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ABSTRACT: Few data exist concerning sleep in patients with hemidiaphragm paralysis or

weakness. Traditionally, such patients are considered to sustain normal ventilation in sleep.

In the present study, diaphragm strength was measured in order to identify patients with

unilateral paralysis or severe weakness. Patients underwent polysomnography with additional

recordings of the transoesophageal electromyogram (EMG) of the diaphragm and surface EMG of

extra-diaphragmatic respiratory muscles. These data were compared with 11 normal, healthy

subjects matched for sex, age and body mass index (BMI).

In total, 11 patients (six males, mean¡SD age 56.5¡10.0 yrs, BMI 28.7¡2.8 kg?m-2) with

hemidiaphragm paralysis or severe weakness (unilateral twitch transdiaphragmatic pressure

3.3¡1.7 cmH2O (0.33¡0.17 kPa) were studied. They had a mean¡SD respiratory disturbance

index of 8.1¡10.1 events?h-1 during non-rapid eye movement (NREM) sleep and

26.0¡17.8 events?h-1 during rapid eye movement (REM) sleep (control groups 0.4¡0.4 and

0.7¡0.9 events?h-1, respectively). The diaphragm EMG, as a percentage of maximum, was double

that of the control group in NREM sleep (15.3¡5.3 versus 8.9¡4.9% max, respectively) and

increased in REM sleep (20.0¡6.9% max), while normal subjects sustained the same level of

activation (6.2¡3.1% max).

Patients with unilateral diaphragm dysfunction are at risk of developing sleep-disordered

breathing during rapid eye movement sleep. The diaphragm electromyogram, reflecting neural

respiratory drive, is doubled in patients compared with normal subjects, and increases further in

rapid eye movement sleep.
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P
atients with diaphragm paralysis may
develop breathlessness as a consequence
of the reduced capacity of the respiratory

system [1, 2]. During sleep in normal subjects,
ventilation depends particularly on diaphragm
function [3]. In patients with diaphragm dysfunc-
tion, during both rapid eye movement (REM)
sleep and wakefulness, electromyographic activ-
ity of the extradiaphragmatic respiratory muscles
[4–7] is higher than normal as a compensation for
diaphragm weakness.

The results of studies looking at breathing
patterns in unilateral or bilateral diaphragm
paralysis (UDP and BDP, respectively) have been
inconsistent [8–13]. Some studies have reported
disturbed sleep, inadequate ventilation during
sleep and daytime sleepiness caused by dia-
phragm dysfunction [8, 11], while others have
found little impact on the normal sleep pattern

unless there is additional load on the ventilatory
system [9, 10, 14]. Previous studies either did not
focus on UDP (had mixed populations of BDP
and UDP [8, 9] or exclusively BDP [5, 11]
patients), did not distinguish between REM and
non-REM (NREM) sleep-associated sleep-
disordered breathing (SDB) [10], did not char-
acterise the subjects other than with noninvasive
measurements [15] or studied animal models.
Therefore, the studies that did not perform
invasive respiratory muscle tests did not test a
homogenous population of UDP patients and it is
likely that the different results reflect the hetero-
geneity of the patients studied, in terms of
weakness and ventilatory load.

Clinically it is often assumed that patients with
UDP have no problems during sleep unless other
comorbidities are present [9, 10]. It has pre-
viously been noted that some patients with
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clinically diagnosed UDP present with daytime symptoms,
including breathlessness and sleepiness [14]. In these patients,
SDB and, in particular during phases of REM sleep, hypo-
ventilation could occur [8].

Hypothesis
The current authors hypothesised that patients with unilateral
diaphragm paralysis or severe weakness and no other
respiratory abnormalities could develop SDB during REM
sleep. Therefore, a group of UDP patients was investigated
during sleep. To the authors’ knowledge, this is the first study
looking at REM sleep-related SDB in an accurately diagnosed
population with UDP.

METHODS, MATERIALS AND PATIENTS
Study subjects
In total, 39 patients referred with a clinical diagnosis of
hemidiaphragm paralysis had comprehensive respiratory
muscle function assessment. These tests demonstrated that 14
of them had BDP, 17 had UDP or severe weakness and eight
had normal diaphragm function. Of the patients with UDP or
severe weakness, 11 consented to polysomnography. All had a
unilateral twitch transdiaphragmatic pressure (Pdi) of
,6 cmH2O (0.6 kPa) with normal twitch pressures on the
contralateral side.

Additionally, 11 normal subjects served as a control group. All
participants gave written consent. The study was approved by
King’s College Hospital Research Ethics Committee (London,
UK).

Methods
The following assessments were made. Additional detail on
the methods for making these measurements is provided in the
online supplementary material.

Questionnaires
The Medical Research Council (MRC) dyspnoea scale, the
Chronic Respiratory Diseases Questionnaire (CRDQ), the St
George’s Respiratory Questionnaire (SGRQ) and the Epworth
Sleepiness Scale (ESS) were used. The history of changes in
sleep, problems with posture and breathlessness was also
noted.

Lung function tests and arterialised earlobe blood gases
The patients underwent spirometry according to the British
Thoracic Society guidelines [16]. Vital capacity (VC) was
measured in sitting and supine positions. Arterialised earlobe
blood was collected into a capillary tube and analysed (Bayer
Rapidlab 2481; Diamond Diagnostics1, Holliston, MA, USA).

Respiratory muscle tests
Inspiratory, diaphragm-specific and expiratory muscle
strengths were measured according to the American Thoracic
Society/European Respiratory Society statement on respira-
tory muscle testing [17].

Electromyogram of the diaphragm
A multipair electrode catheter (developed by Y.M. Luo; Yinghui
Medical Tech Ltd1, Guangzhou, China) was inserted via one
nostril to record the transoesophageal electromyogram (EMG)
of the diaphragm (EMGdi), as previously described [18, 19],

connected to RA-81 amplifiers (Yinghui Medical Tech Ltd1)
that further transmitted the signal to an analogue-to-digital
converter, Powerlab1 16/30 (ADInstruments1, Colorado
Springs, CO, USA), running Chart1 5.4 (ADInstruments1).

Compound muscle action potential (CMAP) amplitude and
latency after magnetic stimulation of the phrenic nerves were
measured. Reference values for the right phrenic nerve are
CMAP mean¡SD 1.45¡0.35 mV and latency 6.9¡0.9 ms, and
for the left phrenic nerve CMAP 1.68¡0.47 mV and latency
7.6¡0.7 ms [20].

EMG of extradiaphragmatic respiratory muscles

The EMG of the neck muscles (EMGneck), parasternal inter-
costals and abdominal muscles was recorded using surface
electrodes (Kendall Arbo1; Tyco Healthcare1, Neustadt,
Germany) from standard positions [21–24].

The EMG was recorded during the following manoeuvres,
which have previously been shown to achieve maximum
activation of the diaphragm [25, 26]: 1) while breathing in as
much as possible (total lung capacity manoeuvre); 2) while
breathing in as hard as possible against a closed airway
(maximal inspiratory pressure (PI,max) manoeuvre); 3) during
maximal sniffs; 4) during maximum voluntary ventilation
(MVV) over 15 s (‘‘sprint MVV’’); and 5) during maximal
coughs and expiration against an occluded valve (maximal
expiratory pressure (PE,max) manoeuvre). At least five attempts
were performed for each, until consistent results were
achieved.

Overnight surveillance

Full polysomnography was performed using Alice 41 equip-
ment (Respironics1, Murrysville, PA, USA). Sleep and respira-
tory events were scored with standard terminology [27].

Analysis
The overnight EMG data were normalised to maximum EMG
activity during a maximal effort and expressed as a percentage
of maximum (% max) EMG activity. The researcher analysing
the EMG data was blinded to the results of the polysomno-
graphy analysis. A 10-min period of a deep sleep cycle was
compared with 10 min of a REM sleep cycle. In order to select
these periods, the first occurrences of such periods during the
night were chosen. If a single sleep stage did not last 10 min,
the remaining time was analysed from the next sleep cycle.
There was a significant impact of posture and arousal on the
EMGdi signal. Therefore, only REM and NREM data that were
obtained in the supine position were compared and arousal
events were excluded. Only sleep stages 2 and 3 were included
in the analysis, due to the unstable nature of sleep stage 1.
Results were expressed as mean¡SD following testing for
normalities. A p-value ,0.05 was considered significant. The
independent variables t-test was used for group comparisons.
In addition, a repeated-measure one-way ANOVA was used
for the analysis of REM and NREM sleep parameters within
and between the groups, with post hoc analysis using
Bonferroni’s correction for multiple comparisons. A multiple
linear regression analysis to find independent predictors of
REM-related SDB was not possible due to the low sample size
(n522); therefore, the r-values for the best fit between potential
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predictors (sex, age, body mass index (BMI) and diaphragm
weakness) and REM-related SDB are reported [28].

RESULTS
The characteristics of the patients are given in table 1. Nine out
of 11 patients preferred to sleep with the normal hemidiaph-
ragm downwards, two had no preference and none preferred
sleeping with the abnormal hemidiaphragm downwards (for
the normal subjects, all 11 had no preferred sleeping side;
p50.035). Thoracoabdominal paradox was observed in eight
patients (numbers 1–5 and 9–11) and was associated with a
weaker hemidiaphragm (unilateral twitch Pdi 2.6¡1.3 versus
4.9¡1.5 cmH2O (0.26¡0.13 versus 0.49¡0.15 kPa) in patients
and controls, respectively; p50.029). Although there was a
trend for patients to be older and have a slightly higher BMI,
the patient group was not significantly different from the
control group in terms of age (56.5¡10.0 versus 44.5¡21.4 yrs,
respectively; p50.106), sex (both groups six males and five
females) and BMI (28.7¡2.8 versus 26.3¡2.6 kg?m-2, respec-
tively; p50.051; table 1).

All but one patient (number 8) performed the volitional
respiratory muscle tests satisfactorily. Twitch Pdi and sniff
Pdi were reduced in the patients. PI,max, sniff oesophageal
pressure and sniff nasal pressure were also reduced, whereas
PE,max, cough gastric pressure (Pgas) and twitch Pgas following
magnetic stimulation at the level of the 10th thoracic segment
were normal (table 2 and online supplementary material).

Phrenic nerve latency was prolonged in nine out of 11 patients
on the weak side and in five out of 11 patients on the strong
side. The CMAP was markedly reduced on the weaker side,
with 10 out of 11 patients having a CMAP less than the lower
limit of normal [20]. On the strong side the CMAP was
markedly reduced in four patients (table 3).

The forced expiratory volume in one second (FEV1) was low in
the patient group and, compared with the control group, the
FEV1/VC ratio indicated a mild obstructive defect. VC was
reduced in the patient group and showed a further fall when

supine; patient no. 8 was excluded from the analysis of these
data because of inability to perform the VC manoeuvre while
supine. Although none of the patients was hypercapnic, the
arterial oxygen tension was mildly reduced (table 4).

During polysomnography, frequent hypopnoeas and apnoeas
were observed in REM sleep (fig. 1). Only two patients
(numbers 7 and 8) had no SDB and these had the highest
twitch Pdi on their weak side (5–6 cmH2O (0.5–0.6 kPa)).
Baseline oxygenation in the patient group was normal during
NREM sleep but dropped during hypopnoeas in REM sleep.

TABLE 1 Clinical features of patients

Patient Sex Age yrs BMI kg?m-2 UDP MRC ESS Paradox Sleeping side Comorbidities

1 M 53 26.8 Right 1 18 Yes Left None

2 F 64 28.8 Right 2 10 Yes None Ulcerative colitis

3 M 58 28.7 Right 2 16 Yes Left None

4 M 76 28.4 Right 4 13 Yes Left Gastro-oesophageal reflux,

chronic anaemia

5 M 59 29.6 Right 2 6 Yes Left Coronary artery disease

6 F 62 29.6 Right 2 3 No Left None

7 F 47 32.5 Right 3 14 No Left Depression

8 F 44 22.9 Right 4 17 No None Depression

9 F 57 30.9 Left 4 21 Yes Right Diabetes mellitus

10 M 41 31.8 Right 2 9 Yes Left None

11 M 61 25.8 Right 3 7 Yes Left None

BMI: body mass index; UDP: unilateral diaphragm paralysis or severe weakness; MRC: Medical Research Council dyspnoea scale; ESS: Epworth Sleepiness Scale;

paradox: thoracoabdominal paradox by inspection and analysis of traces of oesophageal and gastric pressure swings; sleeping side: preferred sleeping position;

M: male; F: female.

TABLE 2 Results of respiratory muscle function tests for
patient and control groups

UDP Control p-value

Tw Pdi, bilateral 17.3¡5.0 26.2¡5.5 0.001

Tw Pdi, weak side 3.3¡1.7 10.4¡1.9# ,0.001

Tw Pdi, strong side 11.2¡2.2 13.4¡3.3" 0.083

Sniff Pdi 71.0¡40.2 136.7¡39.9 0.001

Sniff Poes 63.6¡34.5 112.7¡39.5 0.006

Sniff Pnasal 56.2¡31.3 99.6¡43.6 0.014

PI,max 49.4¡29.8 110.0¡43.7 0.001

PE,max 96.8¡33.7 118.4¡50.9 0.253

Cough Pgas 186.1¡50.8 202.7¡63.2 0.504

Tw T10 43.7¡33.5+ 35.3¡11.0 0.444

Data are presented as mean¡ SD cmH2O, unless otherwise stated. UDP:

unilateral diaphragm paralysis or severe weakness; Tw: twitch; Pdi: transdiaph-

ragmatic pressure; Poes: oesophageal pressure; Pnasal: nasal pressure; PI,max:

maximal inspiratory pressure; PE,max: maximal expiratory pressure; Pgas: gastric

pressure; T10: Pgas following magnetic stimulation at the level of the 10th

thoracic segment. All twitches were elicited with magnetic stimulation. #: normal

subjects with normal hemidiaphragm strength measured on the less strong

side; ": normal subjects with normal hemidiaphragm strength measured on the

stronger side; +: not available in four patients. 1 cmH2O50.1 kPa.

J. STEIER ET AL. HEMIDIAPHRAGM PARALYSIS AND SLEEP

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 32 NUMBER 6 1481



TABLE 3 Phrenic nerve conduction studies

UDP Control p-value

Latency ms

Weak side 11.3¡3.0 6.7¡0.8# ,0.001

Strong side 9.3¡2.2 6.9¡1.0" 0.004

CMAP mV

Weak side 0.370¡0.254 1.405¡0.430# ,0.001

Strong side 0.891¡0.299 1.359¡0.370" 0.004

Weaker side R:L n 10:1

Data are presented as mean¡ SD, unless otherwise stated. UDP: unilateral

diaphragm paralysis or severe weakness; CMAP: compound muscle action

potential; R: right; L: left. #: normal subjects with normal hemidiaphragm

strength measured on the less strong side; ": normal subjects with normal

hemidiaphragm strength measured on the stronger side.

TABLE 4 Pulmonary function test results

UDP Control p-value

FEV1 % pred 62.5¡16.6 99.0¡13.1 ,0.001

VC % pred 74.4¡18.4 102.3¡22.8 0.005

FEV1/VC ratio % 71.3¡10.5 80.8¡5.2 0.014

VC drop# % 20.7¡5.7" 6.4¡4.7 ,0.001

Pa,O2 kPa 10.08¡1.19 12.10¡1.42 0.002

Pa,CO2 kPa 4.92¡0.33 5.07¡0.45 0.389

Data are presented as mean¡ SD, unless otherwise stated. UDP: unilateral

diaphragm paralysis or severe weakness; FEV1: forced expiratory volume in one

second; % pred: % predicted; VC: vital capacity; Pa,O2: arterial oxygen tension;

Pa,CO2: arterial carbon dioxide tension. #: fall in VC when changing from sitting

to supine position; ": patient no. eight was excluded due to inability to perform

the manoeuvre.
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FIGURE 1. Mean¡SEM respiratory disturbance index (RDI) for patient ($) and

control groups (&). There was a significant increase in RDI in rapid eye movement

(REM) sleep compared with non-REM (NREM) sleep in patients with unilateral

diaphragm paralysis. The intergroup difference was significant for REM sleep. NS:

nonsignificant. #: p,0.0001.

TABLE 5 Results of polysomnography

UDP Control p-value

TST min 260.4¡108.2 298.5¡77.7 0.353

REM time min 36.5¡21.0 53.7¡22.3 0.078

RDI events?h-1

REM 26.0¡17.8 0.7¡0.9 ,0.001

NREM 8.1¡10.1 0.4¡0.4 0.080

Sa,O2 %

REM 92.9¡2.3 95.9¡1.6 0.002

NREM 93.6¡1.9 95.5¡1.6 0.024

Nadir 85.9¡4.6 92.0¡2.1 0.001

Data are presented as mean¡ SD, unless otherwise stated. UDP: unilateral

diaphragm paralysis or severe weakness; TST: total sleep time; REM: rapid eye

movement sleep; RDI: respiratory disturbance index; NREM: non-REM sleep;

Sa,O2: arterial oxygen saturation.
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FIGURE 2. a) Electromyogram of the diaphragm (EMGdi). Box-and-whisker

plot showing the median, quartiles and extreme values. The box represents the

interquartile range, which contains 50% of the values, and the whiskers extend from

the box to the highest and lowest values. Neural respiratory drive of patients with

unilateral diaphragm paralysis, as measured by the EMGdi (percentage of

maximum (% max)), was double that of the control subjects during nonrapid eye

movement (NREM) sleep (&). It increased in the patient group during rapid eye

movement (REM) sleep (h), while for control subjects activation remained the

same. b) Electromyogram of the neck muscles (EMGneck). The neck muscles in

patients remained active in REM sleep. NS: nonsignificant. *: p,0.05; #: p,0.0001.
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The respiratory disturbance index (RDI) in NREM sleep was
more variable in the UDP patients but not significantly higher
than in the normal subjects (table 5). The RDI was, in NREM
sleep, elevated in the subgroup of patients who had a
thoracoabdominal paradox (p50.002).

Quality of life was significantly reduced in patients compared
with the control group (for further details see online
supplementary material). All domains of the SGRQ and the
CRDQ were statistically different in the patient group
compared with control subjects, reaching more than the
minimal clinically important difference. The largest differences

were observed in the CRDQ ‘‘dyspnoea’’ domain and SGRQ
‘‘activity’’ and ‘‘symptoms’’ scores. The MRC dyspnoea scale
and the ESS were significantly increased in patients compared
with controls (MRC: 2.4¡1.0 versus 1.2¡0.4 points, respec-
tively; p50.002; ESS: 11.9¡5.7 versus 3.7¡2.8 points, respec-
tively; p,0.001; table 1).

The EMGdi was elevated in patients with UDP in sleep,
compared with control subjects (15.3¡5.3 versus 8.9¡4.9%
max in NREM, respectively; p,0.05; figs 2a and 3). While levels
of EMGdi were sustained during NREM and REM sleep phases
in the control group (8.9¡4.9 and 6.2¡3.1% max, respectively;
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FIGURE 3. Samples of 10 s of electromyogram signals of the diaphragm (EMGdi; a, b, e and f) and the root mean square (RMS; 50-ms time constant, moving average;

c, d, g and h) during nonrapid eye movement (NREM; a, c, e and g) and rapid eye movement (REM; b, d, f and h) sleep in a patient with unilateral diaphragm paralysis (a–d)

and in a control subject (e–h). Inspiratory activity of the diaphragm is marked with arrows. Note the increase of neural respiratory drive in the patient during REM sleep, while

the control subject exhibited a lower level of activation.
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p5nonsignificant (NS)), they were increased in the patients
during REM sleep compared with NREM sleep (20.0¡6.8 versus
15.3¡5.3% max, respectively; p,0.05; figs 2a, 3 and 4). There
was no difference in the activation of the neck muscles between
patients and control subjects in NREM sleep (fig. 2b). In REM
sleep, activation of the neck muscles decreased from the NREM
value only in the normal subjects (p50.032; fig. 2b).

The parasternal intercostals were equally activated in NREM and
REM sleep in patients and control subjects (p5NS). There was also
no significant difference between patients and control subjects in
the activation of the abdominal muscles, although additional
activation was observed in some patients during REM sleep.

The variability of EMGdi during sleep, as measured by the SD

of the mean of the EMGdi (% max) of every breath for a 10-min

period, was higher in patients with UDP than in normal
subjects in both REM and NREM sleep (p,0.01). In UDP
patients, it was 6.9 and 5.4% max EMGdi in REM and NREM
sleep, respectively, while in healthy subjects it was 2.1 and
2.4% max EMGdi in REM and NREM sleep, respectively. Only
one patient with UDP, who had no SDB, had a SD ,4% max
EMGdi (patient no. 7; 2.9%), while the only normal subject who
reached a SD .3% max EMGdi was a snorer. The variability of
the EMGneck over a 10-min period, measured in the same
manner, was similar in both groups in NREM sleep (3.2 versus
4.0% max EMGneck; p5NS) and lower in the normal subjects in
REM sleep (2.6 versus 4.4% max EMGneck; p,0.05).

The only variable significantly correlated with the REM RDI
was diaphragm weakness (r50.784, p,0.001). Age (r50.332,
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FIGURE 4. a) Neural respiratory drive, as measured by electromyogram (EMG) of the diaphragm (EMGdi), b) transdiaphragmatic pressure (Pdi), c) flow, measured by

pneumotachograph, d) genioglossus EMG (EMGgg) and e) arterial oxygen saturation (Sa,O2) during rapid eye movement (REM) sleep in a patient with unilateral diaphragm

paralysis. Following a loss of initially high central drive, inspiratory effort was reduced and the patient developed a hypopnoea that was eventually overcome by an arousal

reaction. ????: first occurrence of phasic REM.
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p50.132), sex (r5 -0.118, p50.60) and BMI (r50.381, p50.08)
were not significantly correlated with REM sleep-related SDB.

DISCUSSION
In patients with hemidiaphragm paralysis or severe weakness
who present with related respiratory symptoms, neural
respiratory drive to the diaphragm in NREM sleep is
significantly increased compared with that of healthy indivi-
duals. While there is a decrease in the activation of peripheral
skeletal muscle in the healthy population during REM sleep
[29], and levels of neural respiratory drive remain the same,
the response of UDP patients is different. They activate the
diaphragm more during REM sleep. In addition, like BDP
patients [5], they also activate their accessory respiratory
muscles (neck muscles) during REM sleep to attenuate
hypoventilation, although the use of these muscles for posture,
as well as movement artefacts, probably contributed to the
wide spread of the current data. During inspiration, in REM
sleep, the abdominal muscles were active in some patients.
While this is likely to be a compensatory response, its function
is not completely understood and requires further exploration.

The present study showed a significant increase in respiratory-
related events during REM sleep, which caused SDB. This is
consistent with the previous finding that patients with BDP
have only REM sleep-related SDB [11, 12]. Most of the events
were hypopnoeas, although there was some obstruction in two
patients that became worse during REM sleep. All patients
with a twitch Pdi ,5 cmH2O (0.5 kPa) on the weaker side had
REM-related SDB. Two patients with a twitch Pdi .5 cmH2O
had no SDB, suggesting a threshold level of diaphragm
dysfunction below which SDB is more likely.

The predominant mechanism of respiratory events during
REM sleep in the present patient population was of central
origin, according to the criteria of the American Academy of
Sleep Medicine Task Force (point 4.2.2.1; definition of central
apnoea/hypopnoea events) [30].

In contrast, neural respiratory drive, while relatively low
during the onset of an obstructive apnoea or hypopnoea, rises
parallel to inspiratory pressures during the time of upper
airway occlusion, reflecting the respiratory effort against a
high resistance [31]. In the UDP patients there was a different
pattern: mean drive was relatively high during REM sleep,
falling only slightly during phasic REM; the flow indicated that
the upper airway was open; and there was no snoring. In three
UDP patients in whom Pdi was measured overnight, it was
observed that the respiratory events during REM sleep were
not associated with increased inspiratory pressures.

The current authors conclude that, in the population studied,
the main mechanism leading to REM-related SDB was central
hypopnoea that occurred despite an elevated overall mean
neural drive, because the respiratory muscle pump was not
able to sustain sufficient alveolar ventilation (fig. 4).

The observed changes in sleep pattern and habits indicate that
compensatory mechanisms are active even in patients without
overt SDB. In some of the patients with UDP thoracoabdominal
paradox was observed, and these patients had weaker
diaphragms and more severe SDB. In addition, the self-
reported changes of sleeping-side preference make it likely

that subjects have a more improved respiratory function when
lying with the stronger hemidiaphragm downwards. Changes
in sleep habits or postures should be inquired after when UDP
is suspected.

The level of neural drive, in terms of EMGdi % max, is a
measure of the load-to-capacity balance of the ventilatory
system. Measuring neural respiratory drive in terms of
transoesophageal EMGdi may offer a way of detecting SDB
and assessing the response to therapy, and may be a sensitive
tool for recording changes that occur in response to increased
resistance in the pharynx, as in obstructive sleep apnoea [31].
The measurement of EMGneck in REM sleep may also be
useful. The present study showed that healthy subjects,
provided they do not snore, have little variation in EMGdi.
Variability of the signal, normalised to maximum manoeuvres,
may thus be a marker for the extent of sleep disturbance. The
same is true for the EMGneck during REM sleep.

The quality of life measures showed that patients with UDP or
severe weakness were more symptomatic than normal
subjects. UDP can cause breathlessness and sleepiness, as
indicated by changes in the CRDQ dyspnoea score, the MRC
dyspnoea scale and the ESS. It is noteworthy that thoraco-
abdominal paradox only occurred in patients with a unilateral
twitch Pdi ,5 cmH2O (0.5 kPa), and all such patients had SDB.
This physical sign may serve to identify patients at risk of SDB.

Whereas BDP is considered a potential health risk [13], UDP is
usually considered to be benign. The current data show that
UDP can lead to SDB and reduced quality of life. The weaker
the hemidiaphragm, the more likely SDB is to develop.

It is important to consider factors that could increase the risk of
SDB in UDP. Obesity would be expected to be important. It
imposes an additional load on the reduced capacity of the
respiratory system, thereby predisposing to hypoventilation
[6]. However, over the range of BMI of the patient population
studied, diaphragm weakness, as measured by unilateral
twitch Pdi, was the only factor correlated with REM-related
SDB.

HART et al. [7] showed an unexpectedly large reduction in
exercise capacity in patients with UDP. LAROCHE et al. [32]
found UDP patients to be more breathless than expected. An
early study by DOUGLAS and CLAGETT [33] found 10–24% of
patients with hemidiaphragm paralysis to be breathless.
PATAKAS et al. [15] described 12 patients with nocturnal
hypoxia and presumed UDP, but characterised the patients
insufficiently for accurate diagnosis of unilateral phrenic nerve
dysfunction. As shown in the present study, only 17 out of 39
patients who were clinically suspected to have UDP actually
had unilateral involvement when assessed with electrophysio-
logical tests of the phrenic nerves. Nevertheless, the findings
from previous studies lend support to the hypothesis that
patients with UDP may be significantly symptomatic.

Limitations to the present study
The clinical diagnosis of hemidiaphragm paralysis or weak-
ness is not accurate, and definitive assessment requires
measurement of transdiaphragmatic pressures [34].
Clinically, patients suspected as having hemidiaphragm
paralysis can have either bilateral involvement or no weakness
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at all, despite the chest radiograph showing an elevated
hemidiaphragm [34]. This causes problems when recruiting
patients to clinical studies. Patients with severe symptoms and
weakness are more likely to be referred and subsequently
participate in clinical studies. Thus, the results of the present
study may not be generalisable to all patients with hemi-
diaphragm paralysis. However, the data clearly show that
UDP can be symptomatic and reduce quality of life.

In the present study, arterial carbon dioxide tension was not
measured overnight and, therefore, the degree of REM sleep-
related hypoventilation cannot be defined. However, the
observed pathophysiology seems to be similar to that of
patients with BDP in whom carbon dioxide retention has been
measured and REM sleep hypoventilation confirmed [12, 13].
Therefore, it is likely that the REM-related frequent hypo-
pnoeas and apnoeas in UDP patients cause hypoventilation.

The current authors acknowledge that the RDI for the total
sleep time was relatively low in the UDP patients. This was
because the sleep disturbance was largely confined to the
REM-sleep period with only mild or no SDB in NREM sleep.
However, the relatively severe disturbance during REM sleep
caused clinically relevant symptoms, as shown by the reported
symptom scores and the quality of life data. These patients
showed compensatory patterns of respiratory muscle recruit-
ment, indicating a response of the nervous system to
compensate for weakness, particularly during REM sleep. In
agreement with the total sleep time RDI, the periods of oxygen
desaturation were also relatively short in these patients.

Another potential limitation in the present study is that the
patient group tended to be more obese than controls. However,
in the patients studied, REM-related SDB was independent of
BMI.

In the current study, arousals occurred more often in both
patients and control subjects than in a normal healthy
population. This is likely to be due to the complexity and
invasiveness of the study (polysomnography, transoeso-
phageal catheter, surface EMGs). However, the arousals in the
normal subjects were not caused by respiratory effort. These
minor disturbances in sleep patterns were the same in patient
and control groups. Therefore, the REM-related hypopnoeas in
the patient group cannot be attributed to the study set-up.

The surface EMG provides a relatively nonspecific way to
measure the activity of a particular muscle. Positioning the
electrodes on the surface of the sternocleidomastoid and the
rectus abdominis may have resulted in the recording of EMG
signals of other neck or abdominal muscles (hence the labelling
of traces as EMGneck or EMGabdomen). In addition, it is
acknowledged that the maximisation manoeuvres for expira-
tory abdominal muscle activation have not been standardised
in previous studies. However, two standard manoeuvres
(PE,max and cough Pgas) showed good reproducibility of
EMG data, and expiratory muscle strength was similar
between the two groups.

It might be of concern that the inspiratory activation of the
abdominal muscles observed in some patients could have been
diaphragm activity detected by the surface EMG electrodes.
No inspiratory surface EMG activity was detected in REM

sleep in normal subjects. The current authors’ in-house data
from patients with BDP and, therefore, no spontaneous
diaphragm EMG activity, show the same inspiratory activity
of the abdominal muscles during sleep. This provides
confidence that activation of the abdominal muscles was
measured without contamination from the diaphragm. The
abdominal EMG activity referred to was observed during
inspiration. It is not completely understood how inspiratory
activity of otherwise expiratory muscles can help to compen-
sate for diaphragmatic muscle weakness. However, the present
authors hereby clarify that this inspiratory activity was also
observed in BDP patients in whom no spontaneous diaphrag-
matic EMG could be recorded. The observed surface EMG
signals in such patients have to originate in the abdominal
muscles. Abdominal muscle activation in patients with a
thoracoabdominal paradox might result in a stabilisation of the
anterior abdominal wall, avoiding inspiratory inward move-
ment of the abdomen. This would also help to stabilise the
weaker hemidiaphragm, which otherwise would be pulled
upwards by the intrathoracic negative pressure.

Conclusion
Patients with hemidiaphragm paralysis or severe weakness
can develop rapid eye movement sleep-related sleep-disor-
dered breathing, independent of body mass, sex and age. In
such patients, frequent hypopnoeas during rapid eye move-
ment sleep with compensatory activation of the accessory
respiratory muscles is observed. There seems to be a threshold
of unilateral twitch transdiaphragmatic pressure (5 cmH2O)
above which patients with unilateral diaphragm weakness do
not develop sleep-disordered breathing. It is sensible to screen
for and address the long-term risks of sleep-disordered
breathing in symptomatic patients with unilateral diaphragm
paralysis. Once the diagnosis is confirmed, treatment, includ-
ing noninvasive ventilation, should then be considered in
order to improve health status.
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