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ABSTRACT: Breathing disturbances during snoring have been quantified by face
mask pneumotachography and oesophageal catheters. In order to nonobtrusively
investigate respiratory mechanics during nonapnoeic snoring in relation to sleep
disturbances, we employed calibrated respiratory inductive plethysmography (RIP).

In 10 snorers, RIP recordings were studied during nonapnoeic snoring without
arousals in non-rapid eye movement (NREM) sleep, nonapnoeic snoring with repe-
titive arousals in NREM sleep and wakefulness. Results were compared to RIP
recordings in undisturbed NREM sleep and wakefulness in seven healthy non-
snorers.

Compared to wakefulness and undisturbed NREM sleep in nonsnorers, snoring
was associated with predominant thoracic breathing, ribcage/abdominal asynchrony,
and increased fractional inspiratory time. Preceding arousals during snoring, inspi-
ratory flattening of time-derivatives of RIP volume signals, and marked ribcage/abdom-
inal asynchrony indicated pronounced flow limitation. Low variation coefficients
of respiratory cycle time (<10%) and tidal volume (<20%) discriminated snoring
periods without arousals from snoring periods with arousals and from wakeful-
ness periods, with a sensitivity of 100% and a specificity of 99%. Snoring periods
with arousals were identified by the presence of snoring combined with high coef-
ficients of variation of cycle time (≥10%) and tidal volume (≥20%), with a sensi-
tivity of 96% and a specificity of 100%.

Thus, characteristic patterns of ribcage/abdominal motion recorded by respira-
tory inductive plethysmography differentiated breathing in sleep disruptive snor-
ing from simple snoring.
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In certain heavy snorers, increased upper airway resis-
tance may lead to sleep fragmentation and excessive day-
time sleepiness, even in the absence of apnoeas or oxygen
desaturations, an observation termed "upper airway resi-
stance syndrome" [1, 2]. The diagnosis is confirmed by
demonstration of recurrent periods of severe inspira-
tory flow limitation followed by arousals. Limitation of
inspiratory flow is characterized by a plateaued flow
curve, which becomes independent of further progres-
sive decreases in downstream (pleural) pressure. Such
measurements were performed by means of an oesopha-
geal catheter and a pneumotachograph attached to a tight-
fitting face mask [1, 2], which may disturb natural
breathing [3] as well as sleep, and are uncomfortable
and poorly tolerated by many patients.

Accordingly, our intention was to investigate whether
breathing patterns recorded nonobtrusively by respira-
tory inductive plethysmography (RIP) identify charac-
teristics of respiration that differentiate sleep disruptive
from nondisruptive snoring, even in the absence of ap-
noeas. For this purpose, we performed a detailed analy-
sis of time, volume, and flow components of breathing
patterns in habitual snorers with mild-to-moderate ob-
structive sleep apnoea during nonapnoeic snoring in
relation to sleep stage and arousals. For comparison, a
similar analysis was performed in healthy nonsnorers.

Ribcage/abdominal volume changes recorded with cal-
ibrated RIP not only reflect airflow at the oral and nasal
orifices [4], but also indicate inspiratory loading and
effort by the degree of their asynchronous and para-
doxical motion [5]. Therefore, during markedly increa-
sed upper airway resistance, such as in sleep disruptive
snoring, we expected to see pronounced alterations in
timing, amplitude and synchronization of ribcage/abdo-
minal volume curves as well as inspiratory flattening of
their time derivatives, which reflect airflow. We further
expected similar qualitative changes, but of a lesser de-
gree, during simple snoring, not associated with arousals.

Methods

Correlations of RIP with airflow

Subjects and experiments. Accuracy of the time deriv-
atives of the summed volume curves of ribcage plus
abdomen obtained by RIP in reflecting flow at the air-
way opening was assessed by comparison to direct mea-
surements by a flow meter. Five volunteers were studied
in supine position during wakefulness, whilst wearing
a tight-fitting nasal mask. They were instructed to breathe
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exclusively through their nose during the following ex-
periment.

Ribcage and abdominal volume changes were recorded
with a computer-assisted respiratory inductive plethys-
mograph (Respitrace PT, Noninvasive Monitoring Sys-
tems Inc., Miami Beach, FL, USA), as described previously
[6]. The relative gain of ribcage and abdominal signals
was obtained by the qualitative diagnostic calibration
(QDC) procedure [7]. The sum signal was calibrated in
litres by comparison with the integrated output of an
ultrasound transit time flow meter (TUBA; GHG Medical
Electronics, Zürich, Switzerland) attached to the nasal
mask. RIP breath waveforms and the output of the flow
meter were stored in digital format at a sampling rate
of 50 Hz.

Measurements and data analysis. After collection of base-
line data over 5–10 min, continuous negative mask pres-
sure was generated by connecting the inlet of a constant
flow pump (Sleep Easy II; Respironics Inc., Monroeville,
PA, USA) via the flow meter to the mask. Immediately
distal to the flow meter the circuit had two ambient air
leaks: a constant resistor leak (Whisper Swivel; Respiro-
nics Inc., Monroeville, PA, USA), and an electronically
adjustable leak (modified remote control positive end-
expiratory pressure (PEEP) valve; Respironics Inc., Mon-
roeville, PA, USA), that allowed negative mask pressure
to be controlled. Pressure was monitored by a water mano-
meter. Visual inspection of the subjects mouth con-
firmed that breathing was exclusively nasal during data
collection.

In each subject, periods of 8–10 breaths were ana-
lysed during baseline collection (ambient air mask pres-
sure), and during application of a constant negative
mask pressure of -12 to - 16 cmH2O. Two parameters
likely to be altered by flattening of the inspiratory por-
tion of the flow curve with flow limitation [8, 9] were
considered: 1) the time from beginning of inspiration to

peak inspiratory flow as a fraction of inspiratory time
(tPIF/t I); and 2) the inspiratory to expiratory flow ratio
at 50% of tidal volume (I:E50 (table 1), computed from
the RIP volume sum signal and its time derivative, were
compared to the flow meter output and its time integral.

Sleep studies

Subjects. From the patients referred to our division for
evaluation of habitual snoring and excessive daytime
sleepiness, 10 successive male subjects in whom periods
of nonapnoeic snoring were documented during poly-
somnography were selected. Their age (mean±SD) was
53±9 yrs, and body mass index (BMI) was 27.5±2.9
kg·m-2. All patients gave informed consent to participate
in the study, which was approved by the hospitals re-
view committee for human studies. 

Seven healthy male nonsnorers (38±5 yrs, and BMI
23.0±1.5 kg·m-2) were also studied, with their informed
consent.

Measurements

Polysomnography. Nocturnal polysomnography was per-
formed by a computerized polysomnograph (Alice 3;
Healthdyne Technologies, Marietta, GA, USA). The mon-
tage included two electroencephalographic (EEG) chan-
nels (C4/A1, C3/A2), left and right electro-oculogram
(EOG) (LE/A2, RE/A2), and submental and bilateral
anterior tibialis electromyogram (EMG). These signals
and the following cardiorespiratory parameters were
stored on the hard drive of the polysomnograph and
displayed on its videoscreen: oral and nasal airflow by
thermistors; and snoring sounds by an air-coupled sub-
miniature microphone and a vibratophone (sensitivity
threshold 20 dB HL at 125 Hz), both taped to the skin
at the level of the larynx; electrocardiogram (ECG);

Table 1.  –  Breathing pattern parameters

Parameter  Description

t tot s  Interval between two successive end-inspiratory points
t I s  Interval from end-expiration to end-inspiration
tE s  Interval from end-inspiration to end-expiration
tE/t I Determined on volume tracing, reflects ratio of mean inspiratory to expiratory flow
fR breaths·min-1 Reciprocal value of t tot calculated breath-by-breath
VT  L Inspiratory tidal volume obtained from the RIP sum signal
V '  L·min-1 Inspiratory minute ventilation
RC/VT % Tidal volume of the ribcage divided by VT expressed in percentage of VT
PhAng ° Phase shift between thoracic and abdominal waveforms. sin (PhAng) = M/S, where M = intercepts

of the ribcage vs abdominal volume loop on a line parallel to the x-axis at 50% of ribcage tidal 
volume, and S = abdominal tidal volume [5]

ABParadox,I (or E)  % t I(E) The percentage of inspiratory (expiratory) time during which the abdominal compartment moves
opposite to the sum (VT) signal [5]

RCParadox,I (or E)  % t I(E) Measure of the extent of paradoxical motion of the ribcage, calculated in an analogous way as
ABParadox,I(E) [5]

tPIF/t I Interval from end-expiration to peak inspiratory flow (peak value of the time derivative of the
sum signal) expressed as a fraction of t I

I:E50 Ratio of inspiratory to expiratory flow (from derivative of the sum signal) at 50% of VT [10]

t tot: duration of total respiratory cycle; t I: inspiratory time; tE: expiratory time; tE/t I: ratio of expiratory to inspiratory time; fR:
respiratory frequency; VT: tidal volume; V ': ventilation; RC/VT: ribcage contribution to VT; PhAng: phase angle; ABParadox,I (or
E): inspiratory (expiratory) abdominal paradox time; RCParadox,I (or E): inspiratory (expiratory) ribcage paradox time; tPIF/t I: time
to reach peak inspiratory flow as a fraction of t I; I:E50: mid-inspiratory to mid-expiratory flow ratio; RIP: respiratory inductive
plethysmography.
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body position by an accelerometer, arterial oxygen sat-
uration (Sa,O2) by pulse oximetry (Biox Ohmeda 3700;
Boulder, CO, USA); and RIP waveforms (see below).
EEG, EOG, EMG and ECG data were sampled with
100 Hz, all other channels with 50 Hz.

RIP. Elastic ribcage and abdominal transducers were
held in place by adhesive tapes, approximately at the
level of the nipples and the umbilicus. Signals were
processed by a computerized respiratory inductive ple-
thysmograph (Respitrace PT; Noninvasive Monitoring
Systems Inc., Miami Beach, FL, USA) as mentioned
above [6]. The device incorporates a pulse oximeter, an
ECG, a position sensor, and a vibratophone. Data were
stored on the internal hard drive of the respiratory in-
ductive plethysmograph. Analogue waveforms of the
same signals were also transferred to the polysomno-
graph for simultaneous storage with the electrophysio-
logical data, as specified above.

Procedures

After placement of electrodes and transducers of the
recording equipment, the relative gains of the thoracic
and abdominal channel of the respiratory inductive ple-
thysmograph were determined with the qualitative dia-
gnostic calibration procedure [7]. Subjects were then
connected via a mouthpiece (with the nose-clipped) to
a spirometer for calibration of the RIP sum signal in
litres over periods of 30–50 breaths. Polysomnographic
data acquisition was started while the patient watched
television over a period of approximately 10 min to
obtain breathing pattern recordings during relaxed wake-
fulness. Lights were then turned off. One of the inves-
tigators supervised the overnight study to assure proper
functioning of the equipment. In the morning, after a
minimal recording time of at least 6 h, accuracy of RIP
calibration was tested by comparison to spirometry, as
described above. In the 10 patients, mean±SD differen-
ces of RIP minus spirometric values were: 4±8% for tidal
volume (VT), 0±3% for the coefficient of variation (CV)
of VT, 0.00±0.01 for the ratio of inspiratory to total res-
piratory cycle time (tI/t tot), and 1±1% for the CV of tI/
t tot. These differences were statistically nonsignificant.
In the seven normal subjects, validation of RIP cali-
bration in the morning revealed a mean± SD difference
in VT in comparison to spirometric values of 3±3%, and
the maximal discrepancy was 9%.

Data analysis

Sleep staging and arousal analysis was performed by
"manual" scoring, according to RECHTSCHAFFEN and KALES

[11], during page by page review of 30 s epochs on a
high resolution videoscreen. Arousals were scored accord-
ing to the American Sleep Disorders Association rules
[12] that define an arousal as an abrupt EEG frequency
shift under the following conditions (incomplete list):
the subject must be asleep; the EEG frequency shift
must be greater than 3 s; a minimum of 10 s of inter-
vening sleep is necessary to score a second arousal.

Breathing pattern analysis was performed using spe-
cialized software (RespiEvents, EDP V4.2a; Non Inva-

sive Monitoring Systems Inc., Miami Beach, FL, USA)
that allowed graphic display and computer-assisted analy-
sis of RIP waveforms. For each patient, several periods
of 50–75 breaths (3–5 min in duration) were identified
during: 1) relaxed wakefulness ("WAKE"; two periods
of 50–75 breaths); 2) nonapnoeic snoring in non-rapid
eye movement (NREM) sleep undisturbed by arousals
("SNOR"; three periods of 50–75 breaths); 3) nonap-
noeic snoring during NREM sleep interrupted by repet-
itive arousals ("SNOR+A"; three periods of 50–75 breaths
associated with a minimum of three arousals per per-
iod). In addition, periods of five breaths immediately
preceding and five breaths immediately following an
arousal during snoring in NREM sleep were identified
(five periods comprising five breaths prearousal and
postarousal, respectively). Periods that obviously con-
tained major movement artefacts during arousals were
not analysed. Sampling in normal subjects included: 1)
relaxed wakefulness ("WAKE"; two periods of 50–75
breaths); and 2) NREM sleep undisturbed by arousals
("NREM"; four periods of 50–75 breaths). The breath-
ing pattern parameters listed in table 1 were calculated
on a breath-by-breath basis from RIP volume signals
and their derivatives over these periods.

Snoring was defined as deflection in the microphone
or vibratophone channel that exceeded baseline noise
and was synchronous with respiration. A snoring peri-
od was considered nonapnoeic, if: 1) VT by RIP did not
decrease below 25% of baseline VT for more than 10
s; 2) the thermistors did not indicate airflow cessation
for more than 10 s; and 3) oxygen saturation did not
fall by more than 4% below baseline or below 90%.

Statistics

From the medians of breathing pattern parameters
obtained in individuals over the various periods (WAKE,
SNOR, SNOR+A, pre- and postarousal for patients; and
WAKE, NREM for normals) the average and SD for the
whole group was calculated for each state. CVs were
computed as SD in percentage of the mean value over
a certain period as a measure of variability of a breath-
ing pattern parameter [13]. For comparison of data ob-
tained during WAKE, SNOR, SNOR+A, NREM analysis
of variance (ANOVA) was performed, followed by the
Newman-Keuls multiple comparisons procedure, where
appropriate [14]. Since the independent variable with-
in the ANOVA included five levels, a p-value less than
0.01 was considered as statistically significant rather than
the usual p-value less than 0.05. Differences in breath-
ing pattern parameters from pre- and postarousal peri-
ods were considered as significant if the null-hypothesis
in paired t-tests was rejected with a p-value less than
0.05.

Results

Comparisons of RIP to direct measurements of airflow
during inspiratory loading in normal subjects

For each of the five normal volunteers, the mean of
10 successive inspiratory tidal volumes (VT) measured
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by RIP at the end of the experiments at ambient air
mask pressure deviated by less than 8% from the cor-
responding VT obtained by the flow meter, and the mean
deviation (±SD) for the group was 2±6%. This valida-
ted the volume calibration of RIP over the course of the
experiments. Agreement between parameters derived
from the derivative of the RIP sum signal and the flow
meter during baseline collection and during inspiratory
loading was fair (table 2). During application of con-
tinuous negative airway pressure, the shape of the deriv-
ative of the RIP sum signal underwent changes that
were similar to those of the flow meter signal, i.e. flat-
tening and truncation of the inspiratory limb (fig. 1).

Sleep studies in patients

Sleep. For the 10 patients the mean±SD time spent in
bed between lights off and lights on (TIB) was 448±53
min, and the total sleep time (TST) was 338±70 min.
The relative distribution of sleep stages expressed as per-
centage of TST was (mean±SD): stages I/II 71±12%; sta-
ges III/IV 14±9%; stage rapid eye movement (REM) 15±
8%. The mean arousal index was 24±15 arousals·h-1 of
sleep. The mean respiratory disturbance index (RDI;

number of apnoeas and hypopnoeas·h-1 of sleep) was
19±15 episodes·h-1. All patients had several snoring per-
iods during NREM sleep. In eight patients, these were
associated with 3–5 arousals within 3–5 min (SNOR+A
periods). In two patients, none of the snoring periods
were associated with repetitive arousals (i.e. they had
only SNOR periods), and in another patient snoring was
always associated with arousals (only SNOR+A peri-
ods). Thus, SNOR periods in nine patients and SNOR+
A periods in eight patients were available for compar-
ison with WAKE.

Breathing pattern during SNOR. During snoring in un-
disturbed NREM sleep the breathing pattern was very
regular (fig. 2). The decreased slopes of the ribcage, ab-
dominal, and sum waveforms from RIP during inspira-
tion were consistent with inspiratory flow limitation.
The inspiratory peak of the derivative of the sum sig-
nal (dV/dt) was truncated, and occurred early. This resul-
ted in an inspiratory plateau or concave shape of this
waveform with a reduced tPIF/t I (table 3). The ribcage
versus abdominal volume Konno-Mead loops indicated
predominant thoracic breathing, with an increase in para-
doxical motion of the abdomen during inspiration in
SNOR as compared to WAKE periods (table 3).

0
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Fig. 1.  –  Inductive plethysmographic volume changes of ribcage (RC) and abdomen (AB) are displayed along with their sum (tidal volume
(VT)), its derivative (dV/dt RIP) and the output of a flow meter during application of continuous negative airway pressure (CNAP) in a normal
subject. The shape of the dV/dtRIP and the flow meter signal was similar. a) Their inspiratory limb was rounded at atmospheric pressure (CNAP
= 0 cmH2O); and b) truncated at subatmospheric pressure (CNAP = 14 cmH2O). This, together with the asynchronous motion of ribcage and
abdomen, indicates that inspiratory flow limitation was induced.

Table 2.  –  Accuracy of respiratory inductive plethysmography (RIP) for estimation of flow during inspiratory loading
in normal subjects

tPIF/t I I:E50

Mask pressure                RIP        Flow meter        ∆ (RIP-flow              RIP           Flow meter          ∆ (RIP-flow 
meter) % meter) %

Ambient air pressure  0.56±0.07 0.52±0.04 6±7 (maximal 15)  1.28±0.20 1.25±0.25 3±5 (maximal 9)
-12 to -16  cmH2O   0.45±0.06  0.44±0.05 1±5 (maximal 8) 0.92±0.14*  0.90±0.16*  2±7 (maximal 11)

Values are presented as mean±SD. *: p<0.05, for comparisons to ambient air pressure; p = NS for all comparisons of RIP to flow
meter. ∆ (RIP-flow meter): difference between values from the two methods expressed as percentage of their mean. For defini-
tions see legend to table 1.
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Fig. 2.  –  Breathing patterns recorded during: a) wakefulness ("WAKE)"; b) undisturbed non-rapid eye movement (NREM) sleep without snor-
ing ("NREM"); c) snoring in NREM sleep interrupted by arousals ("SNOR+A"); and d) snoring in undisturbed NREM sleep ("SNOR"). The
most significant characteristic that differentiated breathing patterns during NREM and SNOR from WAKE or SNOR+A was the low variabili-
ty of timing and amplitude. The ratio of mean inspiratory to expiratory flow (t E/t I) reached its nadir immediately preceding arousals (horizon-
tal lines), while the thoracoabdominal phase angle (PhAng), the fraction of inspiratory time with paradoxical motion of the ribcage (RCParadox,I)
and abdomen (ABParadox,I) progressively increased to this point. Vertical lines represent breath-by-breath values for the corresponding parame-
ter. Snoring sounds are displayed as analogue tracing in SNOR+A, and as integrated and rectified signal in SNOR.



BREATHING PATTERN DURING SNORING 581

Breathing pattern during SNOR+A. The most promin-
ent feature of breathing pattern during SNOR+A, that
differed significantly from that during SNOR, was the
pronounced variability of timing (t tot, tE/t I), amplitude
(VT) and flow (tPIF/tI) (fig. 2 and table 3). The CVs for
these parameters were highest during SNOR+A, lowest
during SNOR, and intermediate during WAKE, as list-
ed in table 3. Compared to wakefulness and SNOR, the
duration of the duty cycle (tI/t tot) increased, with a ten-
dency for shorter t tot during SNOR+A periods. Inspira-
tory loading during snoring (SNOR and SNOR+A) was
suggested by abdominal paradox (fig. 2 and table 3).
Changes in characteristics of the inspiratory flow curve
consistent with flow limitation (increases in t I/t tot, de-
creases in VT/t I, tPIF/t I, and I:E50) and signs of inspira-
tory loading (increases in phase angle (PhAng), duration
of inspiratory abdominal paradox (ABParadox,I), and
ribcage contribution to tidal volume (RC/VT), were most
prominent in the breaths immediately preceding arou-
sals (table 4 and figs. 2 and 3). During and immediately
following the arousals, thoracoabdominal disco-ordina-
tion was markedly reduced, only to progressively worsen
again until the next arousal occurred (figs. 2 and 3).

Sleep studies in healthy nonsnorers

Sleep. The TIB of the seven normal subjects (mean±SD:
422±30 min) was similar to that in patients (NS), but

their TST was longer (421±31 vs 338±70 min, respec-
tively; p=0.02). The distribution of sleep stages in percen-
tage of TST was (mean±SD): stages I/II 69±8%; stages
III/IV 16±6%; stage REM 15±6% (NS, vs patients). Com-
pared to the patients, the healthy nonsnorers had sig-
nificantly less arousals (13±4 vs 24±15 arousals·h-1 in
patients; p<0.04) and apnoeas/hypopnoeas (6±4 vs 19±15
episodes·h-1 in patients; p=0.01).

Table 3.  –  Breathing pattern characteristics

Habitual snorers  Nonsnoring normal subjects

Snoring                 Snoring
Wakefulness         NREM sleep       NREM sleep with            Wakefulness        NREM sleep

without arousals     repetitive arousals                                    undisturbed
"WAKE"             "SNOR"              "SNOR+A"                   "WAKE"            "NREM"

Subjects  n 10 9 8 7 7
Observations  n 20 27 24 14 28
Basic breathing pattern parameters
fR breaths·min-1 14.3±2.7  14.5±2.3  15.3±2.8  13.6±1.9 13.8±1.5
t tot s 4.32±0.91 4.22±0.68 4.04±0.76 4.45±0.62 4.38±0.41
t I s 1.79±0.37 1.89±0.40 1.90±0.28 1.67±0.15 1.70±0.16
tE s 2.53±0.60 2.32±0.47 2.14±0.57¶# 2.78±0.52 2.68±0.32
t I/t tot 0.42±0.03 0.45±0.07¶‡ 0.48±0.05#†‡ 0.38±0.04 0.39±0.03
tE/t I 1.41±0.23 1.28±0.40¶ 1.09±0.23#†‡ 1.44±0.19 1.57±0.18
VT L 0.50±0.11 0.52±0.17 0.51±0.20 0.51±0.12 0.46±0.15
V '  L·min-1 7.12±2.16 7.50±2.81 7.38±2.69 7.26±1.54 6.33±1.88
VT/t I mL·s-1 285±84 282±98 260±79 311±64 272±77
tPIF/t I 0.43±0.15 0.28±0.16¶†‡ 0.34±0.12‡ 0.47±0.06 0.38±0.15
I:E50 1.07±0.44 1.15±0.76¶ 0.95±0.24 1.06±0.26 0.77±0.14
Ribcage/abdominal synchronization
RC/VT % VT 44±13 64±24†‡ 69±17†‡¶ 44±16 53±17
PhAng ° 18±17 23±39 31±40 12±4 13±11
ABParadox,I % t I 5±5 12±13†‡ 15±14†‡¶# 3±2 4±4
ABParadox,E % tE 6±4 5±6¶ 11±12* 5±4 9±4
RCParadox,I % t I 7±6 9±10 8±9 3±2 3±3
RCParadox,E % tE 9±10 7±6 4±2 6±3 8±4
Variability of breathing patterns
CV (t tot)  % 19±11‡ 7±2†‡ 22±14*¶‡ 42±19 12±13†‡

CV (tE/t I)  % 37±44‡ 14±7†‡¶ 51±35*¶ 68±33 22±21†‡

CV (VT)  % 23±11‡ 11±5‡† 48±21*†¶ 50±25 10±4†‡

CV (tPIF/t I)  % 33±9 30±14 50±14*¶‡† 34±6 33±12

Values are presented as mean±SD. NREM: non-rapid eye movement (sleep); CV: coefficients of variation. For further definitions
see legend to table 1. *: p<0.01 vs SNOR; ¶: p<0.01 vs NREM; #: p<0.01 vs SNOR and NREM combined; †: p<0.01 vs WAKE
(patients); ‡: p<0.01 vs WAKE (normals).

Table 4.  –  Effect of arousals on breathing pattern in
habitual snorers

Prearousal                 Postarousal

t tot s  4.16±0.96   4.02±0.88
t I/t tot 0.52±0.07 0.41±0.04*
VT L 0.52±0.27 0.68±0.31*
V '  L·min-1 7.78±4.82   9.33±4.98*
RC/VT % VT 77±27 65±20*
PhAng ° 54±61 24±33*
ABParadox,I %  20±18  11±11*
RCParadox,I %  12±14  7±9*
VT/t I mL·s-1 251±141  419±234*
tPIF/t I 0.29±0.20  0.40±0.15*
I:E50 1.01±0.66 1.13±0.29*

Values are presented as mean±SD. Number of subjects = 8,
number of observations = 40. *: p<0.05, for comparisons to
prearousal. For definitions see legend to table 1.



Breathing patterns. Compared to wakefulness, trends of
changes in breathing patterns during NREM princip-
ally agreed with those during SNOR (table 3), with the
exception of the relative duration of inspiration, which
increased in NREM and decreased in SNOR, and of
I:E50 which decreased in NREM and increased in SNOR.

Although mean values for VT, VT/tI and V' decreased from
WAKE to NREM, the differences did not reach statis-
tical significance. Compared to SNOR+A breathing pat-
terns during NREM were less variable, and the amount
of ribcage contribution to VT and of abdominal para-
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doxical motion was reduced (fig. 2 and table 3).
Discrimination of sleep disruptive from nondisruptive
snoring and from undisturbed NREM sleep

Based on the breathing pattern, characteristics during
WAKE, SNOR, SNOR+A, and NREM in patients and
healthy nonsnorers, we defined threshold levels in cer-
tain parameters and tested whether one single or a com-
bination of several parameters would correctly identify
a series of consecutive breaths obtained from an indi-
vidual as recorded during SNOR, SNOR+A, NREM
or WAKE. A total of 133 sets consisting of 50–75 con-
secutive breaths were available. A low variability of
timing and amplitude of waveforms quantified by the
coefficients of variation for t tot and VT had the best
discriminative value for identifying SNOR or NREM
versus SNOR+A or WAKE periods (table 5). Since
breathing pattern variability was high both in SNOR+A
and WAKE periods, they were differentiated either by
presence or absence of snoring sounds, or by threshold
values in two variables that excluded major inspiratory
loading and flow limitation for identification of WAKE
periods (absence of predominant thoracic breathing, RC/
VT <65%, and a mean inspiratory to expiratory flow
ratio, tE/t I >1.1).

To assess the potential influence of changes in body
position and of time elapsed since RIP calibration on
accuracy of discrimination between WAKE, SNOR,
SNOR+A, and NREM, data obtained during supine (60
epochs) and lateral position (53 epochs), and within the
first (50 epochs) and the second half (63 epochs) of the
night were analysed separately and compared. Sensiti-
vities and specificities from epochs with lateral position
were not statistically different from corresponding val-
ues in supine position, and in no instance were they
reduced by more than 7% from the value for all epochs
listed in table 5. Similar comparisons for observations
during the first with those of the second half of the night
also revealed no significant differences in sensitivities
and specificities, and the maximal reduction from val-
ues listed in table 5 was 8% for WAKE obtained dur-

ing the first half of the night. For none of the stages
WAKE, SNOR, SNOR+A and NREM was there a sig-
nificant difference in mean VT between supine or late-
ral position, or between epochs in the first versus the
second half of the night.

Discussion

Although RIP and other noninvasive techniques are
routinely employed during polysomnography to moni-
tor respiration, and to differentiate between central and
obstructive events based on the presence or absence of
respiratory efforts [15], quantitative analysis of ribcage
and abdominal volume changes recorded by such tech-
niques during nonapnoeic snoring has not been rigo-
rously performed and described. Our study closes this
gap by providing a detailed and quantitative description
of time, volume and flow components of breathing
patterns, and of the relationship between ribcage and
abdominal motion during snoring with respect to sleep
disturbance. The purpose of this analysis was to evalu-
ate the potential of RIP to serve as an alternative to inva-
sive and sleep disturbing measurements by oesophageal
catheters and face mask pneumotachography for detec-
tion of subtle alterations in respiratory mechanics asso-
ciated with sleep disruption.

In patients with obstructive sleep apnoea syndrome,
and in habitual nonapnoeic snorers suffering from sleep
fragmentation, oesophageal pressure and pneumotacho-
graphic flow measurements characteristically reveal large
changes in airway resistance, and as a consequence of
inspiratory flow limitation, progressive pleural pressure
swings leading to arousals [1, 2, 16]. Noninvasive brea-
thing pattern analysis does not allow direct estimation
of pleural pressure or airway resistance. However, in nor-
mal subjects breathing through external resistors, evidence
of increased inspiratory loading is provided by the pres-
ence of asynchronous and paradoxical ribcage/abdomi-
nal motion [5]. Furthermore, the derivative of the tidal
volume waveform of a respiratory inductive plethys-

Table 5.  –  Discrimination of sleep-disruptive from nondisruptive snoring

Description                     Abbreviations                  Criteria                      Pos     Neg     True    True   Sens   Spec
pos      neg     %      %

n n n n

Snoring in NREM sleep  SNOR+A  (CV (t tot) >10 or CV (VT) >20)  24  89 23 89 96 100
with repetitive arousals  and snoring
Snoring in NREM sleep SNOR+A (CV (t tot) >10 and CV (VT) >20) 24 89 15 87 63 98
with repetitive arousals and (tE/t I ≤1.1 or RC/VT ≥65%)
Snoring in NREM sleep SNOR CV (t tot) ≤10 or CV (VT) ≤20 27 86 27 85 100 99
without arousals and snoring
Undisturbed NREM sleep NREM CV (t tot) ≤10 or CV (VT) ≤20 28 85 28 76 100 89
without snoring or arousals not snoring
Undisturbed NREM sleep SNOR or CV (t tot) ≤10 or CV (VT) ≤20 55 58 55 48 100 83
without arousals, with or NREM
without snoring
Wakefulness WAKE (CV) (t tot) >10 and CV (VT) >20) 34 79 34 79 100 100
in patients and normals not snoring
Wakefulness WAKE (CV (t tot) >10 and CV (VT) >20) 34 79 27 63 79 80
in patients and normals and (tE/t I >1.1 and RC/VT <65%)

Pos: positive; Neg: negative; Sens: sensitivity; Spec: specificity; NREM: non-rapid eye movement sleep; CV: coefficients of vari-
ation. For definitions see legend to table 1.



mograph provides information similar to the derivative
of a spirometer or to that of a pneumotachograph [4].
This was confirmed by our experiments in normal sub-
jects during continuous negative pressure breathing,  when
the derivative of the RIP tidal volume waveforms demon-
strated characteristic changes equivalent to the curves
of the flow meter connected to the airway during inspi-
ratory flow limitation, i.e. truncation and flattening of
shape during inspiration (fig. 1) [8].

One limitation of quantitative lung volume estimation
by RIP in unrestrained sleeping subjects relates to pot-
ential inaccuracies due to motion artefacts and changes
in body position. Although, in the current study, agree-
ment between RIP and spirometer-derived VT in the
morning, at the end of the studies, was close (mean dev-
iation of 4%), we cannot exclude the possibility that some
changes in volume-motion coefficients of ribcage and
abdomen occurred in the course of the night. However,
measurements of timing and thoracoabdominal asyn-
chrony are not critically influenced by changes in body
position [17]. In addition, sensitivities and specificities
for discrimination of sleep disruptive from nondisrup-
tive snoring or undisturbed NREM sleep in nonsnorers
was not affected to a significant degree by changes in
body position from supine to lateral decubitus, nor was
it reduced with prolonged time since calibration of RIP,
i.e. in the second half of the night.

The following discussion will focus, firstly, on the
effects of snoring on timing, volume, flow components
of breathing patterns, and on ribcage/abdominal asynch-
rony. Secondly, the effects of arousals and the potential
of RIP to discriminate sleep disruptive from nondisrup-
tive snoring will be discussed.

Timing, volume and flow

The adaptations of respiration that took place in these
patients with increased loading during snoring promo-
ted adequate ventilation. This was achieved by a rela-
tive increase in duty cycle (t I/t tot), with a tendency to
decrease t tot by a reduction of tE (table 3). Qualitatively
similar responses, i.e. an increase in tI/t tot, and a reduc-
tion of tE in some subjects, were found in snorers by STOOHS

and GUILLEMINAULT [17]. In normal subjects, graded ex-
ternal inspiratory resistive loading increased t I, and de-
creased VT and V ' during NREM sleep [19–20]. Similar
trends were observed in these parameters in the healthy
nonsnorers after transition from wakefulness to NREM
sleep (table 3). As the changes were only mild and sta-
tistically nonsignificant, inspiratory load seems not to
have increased to a major degree.

In the habitual snorers, the derivative of the RIP sum
signal, which reflects airflow, showed a plateaued inspi-
ratory limb during snoring which converted to a round-
ed shape with cessation of snoring. Equivalent changes
in the flow-time waveforms were recorded by CONDOS

et al. [9] during application of inappropriate continu-
ous positive airway pressure (CPAP) and during higher
CPAP levels, that abolished inspiratory flow limitation,
respectively. A reduced ratio of mid-inspiratory to mid-
expiratory flow indicated inspiratory flow limitation in
the normal subjects studied by MARC and SÉRIES [10],
and in the present study during application of continu-

ous negative airway pressure (table 2). Accordingly, in the
current patients during nonapnoeic snoring, I:E50 was
reduced in breaths preceding arousals during SNOR+A
relative to postarousal breaths (table 4). On the other
hand, mean values of I:E50 over periods of 50–70 brea-
ths including several arousals (SNOR+A) did not differ
significantly from corresponding values obtained during
snoring in undisturbed NREM sleep without arousals
(SNOR) (table 3). This may relate to the inclusion of
breaths without significant flow limitation (during the
arousals) in the mean data from SNOR+A periods, and
to some degree of inspiratory flow limitation during
SNOR.

As suggested by data obtained in children with enlarged
tonsils causing upper airway obstruction during sleep
[21], as well as by qualitative analysis of flow tracings
in adult snorers [1, 2] and in patients with obstructive
sleep apnoea syndrome [9], peak inspiratory flow is rea-
ched early within the respiratory cycle during inspira-
tory flow limitation. Accordingly, in habitual snorers, we
found a reduced tPIF/tI during SNOR as well as  SNOR+
A relative to wakefulness. In contrast, the reduction of
tPIF/t I in nonsnorers during NREM sleep was not sig-
nificant (table 3).

Thoracoabdominal co-ordination

The assessment of thoracoabdominal asynchrony and
paradoxical motions provides information not available
from spirometric or pneumotachographic recordings, as
it depends on the measurements of separate volume
changes of the two compartments. For normal subjects
during inspiratory resistive loading requiring 30 and
60% of maximum mouth pressures, TOBIN et al. [5] re-
ported increases in the thoracoabdominal phase angle,
and in abdominal and, to a much lesser extent, ribcage
paradoxical motion. Accordingly, in the present pati-
ents, the increase in airway resistance that occurs with
snoring was associated with longer relative times of ab-
dominal (but not ribcage) paradoxical motion during
inspiration and expiration than during wakefulness (table
3). The thoracoabdominal phase angle was also elevated
during snoring; however, these changes were not statis-
tically significant. The slight (statistically nonsignifi-
cant) increase in ribcage abdominal paradoxical motion
in healthy nonsnorers during NREM sleep is consistent
with a modest increase in airway resistance during nor-
mal sleep [22].

A marked increase in ribcage contribution to VT com-
bined with a variable degree of inspiratory abdominal
paradoxical motion was most commonly observed dur-
ing snoring, and may be interpreted as a sign of acces-
sory inspiratory muscle activation [23]. In certain patients,
a clockwise rotation of the ribcage versus abdominal
volume loops with a "figure of eight" configuration was
present during snoring in the prearousal breaths or at
the beginning of an arousal (fig. 3a). This indicated
that ribcage expansion was leading in early inspiration,
and that the loops deviated from their normal relaxation
characteristic, possibly due to accessory inspiratory mus-
cle activation and active expiration. Similar ribcage
versus abdominal loop configurations have been re-
corded in children with bronchopulmonary dysplasia,
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which had accessory muscle contractions documented by
sternocleidomastoid EMG in NREM sleep [23]. Active
exhalation below functional residual capacity by ab-
dominal muscle recruitment may facilitate inspiration
by storing energy during compression of elastic recoil
structures, and by achieving a more favourable config-
uration of the diaphragm [24]. This type of load com-
pensation may be reflected in ribcage versus abdominal
volume loops that depict a rapid increase in abdominal
volume in early inspiration, a predominant abdominal
contribution to VT, and a biphasic ribcage volume curve
(fig. 3b, Pre).

Effect of arousals

In addition to the effects of sleep per se [25], the re-
duction of breathing pattern variability during SNOR
relative to wakefulness may be related to the tendency
of breath-to-breath VT and f R distributions to cluster
closer around values that optimize the work rate to alve-
olar ventilation ratio with resistive loading [26]. These
mechanisms may not come into effect during SNOR+A
periods, when rapidly altering mental activity and brisk
changes in respiratory mechanics overrule other influ-
ences on ventilation. Whilst the high breathing pattern
variability was the most striking characteristic that dif-
ferentiated SNOR+A from SNOR periods or NREM in
nonsorers (tables 3 and 5), mean changes in t I/t tot, tE/
t I, and ABParadox,I were also more pronounced during
SNOR+A periods (table 3). This supports our hypothe-
sis, that alterations in breathing patterns indicating increa-
sed loading and flow limitation are more pronounced
during SNOR+A than during SNOR.

The very low values of volume and flow derived para-
meters (VT, VT/tI, tPIF/tI, and I:E50) with prolonged duty
cycle (t I/t tot) and ribcage/abdominal asynchrony (high
phase angles) in the breaths immediately preceding aro-
usals, and the pronounced changes occurring with aro-
usals (table 4) are consistent with the observation of
maximal flow limitation in the breaths preceding arousals
in snorers suffering from sleep fragmentation [1]. Upper
airway resistance increases acutely within a few brea-
ths during the relatively short (generally less than 1 min)
interarousal epochs [18]. Therefore, attenuation in the
breathing pattern response to resistive loading that may
occur in the course of several minutes are not observed
[19–20].

Discrimination of sleep disruptive from nondisruptive
snoring

Analysis of breathing patterns provided criteria to dif-
ferentiate undisturbed NREM sleep with or without
snoring from sleep disruptive snoring and from wake-
fulness. The most discriminative parameters were the
CVs of t tot and VT (table 5). A low variability of tim-
ing and amplitude of the RIP volume tracing was 100%
sensitive and had a specificity of 99% for snoring peri-
ods in undisturbed NREM sleep. On the other hand,
variability of breathing patterns during NREM sleep
interrupted by arousals was close to that during wake-

fulness. The latter two conditions could be separated
not only by the presence or absence of snoring sounds,
but also by predominant ribcage contribution to VT and
a low tE/tI during SNOR+A. This is consistent with ac-
cessory muscle contraction and a reduced mean inspi-
ratory to mean expiratory flow ratio, respectively, due
to a increased upper airway resistance in SNOR+A rel-
ative to WAKE. Arousals associated with major body
movements were intentionally excluded from analysis,
to assess the value of breathing patterns as markers of
arousals during snoring independent of the effects of
movement artefacts. Since the latter drastically increase
measures of breathing pattern variability our estimates
of sensitivity and specificity for detection of SNOR+A
by high CVs for t tot and VT may be rather conservative.

In conclusion, characteristics of breathing patterns
recorded nonobtrusively by respiratory inductive plethys-
mography during snoring are consistent with previous
reports based on direct flow measurements by a pneu-
motachograph and oesophageal pressure measurements
[18]. In particular, the inspiratory portion of derivative of
the respiratory inductive plethysmography sum signal
became plateaued and truncated, as has been described
for the flow curve during snoring with flow limitation.
Asynchronous and paradoxical ribcage/abdominal motion
suggested inspiratory loading during snoring [5]. Sleep
disruptive snoring differed from nondisruptive snoring
and non-rapid eye movement sleep in nonsnorers by a
higher variability of breathing pattern, and from wake-
fulness by a reduced synchronization of ribcage/abdom-
inal motion. Our results suggest that breathing pattern
characteristics determined by automated computer-assis-
ted respiratory inductive plethysmography may identify
significant respiratory disturbances associated with sleep
fragmentation during snoring. These findings warrant
further validation by prospective studies in a wider
group of patients in non-rapid eye movement and in rapid
eye movement sleep.
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