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Evaluation of diaphragmatic fatigue in
obstructive sleep apnoeas during non-REM
sleep

Fabio Cibella, Giuseppina Cuttitta, Salvatore Romano, Vincenzo Bellia,
Giovanni Bonsignore

Abstract It has previously been demonstrated that an
inspiratory resistive load applied to the airwaysBackground – Resistive load applied to the

airways may induce diaphragmatic fa- may induce diaphragmatic fatigue, provided
that some threshold relevant to the magnitudetigue, and hypoxaemia has been shown to

predispose to the development of fatigue. of the work performed by respiratory muscles
and to the timing of the respiratory cycle isInspiratory muscle fatigue may occur in

patients with obstructive sleep apnoea syn- reached.1 Moreover, hypoxaemia has been
shown to facilitate the development of fatigue ofdrome (OSAS), as these patients re-

petitively develop both inspiratory loading inspiratory muscles during inspiratory loading.2

Patients with obstructive sleep apnoea syn-and hypoxaemia. The results of previous
studies on this topic are inconclusive, drome (OSAS) develop both inspiratory

loading3 and hypoxaemia4 secondary to theprobably because of the methodological
approaches used. recurrent upper airway obstruction. It has

therefore been hypothesised that inspiratoryMethods – Six obese patients with OSAS
underwent a polysomnographic study. The muscle fatigue may occur during sleep in such

patients.diaphragmatic pressure time index (PTI)
was evaluated as an indicator of dia- The results published so far on this topic are

controversial because of the different method-phragmatic contraction, and the mean fre-
quency of the diaphragmatic electro- ological approaches. Martin et al5 were not

able to find any evidence of fatigue when themyogram power spectrum (Fm) and the
maximum relaxation rate of trans- diaphragmatic EMG power spectrum of

patients with OSAS was evaluated during thediaphragmatic pressure (MRR) as indices
of a fatiguing diaphragm. A total of 119 night. Similarly, Vincken et al6 did not find

electromyographic signs of diaphragmatic fa-randomly selected apnoeas (each in-
cluding 5–13 occluded efforts) were ana- tigue in OSAS even though the values of the

diaphragmatic tension-time index exceeded thelysed throughout the night in non-REM
sleep to assess possible muscle fatigue due fatigue threshold at the end of apnoeas. Con-

versely, by evaluating maximal volitional oc-to the high pressure generation in each
apnoea. A breath-by-breath within- cluded manoeuvres at the end of a night’s sleep

in patients with OSAS, Griggs et al foundapnoea analysis was performed on the first
three pre-apnoeic breaths, on all the oc- impaired inspiratory muscle contractility as

demonstrated by a reduction in maximum re-cluded efforts, and on the first three un-
Istituto di occluded breaths following the apnoea laxation rate of transdiaphragmatic pressure.7
Fisiopatologia

interruption. Possible fatigue develop- On the basis of these conflicting studies, theRespiratoria del
Consiglio ment due to the cumulative effect of fundamental question of the potential fatiguing
Nazionale delle apnoeas over the night was also evaluated. role of obstructive apnoeas remains un-Ricerche

Results – A progressive increase of Fm and answered. Moreover, Griggs et al7 providedF Cibella
S Romano MRR was found during the obstructive just an overall assessment of the phenomena,

phase in all the subjects in the within- ignoring the longitudinal changes that mayIstituto di Scienze e
apnoea analysis. The overnight analysis occur. Longitudinal changes may occur withinTecnologie dello Sport

del Consiglio did not show a reduction in either PTI, each apnoea since chemical and mechanical
Nazionale delle Fm, or MRR secondary to recurrent upper stimuli progressively rise with the highest values
Ricerche airway obstruction during the night. at apnoea interruption. Other changes mayG Cuttitta

Conclusions – No evidence of dia- occur throughout the night as an effect of the
Istituto di phragmatic fatigue or impaired dia- repetition of upper airway occlusive events.
Pneumologia phragmatic contraction was found either The aim of this study was to evaluate thedell’Università

within each apnoea or throughout the possible development of diaphragmatic fatigueV Bellia
G Bonsignore whole night, despite the generation of high in OSAS in non-REM sleep by comparing

PTI values during the apnoeic occluded both the electromyographic and the mechanicalI–90146 Palermo, Italy
phases. It is concluded that diaphragmatic approach to the breath-by-breath analysis of

Correspondence to: fatigue does not occur in OSAS during each apnoea and to the longitudinal analysis ofDr F Cibella.
non-REM sleep. subsequent apnoeas over the whole night.Received 21 March 1996
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21 April 1997 apnoeas. mass index 37.2 kg/m2 (range 30.4–48.4) aged
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Table 1 Pulmonary function and polysomnographic data for each subject

Subject Sex Pa2 Pa2 Baseline No. of selected Mean (range) apnoea No. (range) of Mean (range)
(kPa) (kPa) Sa2(%) apnoeas duration (s) occluded breaths DSa2(%)

CTR F 8.8 5.2 97 25 33.2 (23–50) 9 (6–12) 14.2 (11–19)
DIM M 9.9 6.4 96 20 35.5 (25–43) 6.9 (5–9) 8.1 (7–11)
FLC M 11.1 5.9 94 19 21.3 (16–25) 10.8 (8–13) 8.6 (6–10)
FAS M 13.1 5.3 96 19 35.3 (19–63) 7.9 (5–13) 9.6 (7–18)
GUG M 10.8 5.2 96 17 32.2 (25–40) 10.4 (8–14) 9.2 (6–14)
PRO F 9.6 5.6 96 19 27.4 (21–37) 7.6 (6–10) 9.9 (5–15)
Mean 10.5 5.6 95.8 19.8 30.8 8.8 9.9
(SD) (1.5) (0.5) (1.0) (2.7) (5.5) (1.8) (2.2)

44.8 years (range 34–57) with normal daytime patient equally spaced throughout the study
night, table 1). The following signals wererespiratory function (mean forced expiratory

volume in one second (FEV1) 93.7% of pre- sampled at 1 ms intervals and stored in the
mass memory of a computer (Digital Vax 8200,dicted, range 81–109) and affected by OSAS

(mean apnoea index 70.3 apnoeas/hour, range Digital Equipment Co, Maynard, Mas-
sachusetts, USA): EMGdia, P, P, V̇,38–103) were studied during nocturnal sleep

after informed consent had been obtained. ECG. Transdiaphragmatic pressure (P) was
calculated (P=P – P). Inspiratory (T)The following signals were recorded on a

chart recorder (Hewlett Packard 7758B, Hew- and total breath cycle (Ttot) durations were
measured on the P tracings6 for the threelett Packard Co, Waltham, Massachusetts,

USA) and on a magnetic tape recorder (Hew- breaths immediately preceding the apnoea
onset, all the occluded efforts, and the firstlett-Packard 3968A) for further analysis: elec-

troencephalogram (C3A2 or C4A1 lead), three unoccluded breaths following the apnoea.
For each breath the following parameters wereelectro-oculogram and chin electromyogram

by surface electrodes for conventional sleep calculated: peak inspiratory P (pP); mean
inspiratory P (P̄); maximum P relaxationstaging;8 oronasal flow (V̇) by a light tight-

fitting face mask (approximately 80 ml dead rate, evaluated as the maximum rate of the P
decay after the inspiratory peak normalisedspace, sealed to the face with a denture ad-

hesive) with a pneumotachograph (Fleisch no. by pP (MRR); diaphragmatic pressure time
index (PTI) according to the formula:1) connected to a differential pressure trans-

ducer (MP-45 Validyne, range ±5 cm H2O,
Validyne, Northridge, California, USA);
pleural (P) and gastric (P) pressures by PTI=

P̄

maxP
×T/Ttot%,two balloon tipped catheters positioned in the

lower third of the oesophagus and in the stom-
ach, respectively, connected to two calibrated
differential pressure transducers (MP45 Vali- where P̄ is the mean P. For each inspiratory

phase the sampled EMGdia signals were di-dyne, range ±80 cm H2O), referenced to at-
mospheric pressure; electrocardiogram (ECG) vided into continuous segments of 128 ms. A

Fast Fourier Transform routine was used toby surface electrodes; diaphragmatic elec-
tromyogram (EMGdia) by an oesophageal elec- compute, for each segment, the mean fre-

quency of the EMGdia power spectrum (Fm).trode made of two silver rings 2 mm wide,
spaced 18 mm apart, mounted at the distal end For each segment the quality of the signal was

checked by the computer software algorithmsof a catheter anchored to the oesophagogastric
junction by an inflated latex balloon: EMGdia proposed by Sinderby et al.12 The EMGdia

segments contaminated by the electro-was amplified and band pass filtered
(25–500 Hz). The position of the P catheter cardiographic QRS complexes were not ana-

lysed. The value of Fm for each breath waswas adjusted following the occlusion technique
proposed by Baydur et al.9 A perforated tube, calculated as the mean of Fm values relevant

to all the segments composing the breath.close to the outside edge of the face mask, was
connected to a mass spectrometer (Centronic The analysis of PTI, MRR and Fm data

was performed both within each apnoea andMGA 200, Centronic Ltd, UK) to detect pos-
sible air leaks from the mask. The reference throughout the night. The within-apnoea ana-

lysis was based on the breath-by-breath evalu-sides of the P and P manometers were
adjusted in length to balance the opposite sides ation of all the pre-apnoeic, occluded, and post-

apnoeic breaths. The analysis of variance wasof the transducers and the balance was
checked.10 Maximal inspiratory pleural and used to evaluate the intra-apnoeic trend. The

overnight analysis was performed for each sub-gastric pressures were obtained in all subjects
in the supine position, before sleeping, during ject by computing the time course of PTI,

MRR, and Fm during the night and the slopea maximal static inspiratory effort against a
closed upper airway at functional residual cap- of the linear regressions between the values of

PTI, MRR and Fm measured in the occludedacity using a mouthpiece as suggested by
Laporta and Grassino11 and maximum static effort showing the highest inspiratory pP of

each selected apnoea and its time during theinspiratory transdiaphragmatic pressure
(maxP) was calculated. A total of 119 night were calculated. The data management

and all the statistical procedures were per-apnoeas, each including 5–13 occluded efforts,
recorded in non-REM sleep during the study formed by the Systat statistical software pack-

age (SYSTAT Inc, Evanston, Illinois, USA).nights were analysed (17–25 apnoeas per
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Diaphragmatic fatigue during apnoeas 733

Results
The individual pulmonary function and poly-
somnographic data are listed in table 1. The
mean maxP was 106.8 cm H2O (range 90–
148).

- 
All the subjects showed the same pattern of
change in PTI, MRR, and Fm data. The results
are presented as breath by breath analysis on
the three pre-apnoeic breaths, all the occluded
efforts, and on the first three post-apnoeic
breaths for one representative subject in fig 1
(PTI), fig 2 (MRR), and fig 3 (Fm). PTI
showed low values before the apnoea, pro-
gressively increasing during the occluded phase

+3

30

0
–3

Breath no.

P
T

I (
%

)

5432–1 +1876

20

10

5

15

25

1

and reaching the highest values during the lastFigure 1 Time course of diaphragmatic pressure time index (PTI) during the three pre-
occluded efforts (fig 1). It rapidly decreased inapnoeic breaths, all the occluded efforts, and during the first three post-apnoeic breaths, for

a representative subject. Each point represents the mean (SD) of the values relevant to the post-apnoeic breaths, approaching the same
corresponding breaths (or occluded efforts) over all the examined apnoeas. On the x axis values as the pre-apnoeic phase. During the
breath numbers are shown: −3, −2, −1=third to last, second to last, and last pre-

occluded phase PTI reached or exceeded theapnoeic breaths; 1–8=occluded efforts; +1, +2, +3=first, second, and third post-
apnoeic breaths. The horizontal line shows the 18% fatigue threshold for PTI. value of 0.18 before apnoea termination. These

peak PTI values were obtained at different time
points – at the end of the apnoeic phase in some
apnoeas and after several occluded breaths in
others. MRR showed a slight increase during
the apnoeic phase, reaching the highest value
at the last occluded efforts (fig 2); this increase
was significant in all but one subject (PRO).
Fm showed a slight decline in the pre-apnoeic
and early occluded phase and then increased
towards the end of the apnoea; similar values
were obtained in the post-apnoeic breaths (fig
3). In subject FAS Fm did not follow this
pattern in the occlusive phase, showing no
significant changes.

 
The trends in PTI, MRR, and Fm during the
whole night are shown in fig 4 for all the
subjects. For each variable each line represents
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the slope relevant to the occluded effort withFigure 2 Time course of mean (SD) values of maximum transdiaphragmatic pressure
the highest P value of all the evaluatedrelaxation rate normalised for transdiaphragmatic pressure inspiratory peak (MRR). The

subject depicted in the figure is the same as in fig 1. For an explanation of the labels on apnoeas. The slopes of the three examined
the x axis see legend to fig 1. variables versus time of the night were positive

or did not significantly decrease in all the sub-
jects. No sign of reduction in the inspiratory
efforts (decrease in PTI) or of changes in the
indexes of diaphragmatic fatigue (decrease in
MRR and/or Fm) were therefore found as an
effect of the repeated occluded efforts during
the night.

Discussion
Our results, based on both the mechanical and
the electromyographic data, show that dia-
phragmatic fatigue does not occur as a con-
sequence of OSAS in the range of severity of
our subjects. We were not able to find any
evidence of inspiratory muscle fatigue (in terms
of reduction in Fm or MRR) either by breath-
by-breath analysis of individual apnoeas or as
a cumulative effect of recurrent upper airway
obstruction during the night.
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Diaphragmatic fatigue is a temporary in-
Figure 3 Time course of mean (SD) values of mean frequency of diaphragmatic ability to generate a previously reachable P.electromyographic power spectrum (Fm). The subject depicted in the figure is the same as
in figs 1 and 2. For an explanation of the labels on the x axis see legend to fig 1. The ratio between the high and the low com-
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laxation rate has been demonstrated to be lin-
early correlated to the peak P;16 since
occlusive apnoeic efforts do not result in the
development of maximum P values, the P
relaxation rate increases as a result of a pro-
gressive increase in the developed P. This
may obscure the possible tendency of P to
decrease due to the developing muscle fatigue.

MRR is also influenced by the length of
diaphragmatic muscle fibres and, as long as they
shorten, MRR increases.17 However, during
obstructive apnoeas fibres lengthen due to the
reduction in lung volume.18 Moreover, the re-
cruitment of different respiratory muscles may
interfere with the measurement of MRR. The
phase of P relaxation temporally coincides
with the diaphragmatic post-inspiratory in-
spiratory activity (DIA). Its changes may
influence MRR, but DIA abruptly de-
creases at the beginning of the occlusive
apnoeic phase and its changes during this phase
are minimal.19 It is therefore unlikely that
DIA modifies MRR during the occlusive
phase. Alternatively, the contraction of ab-
dominal muscles during expiration may in-
fluence the MRR, distorting the P wave.
Contraction of abdominal muscles occurs dur-
ing the late expiratory phase; after that DIA
is terminated,20 which is after the period during
which MRR is measured. On this basis, no
interference between the expiratory abdominal
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muscle contraction and the decay of P would
Figure 4 Slopes of the relationships between (A) diaphragmatic pressure time index

be expected during sleep.(PTI), (B) mean frequency of diaphragmatic electromyographic power spectrum (Fm),
and (C) maximum transdiaphragmatic pressure relaxation rate normalised for The time course of analysed variables (PTI,
transdiaphragmatic pressure inspiratory peak (MRR) and time of the study night. The MRR and Fm) during apnoeas was quite sim-
slopes were calculated on the values obtained from the occluded breath with the highest ilar for all the subjects. Our results concerningdeveloped PDI of each analysed apnoea. On the x axis the time of the study night is

the apnoea pattern do not support the de-shown. All of the slope values were not significant or positive (see Results).
velopment of fatigue. This finding is in agree-
ment with previous reports that have failed to
demonstrate any decrease in H/L ratio relevantponents of power spectrum (H/L) and Fm are

indices able to demonstrate a shift in the EMG to the inspiratory efforts in the occluded
phase.5 6 In our study, during obstructivespectra from high to low frequencies. This kind

of shift of the EMGdia power spectrum has apnoeas, potentially fatiguing PTI values are
reached only in the last occluded efforts, andbeen shown to be closely related to the early

development of diaphragmatic fatigue.1 13 14 apnoea termination prevents the maintenance
of such PTI levels for sufficient time to developMechanical parameters have been used for the

early detection of diaphragmatic fatigue and fatigue.6

Thus, mechanical loading associated withEsau et al15 found that changes in the maximum
relaxation rate of P may allow the prediction occlusive apnoeic efforts appears to be so short-

lived as not to be sufficient to induce fatigue.of diaphragmatic fatigue. This index was found
to correlate well with changes in H/L. In fact, However, the results of Griggs et al raise the

hypothesis of a cumulation over time, the effectboth indices showed a temporal relationship
with muscle fatigue development, even though of which could only be noticed at the end of

the night.7 To test this hypothesis with thethe maximum relaxation rate and H/L appear
to be determined by different biochemical highest possible sensitivity we based our ana-

lysis on the breaths associated with the heaviestmechanisms.
H/L was used in previous investigations load – that is, with the highest developed P

– occurring in the late apnoeic phase, althoughbased on electromyographic signs of respiratory
muscle fatigue.5 6 Conversely, we used Fm since not necessarily associated with the last occluded

effort. No subject (including DIM and PROit has been shown to be more stable, re-
producible and sensitive to muscle fatigue than whose mean generated P corresponded to

81% and 62%, respectively of maximum staticH/L.14 With regard to mechanical evaluation
of fatigue in OSAS, a previous study was based P) showed any sign of diaphragmatic fatigue

during the course of the night. The lack ofon P maximum relaxation rate. We used the
ratio between the latter index and pP to allow agreement with the results of Griggs and co-

workers may be explained in the light of differ-a breath-by-breath comparison to be made
between mechanical and electromyographic ent approaches to the evaluation of muscle

contractility. The data of Griggs and coworkersindices during non-maximal non-volitional
breathing manoeuvres. This normalisation is were obtained by maximal voluntary man-

oeuvres, whereas our results are derived frommade necessary by the fact that the P re-
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