Acid maltase deficiency 34.5 52 49 71 94 22 -30 74 91
4 M 68 Unclassified myopathy 23.6 61 51 40 95 - -82 67 96
5 M 71 Idiopathic BDP 26.6 54 61 39 108 7 -18 75 97
6 M 57 Idiopathic BDP 26.2 50 63 47 139 16 -35 80 97
7 M 51 BDP in association with 32.6 63 61 83 54 5 -78 124 94

diabetes mellitus 
8 M 63 BDP post-cardiac 36.6 41 51 81 149 8 -16 132 85

surgery

Mean 55 31.7 58  57 53 107  15 -39  82  94
(SD) (12) (6) (13) (6) (24) (30) (12) (26) (32)

Sub: subject; M: male; F: female; BDP: bilateral diaphragmatic paresis.  BMI: body mass index (weight/height2); FEV1: forced
expiratory volume in one second; VC: vital capacity; ∆VC: percentage fall in VC from erect to supine; FRC: functional residual
capacity; PI,max: maximal inspiratory pressure measured at the mouth at FRC; PE,max: maximal  expiratory pressure measured at
the mouth at total lung capacity (TLC); Pdi,sniff: maximal transdiaphragmatic pressure during a maximal sniff from FRC.  *: in
sleeping (semi-recumbent) posture.
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Table 2.  –  Oxygenation data

Total sleep time NREM sleep       REM sleep

Subject Mean        Nadir      Desat. rate     Mean        Nadir      Desat. rate       Mean        Nadir      Desat. rate
Sa,o2 %     Sa,o2 %      n·h-1 Sa,o2 %     Sa,o2 %       n·h-1 Sa,o2 %     Sa,o2 %    n·h-1

1 97 94 0 97 94 0               - -             -
2 93 68 13 93 85 3 91 68 41
3 87 58 15 88 86 0 83 58 36
4 93 67 21 93 67 21               - -      -
5 95 65 16 95 66 6 95 65 139
6 96 88 7 96 90 4 93 88 17
7 90 62 15 90 89 0 84 62 31
8 72 50 21 72 62 6 67 50 58

Mean 90 69 14 91 80 7 86 65 54

Desat rate: desaturation rate; Sa,o2: arterial oxygen saturation; REM: rapid eye movement; NREM: non-REM.

in the constant preferred posture were transferred to a
personal computer using an analogue to digital converter
(Dash-16, Metrabyte, Taunton, MA, USA).  A total of
28 periods of NREM and 16 periods of REM sleep (ran-
ges 3–6 and 1–5 per subject, respectively) were captured
from the six subjects who had at least one epoch of REM
sleep.  These periods included mean (SD) numbers of 65
(15) and 73 (20) breaths, respectively.  Analysis of EMG
activity was performed using a specifically developed
software package which calculated the peak level of EMG
activity for each muscle for each breath, and for the
captured section as a whole.  Results were expressed as
ratios between sleep stages.

Apnoea was defined as cessation of airflow and hypop-
noea as a reduction in ribcage excursion of at least 50%,
both for at least 10 s.  Events were further classified as
"central" if there was either an absence of, or an overall
reduction in, inspiratory muscle activity and "obstructive"
if the event was accompanied by persisting or increasing
muscle activity with, at termination, a large burst of
activity in EMGge, all in the presence of snoring.  Since
in most cases posteroanterior ribcage and abdominal
motion was continually out of phase due to diaphrag-
matic weakness, this conventional criterion for the develop-
ment of upper airway obstruction could not be used.  An
episode of desaturation was defined as a fall in Sa,O2 of
at least 4%.

Statistical comparisons of the changes in magnitude of
EMG between sleep stages were performed by paired
t-test after logarithmic transformation of the ratio of acti-
vity during pREM and NREM sleep.

Results

Sleep

The duration and quality of sleep varied considerably
between individuals.  Subjects Nos 1 and 4 had no REM
sleep.  Three subjects (Nos. 4, 5 and 8) had no slow
wave (stage 3–4) sleep.  Subject No. 4 slept particularly
poorly, spending more than 60% of the study time awake.
He had recurrent arousals related to hypopnoea, result-
ing in gross sleep fragmentation.

Oxygenation

Table 2 shows oxygenation data for all the subjects
for the whole study and by sleep stage.  Only one subject
(No. 1) had a relatively normal overnight saturation
profile; it was noteworthy that she had no REM sleep.
Otherwise, the nadir Sa,O2 of the subjects was markedly
reduced below normal.  Recurrent desaturations were
recorded in all except subject No. 1.  They occurred most
frequently, and generally were most severe, during REM
sleep.  However desaturations were also seen in NREM
sleep in five subjects (Nos.  2, 4–6 and 8).  In the six
subjects who had at least one epoch of REM sleep, mean
and nadir Sa,O2 during REM were lower than during
NREM sleep (p<0.02) (table 2).

Daytime pulmonary function and nocturnal oxygenation

There was a significant negative correlation between
overnight oxygenation (whether expressed as mean SaO2
or nadir Sa,O2) and the fall in vital capacity when chang-
ing from erect to supine posture (∆VC) (fig. 1a and b)
(r=-0.73 and -0.78, respectively; both p<0.05).  Other
measures of lung volume, e.g. functional residual capa-
city (FRC), measurements of maximum static respiratory
pressures and transdiaphragmatic pressure during a maxi-
mal sniff (Pdi,sniff) showed no significant correlations
with nocturnal oxygenation.

Muscle activity - wakefulness and NREM sleep

Phasic inspiratory activity in EMGge was seen in all
subjects during sleep.  During wakefulness, this was
obscured in most cases by high levels of tonic activity.
All subjects showed inspiratory activity in EMGint dur-
ing wakefulness and NREM sleep.  Inspiratory activity
in EMGdi during wakefulness and NREM sleep was
recorded in four subjects (Nos. 1, 2, 5 and 6).  In the
others (Nos. 3, 4, 7 and 8), apparent expiratory activity
was present, but since this corresponded completely in
timing and pattern with activity in EMGexob it was
considered to be contaminant.



Activity of EMGexob which was always expiratory
in timing, was detected in seven of the eight subjects
during most of the study period whilst awake and in
NREM sleep.  In two of these subjects (Nos 6 and 8)
expiratory activity in EMGexob during NREM sleep was
at times of considerable magnitude; such bursts of ac-
tivity were accompanied by reduced abdominal paradox
(fig. 2).  No factors could be identified which were
associated with these episodes of increased EMGexob
activity: in particular, they were not related to changes
in posture.  Little activity was seen in EMGra in any of
the subjects; where present it was expiratory in timing
and mirrored the pattern of EMGexob.

Muscle activity - REM sleep

Six of the eight subjects (Nos. 2, 3 and 5–8) had at
least one epoch of REM sleep.  During pREM, inter-
costal muscle activity was significantly less than during
NREM sleep (p<0.001) (fig. 3).  Differences in genio-
glossus activity were more variable, with two subjects
(Nos. 2 and 3) showing a small increase during pREM
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Fig. 1.  –  Relationship between nocturnal: a) mean oxygen saturation
(mean Sa,O2); and b) nadir oxygen saturation (nadir Sa,O2) and fall in
vital capacity on lying supine (∆VC) for patients with isolated bilateral
diaphragmatic weakness (●) and generalized respiratory muscle weakness
(❍).  Both show a significant negative correlation (r=-0.73 and r=-0.78,
respectively; both p<0.05).
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Fig. 2.  –  Recordings from subject No. 6 during wakefulness (left
hand panel) and non-rapid eye movement (NREM) sleep (right hand
panel).  The recordings are in order, from the top: oxygen saturation
(Sa,O2); airflow (V '); posteroanterior ribcage motion (RCPA); postero-
anterior abdominal motion (ABPA); electro-oculogram (EOG); genio-
glossus group electromyographic (EMG) activity (EMGge); intercostal
EMG (EMGint); diaphragmatic EMG (EMGdi); external oblique EMG
(EMGexob).  Note inspiratory activity in all three muscle groups and
marked expiratory activity of EMGexob in NREM sleep.  During
wakefulness there is paradoxical abdominal motion throughout inspira-
tion, but paradox only in late inspiration during NREM sleep.
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Fig. 3.  –  Ratios of average peak EMG activity (error bar=1 SD) during
phasic REM and NREM sleep recorded from genioglossus, intercostal
and external oblique muscle groups in six subjects.  (Nos. 1 and 4 had
no pREM sleep).  Intercostal activity was significantly less in pREM
than in NREM sleep (p<0.02).  Subject No. 2 showed no activity in
EMG,exob.  REM: rapid eye movement; pREM: phasic REM; NREM:
non-REM.  For further abbreviations see legend to figure 2.     :
genioglossus;       : intercostal;       : external oblique.



sleep and the other subjects showing a reduction.  Ex-
piratory activity of EMGexob was present both during
NREM and pREM in five subjects: its magnitude was
significantly less in pREM sleep (p<0.05) (fig. 3).  Of
the three subjects (Nos. 2, 5 and 6) who showed inspira-
tory activity of EMGdi during pREM sleep, this was
similar to the activity in NREM sleep in two subjects
(Nos. 2 and 6) and less in the other.

Mechanisms of hypoxaemia and hypopnoea

No episodes of desaturation or periods of hypopnoea
were recorded in subject No. 1.  The numbers of hypo-
pnoeas and apnoeas of different types for the other subjects
are shown in table 3.  Events during REM sleep were
generally more prolonged and accompanied by more
severe desaturation than during NREM sleep.  Subject
No. 4 (who had no REM sleep) showed a fall in Sa,O2
every time he entered light sleep, due to "central" hypo-
pnoea associated with a reduction in EMGint activity,
followed at termination of each event by an arousal.  Two
subjects (Nos. 5 and 6) had periodic desaturation during
both NREM and REM sleep.  During NREM sleep, the
desaturations were associated with "obstructive" events,
with approximately equal numbers of apnoeas and hypo-
pnoeas in one subject (No. 5), and predominantly hypo-
pnoeas in the other (No. 6).  During REM sleep, subject
No. 5 again had predominantly "obstructive" apnoeas,
although the mechanism was sometimes more complex,
as illustrated in figure 4 where a long obstructive apnoea
encompasses a brief "central" component due to reduced
intercostal muscle activity associated with phasic eye
movements.  During such "obstructive" events, there was
an increase in abdominal motion, which remained para-
doxical throughout the study.  Desaturation during
REM sleep in all subjects other than subject No. 5 was
due to "central" hypopnoea.  These episodes during REM
sleep were closely associated with phasic eye movements
(fig. 5).

Discussion

Background.  Few studies of the activity of the inspira-
tory muscles during sleep have been reported even in
normal subjects.  In general, they show a reduction in
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Fig. 4.  –  Recording from subject No. 5 during rapid eye movement
(REM) sleep.  Signals are detailed in legend to figure 2.  Note apnoea
and resulting desaturation.  The event is primarily "obstructive" in type
as indicated by the loss of cardiac artefact in airflow and continuing
respiratory effects.  At the onset of rapid eye movements (arrowed)
there is a marked reduction in intercostal activity, thus adding a "central"
component to the event.  For abbreviations see legend to figure 2.
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Fig. 5.  –  Recordings during NREM and REM sleep from subject No.
2.  Signals are detailed in legend to figure 2.  Note consistent expira-
tory activity in EMGexob during NREM sleep, which, like inspiratory
EMGint, is suppressed in REM sleep in association with phasic eye
movements.  The apparent EMGdi activity is expiratory and is presumed
to represent contamination by abdominal expiratory muscle activity,
which it clearly resembles.  For abbreviations see legend to figure 2.

Table 3.  –  Hypopnoeas and apnoeas

NREM REM sleep

Subject Central Obstructive Obstructive  Central Obstructive Obstructive
No. hypopnoea hyponoea apnoea hypopnoea hypopnoea apnoea

1 - - - - - -
2 - - - 37 - -
3 - - - 45 - -
4 160 - - - - -
5 - 27 24 3 3 21
6 - 17 3 5 - -
7 - - - 22 - -
8 - - - 18 - -

REM: rapid eye movement; NREM: non-REM.



intercostal muscle activity during REM compared with
NREM sleep, usually, but not exclusively in association
with eye movements.  In healthy individuals, however,
activity of the diaphragm is generally preserved or even
increased in REM compared with NREM sleep [3–5].
If a similar pattern were to occur in REM sleep in pat-
ients with weakness of the respiratory muscles, particu-
larly the diaphragm, profound consequences might be
expected.

A number of studies of nocturnal ventilation in subjects
with muscle weakness have been reported.  NEWSOM

DAVIS et al. [14] studied eight patients with severe BDP,
seven of whom had generalized neuromuscular disorders.
Blood gas values during sleep showed a marked deterio-
ration.  SKATRUD et al. [1] reported the case of a man
with BDP due to limb girdle dystrophy, who had alveolar
hypoventilation when awake which worsened during
sleep.  They inferred from reduced chest wall movement
that the numerous repetitive desaturations seen during
REM sleep resulted from inhibition of intercostal mus-
cle activity, but no direct measurements were made.  BYE

et al. [2] showed markedly reduced accessory muscle
activity in REM sleep in one patient with BDP secondary
to polio.  Nocturnal studies of patients with myotonic
dystrophy have shown that periodic desaturation can re-
sult from either "central" or "obstructive" events [15],
and a recent study in patients with Duchenne's muscular
dystrophy found predominantly obstructive events dur-
ing sleep [7].  A further study of patients with Duchenne's
muscular dystrophy [8] noted that "obstructive" events
may be misinterpreted as "central" if conventional sleep
recordings are made in patients with muscle weakness
unable to generate large inspiratory pressures.

The above studies investigated patients with BDP in
the context of generalized muscle disease and there have
been fewer studies on patients with isolated BDP.  STRADLING

and WARLEY [16] reported one such patient who had
normal daytime blood gases but recurrent episodes of
oxygen desaturation during sleep, which they deduced
were due to "central apnoeas".  KREITZER et al. [17]
described a non-obese patient with apparently isolated
BDP, who presented in respiratory failure.  They noted
that respiratory failure was worse in the supine than the
erect posture and that there was further deterioration
during sleep, but the mechanism was not studied.  By
contrast, LAROCHE et al. [6] studying six patients thought
to have isolated BDP concluded that they did not have
marked nocturnal hypoventilation.  Three of their patients
were said to have brief episodes of mild oxygen desatura-
tion, but detailed information was not given.

We report the detailed recordings of respiratory muscle
activity during REM and NREM sleep in patients with
generalized muscle weakness and isolated BDP in order
to assess the contributions of the different muscle groups
to hypopnoea or apnoea and consequent hypoxaemia.  In
particular, we have concentrated on: 1) the severity of
hypoxaemia associated with BDP alone; 2) the respective
contributions of "obstructive" and "central" events and
their mechanisms; and 3) the role of abdominal mus-
cles as potential accessory inspiratory muscles during
sleep.

Technical considerations.  Despite an acclimatization
night to minimize the "first night effect" our subjects
generally slept poorly.  We did, however, obtain good
quality recordings during REM sleep in six of the eight
subjects.  The data available for analysis were also limi-
ted by restricting measurements to those obtained in a
constant posture.

Surface EMG recordings have the disadvantage of
reduced specificity compared with those obtained using
needle electrodes.  The electrode placements were, how-
ever, chosen to reflect EMG activity of the relevant
muscles with least contamination from other muscles.
Moreover, in the case of genioglossus, previous work
has shown EMG activity from transmandibular elec-
trodes to be qualitatively similar to signals from intramus-
cular electrodes [18].  We found that contamination of
EMGdi by abdominal muscle activity was easily differ-
entiated from that of the diaphragm itself by its expiratory
timing.  Since the abdominal muscle most commonly
active in healthy awake subjects during stimulated breath-
ing is transversus abdominis [19], this muscle may also
have been active in our patients.  It is, however, un-
likely that the expiratory EMG activity that we observed
originated from transversus abdominis, since this is the
abdominal muscle least accessible to surface record-
ings.

Oxygenation.  Nocturnal oxygenation was reduced com-
pared with normal subjects, with the most severe desatu-
ration occurring during REM sleep (table 2).  Desaturation
was seen in both groups of subjects and was not confined
to those with generalized respiratory muscle weakness.
On the contrary, figure 1 suggests that the degree of
diaphragmatic weakness is an important determinant of
desaturation both in generalized muscle weakness and
isolated BDP.  This conclusion is not incompatible with
the results of LAROCHE et al. [6]; although their subjects
showed only mild nocturnal desaturation they had less
awake hypoxaemia than those in the present study.  The
postural change in VC, however, is dependent not only
on diaphragmatic strength but also on other factors, such
as obesity, which is common in patients with muscle
weakness [20] and was present in some of the subjects
in this study.  A large ∆VC is likely to be associated
with a large reduction in FRC which might contribute to
more severe desaturation;  no direct measurements of
absolute lung volume during sleep are, however, avail-
able in patients with respiratory muscle weakness.  BYE

et al. [2] reported a similar relationship between ∆VC
and nocturnal oxygenation in neuromuscular disease.  The
importance of lung volume for the severity of oxygen
desaturation during sleep was demonstrated by the cor-
relation between expiratory reserve volume (ERV) and
severity of desaturation in patients with obstructive ap-
noea [21].  It is likely that lung volume and, thus, "oxy-
gen reserve" is an important determinant of the severity
of desaturation, and that the more severe the diaphrag-
matic weakness the smaller that reserve will be.  Hence,
the degree of functional diaphragmatic impairment is an
important determinant of the severity of overnight hypox-
aemia.
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Mechanisms of desaturation.  In all but two subjects (Nos.
5 and 6) events were characterized by hypopnoea rather
than complete apnoea.  Oxygen desaturation during these
events was sometimes less than 4%; equally, some epi-
sodes of hypoventilation lasted less than 10 s and, there-
fore, were not scored as hypopnoea and yet resulted in
desaturation of ≥4%.  Consequently, small discrepancies
were seen between the numbers of respiratory events and
desaturations as defined for the purposes of this study.
We classified as "central" those events where an overall
reduction in inspiratory EMG activity was observed;
"obstructive" events were those where muscle activity
was maintained or increased during hypopnoea/apnoea
with evidence of arousal and a large increase in EMGge
at event termination in the presence of snoring.  The
predominant type of event (i.e. whether "central" or
"obstructive") was generally consistent within an indivi-
dual, but varied between subjects.  Occasional events
were more complex, as shown by the example in figure
4.  The commonest mechanism of desaturation during
pREM sleep was "central" hypopnoea associated with
suppression of activity of the intercostal muscles, support-
ing the conclusions of other studies in patients with mus-
cle weakness where "central" hypopnoea due to reduced
intercostal muscle activity during REM sleep has been
inferred as the mechanism of hypoventilation and desatura-
tion [1, 16].  Obstructive hypopnoeas and/or apnoeas
were seen in two subjects, but in one these were confined
to NREM sleep.

The degree to which the activity of any particular
muscle group was altered during pREM sleep varied
between individuals (fig. 3).  Genioglossus activity was
more variably affected than that of the intercostal muscles.
Clearly, differential suppression of inspiratory muscle
groups has implications for the mechanism of the event.
In general, an important determinant of whether an ap-
noea or hypopnoea is "central" or "obstructive" is the
balance of activity between the upper airway dilator mus-
cles and the inspiratory "pump" muscles.  Clearly, other
factors, such as upper airway anatomy and compliance,
also play an important part in determining the extent to
which the upper airway narrows or occludes (and thus
whether an event appears to be "obstructive").

REM sleep is not an homogeneous state but consists
of phasic REM (pREM) sleep, characterized by rapid eye
movements and myoclonic twitches, and tonic REM
(tREM) sleep, in which there is muscle atonia and
desynchronized EEG [22].  In healthy subjects, reductions
in ventilation during REM sleep are of variable extent
and duration and occur particularly in relation to periods
of rapid eye movement, i.e. pREM [23–25].  Figures 1–4
illustrate the important associations between phasic eye
movements during REM sleep and reduced activity of
the inspiratory muscles in these patients, as has also been
shown in normal subjects [5] and patients with COPD
[26, 27].

Abdominal muscles.  We observed phasic expiratory ac-
tivity of the external oblique muscle in seven of the eight
subjects when semirecumbent during both wakefulness
and NREM sleep, though this was not continuous in all

subjects.  These results provide direct support for the
conclusions of NEWSOM DAVIS et al. [14], who inferred
such activity from measurements of abdominal motion.
Expiratory activity of the abdominal muscles produces
diaphragmatic motion in the cranial direction; their
relaxation at the start of inspiration together with the
effect of gravity produces passive descent of the diap-
hragm, which facilitates inspiration.  This "inspiratory
accessory" activity of the abdominal muscles will only
occur if the subjects are at least partially upright, as was
the case in this study.  Two subjects (Nos. 6 (fig. 2) and
8), intermittently showed pronounced EMGexob activity
accompanied by a change in abdominal motion.  In the
presence of such activity, the PA abdominal dimension,
which previously declined during inspiration (abdomi-
nal paradox), showed an increase in early inspiration with
a reduction only towards the end of inspiration.  The
initial increase is compatible with passive diaphragmatic
descent at the start of inspiration, consequent on relaxa-
tion of the abdominal wall muscles.  It was also noteworthy
that expiratory activity of EMGexob was reduced or ab-
sent during "central" hypopnoeas (fig. 5), suggesting that
suppression of this activity and the consequent loss of
passive caudal motion of the diaphragm may also contri-
bute significantly to the hypopnoea and consequent hy-
poxaemia.

In conclusion, our results show that in patients with
respiratory muscle weakness the severity of nocturnal
hypoxaemia is related to the postural fall in vital capacity,
suggesting that the degree of impairment of diaphrag-
matic function is an important determinant of nocturnal
oxygenation, irrespective of involvement of other respira-
tory muscles.  Secondly, hypopnoea or apnoea during
sleep in weak patients may be either "obstructive" or
"central" depending on the pattern of suppression of the
different groups of respiratory muscles.  In REM sleep,
events occur particularly during periods of phasic eye
movements.  Finally, expiratory activity of the external
oblique muscles persists during NREM sleep in semi-
recumbent subjects; this probably aids early inspiratory
descent of the weak or paralysed diaphragm and suppres-
sion of this activity during phasic REM sleep may con-
tribute to "central" hypopnoea in some individuals.
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