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ABSTRACT: The sleep apnoea-hypopnoea syndrome is characterised by recurrent
obstructions of the upper airway, resulting in sleep disruption and arterial oxygen
desaturations. Noninvasive assessment of respiratory mechanics during sleep is helpful
in facilitating the diagnosis and treatment of patients with sleep apnoea—hypopnoea
syndrome. This series summarises the different tools that are currently available to
noninvasively assess respiratory mechanics during sleep breathing disturbances. These
techniques are classified according to the main variable monitored: ventilation,
breathing effort or airway obstruction. Changes in patient ventilation are assessed by
recording flow or volume signals by means of pneumotachographs, thermistors or
thermocouples, nasal prongs or thoraco-abdominal bands. Common tools to
noninvasively assess breathing efforts are the thoraco-abdominal bands and the pulse
transit time technique. Upper airway obstruction is noninvasively characterised by its
upstream resistance and its critical pressure or by means of the forced oscillation
technique. Given the technical and practical limitations of each technique, combining
different tools improves the reliability and robustness of patient assessment during
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The study of the sleep apnoea-hypopnoea syndrome
(SAHS) has made considerable advances in the last decade.
Although details of the basic mechanisms causing sleep
disorders are still unclear, the research carried out in recent
years has allowed the characterisation of the different sleep
events experienced by SAHS patients. This has been possible,
in part, due to the development and refinement of noninvasive
sensors and techniques for assessing the sleep architecture,
ventilation, blood oxygen saturation, airway patency and
inspiratory effort.

Sleep in patients with SAHS is characterised by a
disruption of sleep, which is partly the cause of diurnal
somnolence, and by repetitive events of hypoxaemia, which
could lead to long-term cardiovascular consequences. Both
the disruption of sleep architecture and the recurrent episodes
of hypoxaemia are caused by airway obstructions due to
increased upper airway collapsibility in the absence of
wakefulness [1, 2]. Given the fact that airway obstruction
plays a central role in the sleep disturbances of SAHS
patients, methods for noninvasively assessing respiratory
mechanics during sleep are useful in routine polysomnogra-
phy. In this series, the current authors focus on the
noninvasive assessment of the three types of variables most
involved in the mechanics of breathing: ventilation, inspira-
tory effort and upper airway obstruction.

This work was supported in part by Ministerio
de Ciencia y Tecnologia (SAF2002-03616 and
SAF2003-01334) and Ministerio de Sanidad y
Consumo (RedRespira-ISCiii-RTIC-03/11), Spain.

Noninvasive assessment of ventilation

Abnormal ventilation during sleep is an obvious manifesta-
tion of SAHS. Indeed, ventilation is usually reduced as a
result of a partial or total obstruction of the upper airway
caused by an increased collapsibility. The obstructive
ventilatory events found in SAHS patients are classified into
three main categories: apnoeas, hypopnoeas and flow limita-
tion [3, 4]. First, an apnoea is a cessation of flow resulting
from a complete obstruction of the upper airway. Secondly,
hypopnoeas, which usually occur in the case of a partial
occlusion of the upper airway, are breathing cycles with
reduced ventilation. Therefore, assessing hypopnoeas requires
a measuring system allowing the quantification of ventilation,
for instance, by means of the volume changes computed by
integration of the breathing flow signal. However, it should be
noted that assessing the changes in amplitude of the breathing
flow signal is only an indirect estimation of ventilation, since
the potential effects of changes in frequency and inspiratory/
expiratory ratio are not considered. Thirdly, flow-limitation
events are characterised by a flattened profile of the
inspiratory flow waveform resulting from the collapsibility
of the upper airway wall. Accordingly, airflow is a physiolo-
gical variable that can easily detect apnoeas, hypopnoeas and
flow limitation.
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The gold-standard device to measure flow is the pneumo-
tachograph. However, the use of a pneumotachograph during
sleep requires the patient to wear a nasal or face mask.
Although pneumotachographs are regularly used in the sleep
research setting, they are not suitable for routine diagnostic
sleep studies where the patients do not wear a mask.
Therefore, non-obtrusive sensors to detect breathing flow
are especially suitable for this application. Two types of small
and simple devices, placed close to the airway opening, are used
to provide surrogate flow signals: thermistors/thermocouples
and nasal prongs. The ventilation disturbances caused by
obstructive sleep events are also monitored by indirect
estimation of lung volume by means of thoraco-abdominal
bands.

Thermistors and thermocouples

Thermistors and thermocouples are small-sized sensors
whose electrical characteristics (resistance and voltage,
respectively) depend on their temperature. To assess breath-
ing flow, the device is placed close to the airway opening, i.e.
the nose or mouth. Flow detection is monitored by measuring
the variation in the electrical property of the sensor, as this is
exposed to the temperature changes in the flow at the airway
opening (room-air temperature during inspiration and ~37°C
during expiration).

Given the complex physics governing the airflow measure-
ment with thermistors and thermocouples, these devices
provide a semiquantitative signal [5]. The main limitations
of these thermal devices are that their dynamic response is
poor (slow response), and that the relationship between their
electrical signal and airflow is nonlinear and largely depends
on the exact position at the airway opening. Accordingly,
thermistors and thermocouples are not suitable to accurately
quantify the magnitude of flow [5]. By contrast, these thermal
sensors are an excellent device to detect apnoeas. As
illustrated in figure 1, which shows data from a bench
study, the thermistor signal is not able to accurately
reproduce the magnitude and waveform of the breathing
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airflow. Indeed, the figure shows that the thermistor signal
was almost the same, regardless of changing the amplitude
and waveform of the recorded flow. Despite these limitations,
semiquantitative thermal devices are widely employed in
clinical routine owing to their simple use, small size and
patient tolerance.

Nasal prongs

Assessment of breathing flow during sleep is also carried
out by recording pressure at the nostrils [6]. To this end,
conventional nasal prongs, which are designed to provide
long-term oxygen therapy, are connected to a pressure
transducer. The rationale of the method is that the airflow
turbulences at the nostrils induce a pressure that is directly
related to the magnitude of flow. The setting is extremely
simple and has an excellent dynamic response. However, one
limitation of this device is that the relationship between nasal-
prongs pressure and airflow is not linear [7], as shown in
figure 2. Given the quadratic pressure—flow relationship in the
nasal prongs, this device may result in an overestimation of
the flow magnitude (comparison between fig. 2a and b).
Nevertheless, the nasal-prongs signal can be linearised [8, 9] to
obtain an excellent surrogate signal of flow (comparison
between fig. 2a and c¢).

Given their fast response, nasal prongs are suitable to
detect flow limitation because the device is able to track the
details of the inspiratory waveform contour, particularly if
the signal is linearised. However, the calibration factor shows
a considerable intra-subject variability because it depends on
the exact position of the prongs at the nostrils. Consequently,
the device cannot be used to quantitatively estimate flow
throughout the night. The breathing-pattern changes detected
in a given sleep event should be compared with the signal in
the previous normal cycles. Nasal prongs have two potential
drawbacks in practice. First, the device cannot obviously
detect mouth breathing, with the result that the flow signal is
completely lost when the patient breathes through the mouth,
or partially lost when the patient inspires through the nose
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Fig. 1.-a, b, ¢) Actual flows measured by a reference pneumotachograph (V”). d, e, f) Signal provided by a conventional thermistor (¥’TH) when
assessing the corresponding actual flow (a, b, c, respectively) in a bench model. Modified from [5] with permission.
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Fig. 2.—a) Flow measured with a pneumotachograph during a
hypopnoea in a bench test. b) Simultaneous nasal pressure signal
(PNp) recorded with nasal prongs. c¢) Linearised flow signal (77'NP)
obtained by computing the square root of the pressure recorded by
the nasal prongs. Modified from [8] with permission.

and expires through the mouth [10]. Secondly, it has been
suggested that, in some patients, nasal prongs with inade-
quate size could induce an increase in airway resistance [11].
Despite their potential artefacts, this simple device has proved
to be particularly useful in monitoring respiratory sleep
disturbances in SAHS [12-14]. In fact, since its initial use in
research studies, it has been progressively employed as an
alternative or complement to thermistors and thermocouples
in clinical routine. An illustrative polysomnographic record-
ing to compare the performance of thermistors and nasal
prongs is depicted in figure 3: the nasal prongs provided a
more detailed assessment of the changes in breathing flow
during the sleep event.

Inductive plethysmography

Lung ventilation can be noninvasively monitored by
assessing the change in the cross-sectional areas of the
thoracic and abdominal compartments, assuming a two-
compartment model of the thoracic cage [15]. The method,
which does not interfere with patient sleep, is based on the use
of two bands, one placed around the thorax and another
placed around the abdomen. Each band includes an inductive
coil whose electromagnetic properties depend on the area
enclosed by the band and, therefore, on the section of the
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Fig. 3.—Flow signal estimated simultaneously by measurements of
nasal pressure assessed by a) nasal prongs (V'NP) and by b) a
thermistor signal (V'TH) in a sleep apnoea—hypopnoea syndrome patient.

thoracic or the abdominal compartments, respectively. This
method, which is known as respiratory inductive plethysmo-
graphy, allows the accurate estimation of ventilation,
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Fig. 4.—Example of the signals recorded by inductive plethysmogra-
phy during a flow-limitation event in a patient with sleep apnoea—
hypopnoea syndrome. a) VRC, b) VAB and c¢) Vsum are the rib cage,
the abdominal and the total volume signals provided by the inductive
bands, respectively. d) V'rIp is the flow signal derived from VsuMm. e)
V'FM is actual nasal flow measured by a pneumotachograph. f) P is
transpulmonary pressure. Modified from [20] with permission.
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provided that calibrations of the thoracic and the abdominal
bands are carried out by means of a reference-volume device
(pneumotachograph or spirometer) [16]. Inductive plethys-
mography has been successfully used in studies under
controlled conditions [17-20]. Figure 4 shows an example of
the flow recording derived from inductive plethysmography
compared with actual nasal flow during a flow-limitation
event in a patient with SAHS. A practical problem of
inductive plethysmography is that the calibration gains
depend on the position of the bands around the thorax and
abdomen. Consequently, unattended application of inductive
plethysmography throughout the night runs the risk of
providing inaccurate volume values, caused by displacement
of the bands due to patient movement during sleep. Inductive
plethysmography accurately assesses the magnitude of
hypopnoeas, provided that the signal observed during a
given obstructive event is compared with that of the previous
normal cycles.

Noninvasive assessment of inspiratory effort

As a consequence of an obstruction of the upper airway, a
patient with obstructive SAHS exerts increased inspiratory
efforts in an attempt to maintain ventilation. Accordingly,
monitoring inspiratory muscle activity is useful to estimate
airway obstruction. However, the gold-standard signal to
quantitatively assess the inspiratory pressure developed by the
inspiratory muscles, i.e. pleural pressure, demands the use of
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Fig. 5.-Signals recorded during an apnoea in a patient with sleep
apnoea-hypopnoea syndrome. The first part of the apnoea was
central and the last part was obstructive. a) Flow was estimated with
nasal prongs recording nasal pressure. b) Thor. and c) Abd. are the
signals provided by the thoracic and the abdominal bands of a
respiratory inductive plethysmograph, respectively. d) Sum is the
addition of the signals provided by the thoracic and the abdominal bands.
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an invasive oesophageal balloon or catheter. As this technique
is not applicable in routine, indirect methods to noninvasively
estimate inspiratory effort have been developed for clinical
application.

Thoraco-abdominal bands

Besides their application to estimate changes in ventilation,
thoraco-abdominal bands are mainly used to semiquantita-
tively assess the magnitude of the inspiratory efforts in SAHS
[21-24]. The rationale is based on the analysis of the
amplitude of the swing movements of the thoracic and
the abdominal compartments, and on the comparison of the
synchrony between both movements. In the case of a central
apnoea, neither the thoracic nor the abdominal compartment
move, with the result that the signals from both bands and
their sum are nil. By contrast, during an obstructive apnoea,
there is a reduction and an asynchrony of the thoracic and
abdominal movements, resulting in a decrease in the
amplitude of the sum of the signals from both bands.
Consequently, central and obstructive apnoeas can be
distinguished by inspection of the signals of each band and
of their addition. This is illustrated in figure 5, which shows a
mixed apnoea in a SAHS patient. The first part of this apnoea
was central (absence of thoracic and abdominal movements)
and its last part was obstructive (out-of-phase thoracic and
abdominal movements). In both parts of the apnoea, the sum
of the thoracic and abdominal movements was virtually nil.

Given that this application of thoraco-abdominal bands is
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Fig. 6.—Sequence of obstructive and normal breathing events in a
patient with sleep apnoea-hypopnoea syndrome. ¢) Thor. and d)
Abd. are the signals from the thoracic and abdominal bands of a
respiratory inductive plethysmograph, respectively. The amplitudes of
pulse transit time (PTT; e) swings tend to parallel those of the
oesophageal pressure (Poes; b) both during obstructive respiratory
events (indicated by lines) and normal breathing (marked with
arrows; a), with the exception of the first and fifth events. Modified
from [39] with permission.
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semiquantitative, technologies simpler than inductive plethys-
mography are more commonly employed to detect force and
deformation in the bands, as follows: strain gauges, piezo-
electric transducers or pneumatic bands [25-28]. Finally,
other semiquantitative methods are used, although less
frequently, to detect respiratory movements during sleep, as
follows: thoracic impedance, electromyography of the respira-
tory muscles or the air-mattress system [29-33].

Pulse transit time technique

The pulse transit time (PTT) technique is an innovative
method to assess sleep disturbances. In addition to its ability
to detect autonomic arousals [34], PTT is a tool that can be
used to noninvasively monitor respiratory effort [35-38]. The
technique is based on measuring the time required for the
arterial pulse wave to travel between two points in the arterial
tree, specifically, from the moment when the pulse leaves the
aortic valve, identified by the R wave on the ECG, to the time
when it reaches the vessels in the finger, identified by the pulse
wave detected by the pulse-oximeter sensor. Accordingly, the
method only requires the use of conventional ECG leads, a
pulse oximeter and a computation unit. The rationale for
detecting inspiratory effort from PTT is that the pulse wave
speed depends on the vessel stiffness, which is, in turn,
determined by blood pressure. During airway obstructions,
the increased swings in intrathoracic pressure modulate blood
pressure and, consequently, induce parallel changes in PTT,
as shown in figure 6. Although individual PTT values do not
correlate with the absolute values of pleural pressure, their
oscillations estimate the swings of pleural pressure that occur
during the obstructive breaths with high sensitivity and
specificity [39]. To date, this technique is not widely applied in
routine.
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Noninvasive assessment of airway obstruction

Although flow and inspiratory-effort disturbances are the
clearest manifestations of SAHS, and, accordingly, are the
most widely monitored in polysomnography, both distur-
bances are due to an increase in upper airway obstruction. In
addition to assessing secondary signals, such as flow and
effort, direct measurement of airway obstruction with a
noninvasive procedure is helpful in characterising SAHS.

The application of the conventional concept of airway
resistance in SAHS is not straightforward. Indeed, flow
resistance in a conduit with rigid walls is the quotient between
the pressure drop along the conduit and the associated
airflow. However, the upper airway in patients with SAHS is
highly collapsible and its patency depends on the transmural
pressure across the airway wall. Accordingly, the flow
through the airway depends not only on the pressure drop
across it (nasal pressure minus tracheal pressure), but also on
the absolute values of both nasal pressure (greater than zero if
continuous positive airway pressure (CPAP) is applied) and
tracheal pressure (which depends on the inspiratory effort).
This makes it particularly difficult to characterise the degree
of obstruction of the collapsible upper airway. This difficulty
is increased in routine clinical practice where noninvasive
measurements are mandatory.

Given that recording pharyngeal or oesophageal pressure
(Poes) is excluded in clinical routine, airway obstruction
should be estimated from measurements of nasal pressure and
airflow. This is achieved by two different approaches. One
procedure is the characterisation of the upper airway
mechanics by its upstream resistance and its critical pressure,
according to the Starling resistor model [40]. The other
procedure is to assess airway resistance by means of the
forced oscillation technique (FOT) [41]. As both techniques
require the accurate measurement of flow, ie. the use of a
pneumotachograph, a nasal mask is required. This renders the
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Fig. 7.— Airflow (negative during inspiration), oesophageal pressure (Poes) and nasal pressure (Pn) when applying different continuous positive
airway pressure (CPAP) values to a patient with sleep apnoea-hypopnoea syndrome (CPAP value 1: a, f, k; CPAP value 2: b, g, 1; CPAP value
3: ¢, h, m; CPAP value 4: d, i, n; CPAP value 5: e, j, 0). The arrows in the airflow curves (b, ¢, and d) indicate the maximal inspiratory flow at

each level of CPAP. Modified from [40] with permission.
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estimation of airway obstruction a little more cumbersome for
the patient than the use of a thermistor or thermocouple, or
thoraco-abdominal bands. However, these two techniques for
directly characterising airway obstruction do not require
increased patient instrumentation during the routine setting
of CPAP titration.

Upstream resistance and critical pressure of the upper
airway

This technique is performed during the application of
different levels of positive pressure to the airway. It consists of
measuring the maximal inspiratory flow corresponding to
each nasal pressure applied, as illustrated in figure 7. At a low
nasal pressure, the upper airway is collapsed and there is no
flow. As CPAP is increased beyond the upper airway critical
pressure (Pcrit), which is defined as the minimum intraluminal
pressure to keep the airway open, inspiration is possible but
with flow limitation [40]. According to the Starling resistor
model, there is a linear relationship between nasal pressure
(Pn), peak inspiratory flow (¥"max) and Perit:

V' max = (Pn — Perit) / Rup (1)

where Rup is the upstream resistance of the collapsible upper
airway during flow limitation. Consequently, from the Pn and
V'max data recorded during application of different CPAP
values, it is possible to characterise the mechanical properties
of the upper airway by computing Pcrit and Rup (fig. 8).

The procedure for assessing Pcrit and Rup, which was
initially applied during the full CPAP titration process, has
recently been optimised to allow the assessment of upper
airway mechanics with a simplified protocol [42]. The
characterisation of the upper airway properties by means of
Pcrit and Rup allows the quantification of the role played by
static and dynamic obstructions, respectively. Static obstruc-
tion is determined by the properties of the airway wall and the
surrounding tissues, whereas Rup depends both on the airway
wall properties and on gas dynamics [43]. The application of
this technique has shown that upper airway collapsibility is
reduced by patient weight loss, after uvulopalatopharyngo-
plastia or sedation [44-46]. Moreover, Pcrit has been
measured to differentiate between the active and passive
mechanisms determining apnoeas [47].
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Fig. 8.—Relationship between the maximal inspiratory flow (}'Lmax)
and nasal pressure (Pn) from the recordings in figure 7. The arrow
represents the critical pressure of the upper airway (+1.2 cmH,0).
The reciprocal of the slope (1=0.99) is the upstream resistance of the
upper airway. Modified from [40] with permission.
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Forced oscillation technique

The FOT is based on applying a low-amplitude high-
frequency oscillation at the airway opening (ie. the nasal
mask) and on recording pressure and flow. The oscillation is
applied during spontancous breathing by means of an
external generator connected to the mask. The relationship
between the amplitude of the oscillatory pressure and the
corresponding oscillatory flow is an index of airway
impedance. The rationale for avoiding the measurement of
transpulmonary pressure is that the inspiratory muscles do
not contribute towards generating oscillatory flow at the high
FOT frequency (5-20 Hz in sleep studies). In the case of an
open airway, FOT measures total respiratory impedance,
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Fig. 9.—a) Flow, b) nasal pressure and c) resistance measured by
forced oscillation (5 Hz) in a sleep apnoea-hypopnoea syndrome
patient during application of continuous positive airway pressure.
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Fig. 10.—Nasal flow (V”), oesophageal pressure (Poes) and respiratory resistance (Rrs) measured by the forced oscillation technique in a sleep
apnoea-hypopnoea syndrome patient at different levels of continuous positive airway pressure (CPAP; CPAP=4 cmH,O (a, d, g); CPAP=
8 cmH,O0 (b, e, h); CPAP=12 cmH,O (c, f, i). ins.: inspiration. Modified from [49] with permission.

whereas, in the case of airway closure, FOT measures the
effective impedance of the airway segment from the mask to
the collapse site. The technique allows a continuous,
automatic and real-time monitoring of airway impedance
[48, 49] without disturbing the patient’s sleep [50].

Figure 9 is an example of the signals recorded when FOT
was applied to assess airway obstruction in a patient with
SAHS during CPAP. The 5-Hz oscillation pressure can be
observed in the pressure and flow signals. The resistance
computed from the quotient between oscillatory pressure and
oscillatory flow exhibits a low value during expiration (upper
airway open) and high values during inspiration (flow
limitation). Figure 10 illustrates how FOT can be used to
determine the optimal CPAP in patients with SAHS. At low
CPAP (4 cmH,0), the patient experienced an obstructive
apnoeic event (no flow, high oesophageal pressure swings)
characterised by high resistance. When a suboptimal CPAP
(8 cmH,0) was applied, the patient experienced hypopnoeas.
The resistance signal showed recurrent inspiratory increases
because the upper airway was open during expirations and
obstructed during inspirations. An optimal CPAP of
12 cmH,0 completely reversed airway obstructions; breath-
ing flow, Poes and resistance attained normal values.

As in any other measurement recording mask flow, FOT is
sensitive to air leaks caused by insufficient sealing between the
mask and the patient’s skin. In the case of an air leak, FOT
underestimates actual patient impedance. Potential artefacts
can be discarded, since air leaks are easily detected and
quantified from the relationship between the CPAP applied
and the constant-flow component in the pneumotachograph
signal. In addition to its use in research studies to better
characterise the mechanics of the upper airway [51-55], the
FOT has been incorporated into some automatic CPAP
devices to modulate the nasal pressure, depending on the
degree of airway obstruction.

Conclusion

In recent years, the work developed at the research level has
provided the clinician with improved tools to noninvasively
assess respiratory mechanics during sleep in the routine
setting. As ease of application is essential, most of these
techniques are simple. Consequently, they allow a semiquan-
titative assessment of the physiological variables. Given that
these techniques are focused to monitor different aspects of
the sleep-related breathing disturbances (airflow, effort or
obstruction), and given that each technique is potentially
affected by artefacts, the combination of more than one
technique is recommended. This would provide redundancy
and consistency in the detection of respiratory sleep events,
both during hospital polysomnography and in the home-
monitoring setting. Future technical developments and
optimisations in the monitoring of respiratory mechanics
during sleep would result in improved tools for the diagnosis
and treatment of patients with sleep apnoea-hypopnoea
syndrome.
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