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ABSTRACT: It would be helpful to be able to identify respiratory effort-related
arousal (RERA) without needing to measure oesophageal pressure. Thoracoabdominal
movements yield an indirect flow measurement from which reduction of amplitude and
alteration of the inspiratory flow curve can be detected. The aim of this study was to
evaluate the accuracy of using the shape and amplitude of signals from thoracoabdo-
minal bands (inductance plethysmography) to detect RERAs.

Altogether, 94 subjects suspected of having sleep apnoea but with an apnoea/
hypopnoea index <10 in full polysomnography with oesophageal pressure were studied.
A routine polysomnographical analysis was carried out. The polysomnographies were
then reanalysed at random to determine which of the identified arousals were due to
RERA, as determined either by oesophageal pressure or by induction bands without an
oesophageal pressure signal. Altogether, 14,617 arousals were analysed.

The sensitivity and specificity to find RERA (arousal by arousal) from bands
versus oesophageal pressure were both 94%. The average difference of RERA index
between oesophageal pressure and bands was -0.6. The correlation between RERA
index determined by oesophageal pressure and bands was 0.98. To evaluate the
intra and interobserver agreement, 1183 arousals were additionally analysed. The
intraobserver agreement was 91% for RERAs by oesophageal pressure and 80% by
bands. The interobserver agreement was 89% by oesophageal pressure and 85% by
bands.

The thoracoabdominal bands can be used to identify respiratory effort-related
arousal (obstructive events not detected by thermistor) with similar efficacy to oeso-
phageal pressure measurement. Since bands are routinely used in most polysomno-
graphies, they can be used as the usual method to detect respiratory effort-related
arousal, using a thermistor to evaluate apnoeas and hypopnoeas or as a complement to
other methods, such as nasal cannula, which can detect apnoeas, hypopnoeas and
respiratory effort-related arousal.
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Disorders of sleep-related breathing are characterised by
a total or partial reduction of breathing. These events can be
partially obstructive (hypopnoea), totally obstructive (apnoea)
or very subtle upper airway obstructions, and require mea-
surement of oesophageal pressure to detect respiratory effort-
related arousal (RERA) [1, 2]. Sometimes, RER As can appear
predominantly (without a significant number of apnoeas
and hypopnoeas) producing fatigue and daytime sleepiness, in
what is called upper airway increased resistance syndrome [1].
This excessive number of RERAs has been associated with
raised blood hypertension [3] and car accidents [4].

In clinical practice, a thermistor is the most widely used
method to detect oro-nasal flow in conventional polysomno-
graphy. However, thermistors have long time-constant res-
ponses [5], overestimate airflow on polysomnography [6] and
the temperature of exhaled gas is relatively unaltered by
changes in exhaled volume [7]. Consequently, thermistors do
not detect subtle airflow decreases, as observed in RERAs.
Different methods have tried to identify RERAs without
oesophageal pressure measurement: alteration in the flow
curve obtained by nasal cannula [8, 9] or continuous positive

airway pressure (CPAP) [10, 11], pulse transit time [12] and
sum from inductance plethysmography [13, 14].

Thoracoabdominal movements are an indirect flow mea-
surement [7] in which reduction of amplitude and inspiratory
curve alteration can be detected [11]. RERA detection with
thoracoabdominal bands has not been extensively investi-
gated. The potential advantage of thoracoabdominal bands
over nasal cannula is that the signal registered by the bands is
not dependent on the patient having to breathe solely through
the nose. Moreover, thoracoabdominal bands are already
widely used in polysomnography to evaluate whether apnoeic
events are obstructive or central. Therefore, if thoracoab-
dominal bands are useful to detect RERAs, they could be
used in combination with a thermistor or as a complement to
other methods that can detect apnoeas, hypopnoeas and
RERAs, for example nasal cannula [15-17].

The aim of the current study was to evaluate the analysis of
the shape and amplitude of the signals from thoracoabdo-
minal bands versus oesophageal pressure measurement to detect
RERASs (obstructive events not detected by thermistor) in a
population of subjects referred because sleep apnoea was
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suspected but whose apnoea/hypopnoea index was found to
be <10.

Methods
Study population

Patients sent to the Sleep Laboratory in Caceres, Spain,
with a clinical suspicion of sleep apnoeas, snoring, observed
apnoeas and morning fatigue or sleepiness were prospectively
included. They had an apnoea/hypopnoea index <10 on full
polysomnography/oesophageal pressure was recorded for at
least 2 h during another full polysomnography.

To perform the analysis the population was retrospectively
divided into two groups, those with and without an Epworth
Sleep Scale >9, in order to obtain two populations likely to
have different prevalences of RERAs (table 1).

Protocol and measurements

All subjects included were asked to complete the same
questionnaire about symptoms of sleep apnoea and other
diseases causing sleepiness, and a subjective measurement
of sleepiness (Epworth Sleepiness Scale) [18]. Two full night
polysomnographies including electroencephalogram, electro-
oculogram, electromyogram, electrocardiogram, oxyhaemoglobin
saturation, oral-nasal airflow (thermistor), thoracoabdominal
movements by means of inductance plethysmography (Som-
noStar, SensorMedics, California) were recorded. The first
polysomnography was made only to exclude subjects with an
apnoea/hypopnoea index >10. In the second polysomnogra-
phy an oesophageal catheter was introduced transnasally and
advanced until it had obtained a positive pressure during the
inspiration and then was pulled back until it had obtained a
clear negative pressure during the inspiration. It was calibrated

following a previously described technique [19]. The signals
from oesophageal pressure and bands were DC, the lower
filter was 0.1 Hz, the higher filter was 5 Hz and the sampling
rate was 100 Hz. The analysis of sleep stages, arousals, awaken-
ings, apnoeas and hypopnoeas followed standard procedures
[20-22]. Every arousal was numbered consecutively. The time
of study with oesophageal pressure measurement and normal
function of bands were recorded.

When the routine analysis of sleep stages, arousals, awaken-
ings, apnoeas and hypopnoeas was carried out in all the
second polysomnographies, a technician reanalysed at random
the recorded polysomnographies to determine if each arousal
previously detected with standard procedures [20] (not caused
by apnoeas and hypopnoeas) was due to RERAs or not, using
the definitions based on oesophageal pressure or bands (see
below). The signals were compressed into 120 s per epoch
to allow the RERA episodes to be more easily seen. The
technician scored blindly the same sleep studies twice: with
and without oesophageal pressure in the scoring montage (the
first score being made at random). Each time, the technician
noted down if the previously numbered arousals were RERAs
or not. Afterwards, an investigator examined the notes to
determine the coincidence and noncoincidence between both
methods in the total arousals studied (see statistical analysis).
Only the times when both the oesophageal pressure and bands
functioned normally were analysed.

An Institutional Committee on Investigation approved the
protocol study, and written consent was obtained.

Definitions

Apnoea was defined as an absence of airflow of >10 s and
hypopnoea when airflow (both in the thermistor signal)
decreased >30% for >10 s with an oxygen saturation drop
of >4% or final arousal [22].

Apnoea/hypopnoea index was defined as the total number

Table 1.—Anthropometric, clinical and sleep study characteristics in the total sample and in both subgroups

With sleepiness Without sleepiness p-value Total

Subjects n 52 42 94
Age yrs 4719 42+10 <0.01 45+10
Sex male % 75 88 NS 81
Body mass index kg-m? 2914.2 27139 <0.05 28+4
Habitual snorer % 96 93 NS 95
Apnoeas observed % 54 48 NS 51
Morning fatigue % 73 48 <0.05 62
Nocturia % 44 19 <0.05 33
Epworth sleepiness scale 12+3.1 6.1t1.6 <0.001 9.213.8
Hypertension % 25 12 NS 19
TST min 252+66 281+64 <0.05 265166
Sleep time lost % of TST* 47113 1121 NS 7.5%17
Wake during sleep % 33x15 28+14 NS 31£15
Light sleep % 41£10 3718.6 NS 39+10
Deep sleep % 18%11 24+10 <0.01 20+11
REM sleep % 8.6+5.8 11£5.7 <0.05 9.71£5.9
Arousal index 46121 3117 <0.001 39421
RERA index 1610 3.8+4.3 <0.001 11£10
Apnoea/hypopnoea index 6.1+6.9 3+4.8 <0.05 4.716.2
RERA index =5 =10/ =15 %' 88/69/52 29/1212.4 <0.001/<0.001/0.001 62/44/30
RDI =10/ =15/ =20 %* 77169/54 19/9.8/4.8 <0.001/<0.001/0.001 51/43/32
SA 0, <90% % of TST 8.7121 2+4.7 <0.05 5.7+16

TST: total sleep time; REM: rapid eye movement; RERA: respiratory effort-related arousal; RDI: apnoea, hypopnoea and RERA index; SA O,:
saturated oxygen; NS: nonsignificant. #: percentage of total sleep time lost because of a poor signal from the oesophageal pressure catheter or
thoracoabdominal bands; : percentage of Patients in three hypothetical cut-off points of RERAs excess (=5, >10 and > 15) using the oesophageal
pressure measurement to detect RERA; ™: percentage of patients in three hypothetical cut-off points of RDI (=10, >15 and >20) using the

oesophageal pressure measurement to detect RERA.
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of episodes of apnoea and hypopnoea divided into the
number of hours slept.

When the scoring montage included oesophageal pressure
measurement, a RERA was scored, if all the following were
present: 1) there were increasing negative oesophageal pres-
sures in the two or more breaths prior to an arousal; 2)
oesophageal pressure became less negative in the arousal; and
3) increasing negative oesophageal pressure prior to the
arousal did not coincide with increased oral-nasal flow.

When the scoring montage did not include oesophageal
pressure measurement, an arousal was considered to be due to
RERA if all the following were present: 1) alteration of the
inspiratory contour in the waves from the thoracoabdominal
bands (figs. 1 and 2) in two or more breaths before the

arousal, with or without discernible reduction of the
thoracoabdominal bands amplitude; and 2) normalisation of
the previous alteration coinciding with the arousal.

RERA index was defined as the total number of RERAs
divided into the number of hours slept.

The number of RERAs (according to the above definition)
was also counted with great reduction in bands amplitude,
which had not been classified as hypopnoea according to the
authors definitions using thermistor. These "true hypopnoeas"
were defined as >50% of reduction in the sum of thoraco-
abdominal bands amplitude, lasting > 10 s, with final arousal.
The signal of the sum was calibrated automatically (not by
pneumotacography) by the inductance plethysmography device
(SomnoStar; SensorMedics, CA, USA).

Abdominal
movement

Thoracic
movement

Oesophageal
pressure

Thermistor

Fig. 1.—Morphology of the thoracoabdominal movement from bands in the upper airway resistance. The top of the figure shows the normal
signal of thermistor, thoracoabdominal movement and oesophageal pressure. In the middle and bottom part are the same signals but with
different levels of upper airway resistance (higher in the bottom part). UAR: upper airway resistance.
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Fig. 2.—Compressed polysomnography register in 30 s. The solid arrows point to an example of alteration of the contour in thoracic and
abdominal bands in a respiratory effort-related arousal episode. This contour is very different from the respirations after the arousal (open
arrows). EEG: electroencephalogram; EMG: electromyogram of the chin; LEG: electromyogram of the leg; SUM: sum of bands from inductance
plethysmography; FLOW: oro-nasal flow from thermistor; THOR: thoracic band; ABD: abdominal band; OP: oesophageal pressure; SA,O,:
oxygen saturation. ”: arousal.
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Intra- and interobserver agreement

To evaluate the intraobserver agreement, the same tech-
nician who did the scoring randomly analysed eight subjects
twice (1183 arousals each time) including (or not) the
oesophageal pressure measurement in the scoring montage,
using the same criteria as the first analysis. Additionally, to
evaluate the interobserver agreement, another technician
from the same sleep laboratory and with similar experience,
analysed the same eight subjects twice with the same protocol.
Likewise, when the analysis was done using the bands and
when the arousals were recorded as RERAs, both technicians
registered if RERA criteria were evident or not.

Statistical analysis

The comparison of proportions was made with the Fisher
exact test and that of mean values with an unpaired t-test if
data presented a normal distribution; otherwise, the non-
parametric Mann-Whitney U-test was used.

Sensitivity and specificity tests were carried out to deter-
mine the efficacy to identify RERAs by thoracoabdominal
bands compared with RERAs identified by oesophageal
pressure. This analysis was carried out taking into account
the number of arousals identified and not identified as
RERAs by both methods from the total arousals evaluated
(14,617). The sensitivity and specificity were performed in all
the population and in each of the groups with and without
sleepiness.

A correlation test was performed between the RERA index
from the oesophageal pressure measurement and thoraco-
abdominal movements of each patient. The correlation sig-
nificance was made using the Pearson test.

BLAND and ALTMAN [23] analysis was carried out with the
differences in the RERA index between both methods to
identify RERAs and the mean of RERA index also measured
using both methods. This analysis was carried out to evaluate
the agreement between the two methods and to know if the
differences between them were independent of the measure-
ment size. To determine the intraobserver and interobserver
agreement excluding the random effects a Kappa test was
carried out [24, 25]. A p-value <0.05 in two-sided test was
considered statistically significant.

Results

A mean of 7.5% of total sleep time per patient could not be
analysed because of an inadequate signal. Altogether, 59% of
this loss was due to the oesophageal pressure catheter and
41% due to thoracoabdominal bands systems failures.

Altogether, 14,617 arousals were analysed. Oesophageal
pressure classified 4,082 as RERAs and bands classified
4,276. Most arousals (24£18 arousal-h! of sleep per patient,
58% of total arousals) were not due to RERAs, apnoeas or
hypopnoeas.

In the total sample of patients, 62% had >5 RERAs-h™
slept, with 30% having >15 RERAs-h™" slept (table 1). In the
group with sleepiness 88% had >5 and 52% >15 RERAs-h’!
slept, compared with 29% and 2.4% in the group without
sleepiness. The group with sleepiness had less sleep time, less
deep and rapid eye movement sleep and a higher percentage
of total sleep time with <90% of oxygen saturation.

From 4,276 RERAs detected by bands, 3,572 occurred in
the sleepy group and 702 in the nonsleepy group. Alteration
of the inspiratory contour and reduction in band amplitude

were present together in most of RERAs, but only 684 (16%)
of the total of RERAs detected by bands were true hypo-
pneas, 607 RERAs (17%) in the sleepy group and 84 RERAs
(12%) in the nonsleepy group.

Association between respiratory effort-related arousals
from oesophageal pressure measurement and
thoracoabdominal movements

The correlation between RERA index per patient deter-
mined by oesophageal pressure measurement and thoraco-
abdominal movements was close to one (r=0.98) (fig. 3). The
correlation index was 0.97 in the group with sleepiness and
0.96 in the group without sleepiness (fig. 3). Data are close to
the equality line in the three plots.

The differences between the RERA index determined by
oesophageal pressure measurement and thoracoabdominal
movement were small (table 2). The RERA index determined
by thoracoabdominal bands tended to be slightly higher, with
the mean of the differences between oesophageal pressure and
bands less than one RERA per hour of sleep with 95%
confidence intervals -4.9 and +3.7. The group with sleepiness
had a mean and confidence interval higher than the group
without sleepiness but the differences were not statistically
significant and the mean of the differences was less than one
RERA per hour of sleep in both groups. The data distribution
was more dispersed and asymmetric in the group with
sleepiness than in the group without sleepiness. The differ-
ences between both methods of identifying RERAs were
independent of the measurement size (fig. 4).

The sensitivity and specificity to find RERAs (arousal by
arousal) from thoracoabdominal movements compared with
the RERAs identified by oesophageal pressure were 94% in
both cases (table 3). In the group with sleepiness, the sensi-
tivity was 93% and the specificity was 95%. In the group
without sleepiness the sensitivity was 94% and the specificity
93%.

Intra- and interobserver agreement

In the 1183 arousals evaluated, the intraobserver agreement
(Kappa test) was 0.91 for RERAs identified by means of
oesophageal pressure measurement and 0.80 for the thoraco-
abdominal bands. The interobserver agreement was 0.89 for
oesophageal pressure and 0.85 for bands. More than 80% of
disagreement between inter- and intraobserver in bands were
due to subtle events.

Discussion

This study evaluates the efficacy of thoracoabdominal
bands to identify RERAs with a large sample size. The study
shows that the morphology of the thoracoabdominal bands
output signal (inductance plethysmography) can identify
RERAs with a sensitivity and specificity of 94% versus the
oesophageal pressure measurement. These results are similar
for patients with high or low prevalence of RERA.

The thoracoabdominal movement measurement with bands
is an indirect tidal volume measurement and its usefulness for
detecting apnoeas and hypopnoeas has been previously
established [7, 26]. LOUBE et al. [13] tried to identify episodes
of upper airway increased resistance in 14 patients with
symptoms of sleep apnoea but with apnoea/hypopnea index
<10, by means of the sum of thoracoabdominal bands
measured by inductance plethysmography (Respitrace®).
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Fig. 3.—Correlation between respiratory effort-related arousal (RERA)
index from oesophageal pressure (OP) and bands in a) all 94 patients
studied (r=0.98), b) 52 patients with sleepiness (r=0.97) and c) 42
patients without sleepiness (1=0.96). Broken lines represent the
regression line with 95% confidence interval.

Table 2. —Respiratory effort-related arousal index difference
between oesophageal pressure and bands

With sleepiness Without sleepiness Total
Subjects n 52 42 94
Minimal/maximal -9.1/6.8 -3.7/5.0 -9.1/6.8
Mean (95% CI)* -0.7 (-6.0-4.6)  -0.4 (-3.1-2.3)  -0.6(-4.9-3.7)
Variance 7.2 1.9 4.8
Kurtosis*SE 2.810.6 5.8%+0.7 4.4+0.5
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Fig. 4.—Relation between respiratory effort-related arousal (RERA)
index difference by oesophageal pressure (OP) and bands and RERA
index mean by OP and bands (Bland and Altman plot) in a) all 94
patients studied, b) 52 patients with sleepiness and c) 42 patients
without sleepiness. — : mean of the differences between both methods;
— - —: 95% confidence interval.

Table 3.—Diagnostic efficacy to identify respiratory effort-
related arousal

Arousals Sensitivity ~ Specificity PPV NPV
Sleepiness group 93 95 91 92
Without sleepiness group 94 93 89 94
Total population 94 94 90 94

CI: confidence interval. #: nonstatistical differences were found between
the patients with and without sleepiness.

Data are presented as %. PPV: positive predictive value; NPV: negative
predictive value.
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Measuring the relation inspiratory peak flow and midinspira-
tory flow immediately before the arousal, the sensitivity and
specificity to detect patients with upper airway increased
resistance versus oesophageal pressure measurement were
100%. However, when these authors tried to identify patients
with increased upper airway resistance without taking into
account the arousal, the sensitivity was 67% and the speci-
ficity was 80%. In another study with seven habitual snorers,
the sensitivity and specificity to identify limitations of inspira-
tory flow measured in the sum (without taking into account
arousals) secondary to upper airway resistance were between
71-73% (depending on the limitation level to the airflow)
compared with the sensitivity and specificity between 82-84%
with limitation of inspiratory flow measured by pneumota-
chograph [27].

MONTSERRAT et al. [11] evaluated the usefulness of the
thoracoabdominal bands output morphology and the inspira-
tory flow measured by pneumotachography to identify upper
airway resistance (not necessarily associated with arousal) in
nine patients with sleep apnoea during the CPAP titration.
Both methods identified well episodes of increased upper
airway resistance, although the inspiratory flow behaviour
from pneumotachography was better than that of the bands.

The inspiratory flow limitation measured by nasal cannula
in the identification of hypopneas or upper airway resistance
has been evaluated in different studies [8, 9, 13, 15, 17, 27-31],
but few studies have evaluated this method in patients
without the predominance of apnoeas or hypopnoeas versus
the oesophageal pressure measurement (or pharyngeal pres-
sure). In two studies with these characteristics, the sensitivity
was estimated between 76-88% and the specificity between
77-81%, considering upper airway resistance not associated to
arousal [8, 27].

The present study has not compared the morphology of the
thoracoabdominal bands with other methods for evaluating
upper airway resistance noninvasively, but the sensitivity and
specificity found are apparently higher than those found with
other methods. This may be methodological and might perhaps
be because the authors evaluated episodes of increased upper
airway resistance always associated with arousal. LOUBE
et al. [13] had similar findings. The morphology of band
output in the arousal is the reference, therefore these waves
can be compared with those that occur before arousal (fig. 2).
In 10 patients chosen at random from the 94, the authors
reanalysed a period of the polysomnography starting from an
epoch number chosen at random. All the signals except flow
by thermistor and thoracoabdominal bands were removed
from the scoring montage. The authors tried to identify upper
airway resistance events according to the bands output
contour (not associated to arousal) until 20 events in each
patient was reached. Later, the analysis of the same periods
was repeated, showing in the scoring montage only flow by
thermistor and oesophageal pressure measurement, trying
to identify if the 20 episodes of upper airway resistance
according to the bands, were associated with increasing
negative oesophageal pressure. The sensitivity and specificity
of thoracoabdominal bands versus oesophageal pressure to
detect upper airway resistance were 74 and 81%, respectively.
These data may explain why the results from the current study
identifying RERAs (upper airway resistance associated with
arousal) are better than those obtained in other studies that
analysed upper airway resistance not associated with arousal.

The advantage of determining RER As by means of the mor-
phology of bands over the sum of bands is that calibration is
not necessary [32] and according to the authors experience the
alteration in the curve contour is better observed in the output
of the individual bands than in their sum. This may be
because alteration in the morphology of bands outputs does
not happen in both bands in the same way (figs. 1 and 2).

It is important to assess the time when the outputs were so
poor they could not be evaluated. In the current study there
was a mean loss of 20 min per patient (7.5% of total sleep
time). Altogether, 59% of this lost time was due to a poor
oesophageal pressure signal and 41% to a poor signal from
the thoracoabdominal bands. This represents ~8 min per
patient due to thoracoabdominal bands signal failure. This
small lost time of study may be due in part to the fact that the
population of the current study is not very obese, since
patients with sleep apnoea were excluded for definition. In the
obese patients the signal from the bands tends to be poorer
than in nonobese patients.

In the current study, the authors used a thermistor as a flow
measurement, since this is the most widely used method to
detect oro-nasal flow in the conventional polysomnography in
clinical practice. However, a thermistor overestimates flow
with respect to the pneumotachography [17] and the 16% of
RERAs identified by bands were considered true hypopnoeas
by the sum of thoracoabdominal bands. Nevertheless, the
most important thing, in a practice point of view, is that
the bands were able to recover obstructive events lost by the
thermistor.

In the present study there are a large number of arousals,
which were not associated with RERA, apnoeas or hypop-
noeas. The oesophageal pressure measurement can disturb
sleep [33] and this can explain the increase in the percentage of
wakefulness found in the current study. Since studies with
normal subjects (without oesophageal pressure measurement)
[34] have found a similar number of arousals, it is possible
that the cause is the polysomnography itself or that this is the
normal arousal frequency.

The authors used inductive plethysmography, since this
system has been validated to identify hypopneas [7], so future
studies will have to determine if other types of bands are
useful to identify RERAs. Since MONTSERRAT et al. [11] using
piezoelectric bands, observed similar findings to those in the
current study, it seems likely that these type of bands are also
useful in identifying RERAs.

In summary, the thoracic and abdominal bands used in this
study can identify respiratory effort-related arousal (obstruc-
tive events that are not detected by thermistor) with efficacy
similar to the oesophageal pressure measurement. Unlike
nasal cannula it is independent of whether or not the patient
breathes through the mouth. Since bands are widely used in
polysomnography to determine if the apnoeas and hypop-
noeas are obstructive or central, they can be used as the sole
method to detect respiratory effort-related arousal, in con-
junction with a thermistor to evaluate apnoeas and hypop-
noeas or as a complement to other methods that can detect
apnoeas, hypopnoeas and respiratory effort-related arousal,
such as nasal cannula.
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