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Breathing airflow is a physiological variable commonly
monitored for assessing respiratory patterns and noctur-
nal events in studies aimed at diagnosing sleep disorders
[1–3]. Given that in sleep studies the use of a pneumota-
chograph, which is the reference transducer for measuring
flow, is rather cumbersome, airflow is routinely assessed
by means of thermally sensitive devices such as thermis-
tors and thermocouples. The main advantage of these de-
vices is that they are small and light and, consequently,
their use causes a minimum amount of disturbance to the
patient during sleep. However, thermistors and thermo-
couples are semiquantitative devices since the flow signal
they provide is not a direct measure of actual flow [4–6].
This drawback, which does not pose major problems for
detecting apnoeas, is however relevant to scoring hypop-
noeas [7, 8], given that the definition of these events is
made in terms of quantitative reduction in airflow.

Precise characterization of the performance of thermi-
stor/thermocouples when used for measuring airflow in
sleep studies requires a laboratory study under controlled
conditions. Indeed, contrary to what happens when testing
linear transducers, the analysis of a slow-response nonlin-
ear system such as a thermistor/thermocouple [6] requi-
res subjecting it to a variety of input airflows covering the
ranges of amplitudes, frequencies and waveforms found
in the particular application. Such a systematic study can-
not be carried out in patients during sleep since it is

not possible to modify the pattern of the breathing airflow
in a selective and controlled way. Moreover, pneumo-tach-
ographs, which may modify the thermal conditions in the
thermistor/thermocouple, or thoracoabdominal bands,
which may not be adequate during padoxical breathing,
are not perfect reference flow transducers in this appli-
cation. The aim of this study was to characterize the ac-
curacy of thermistor/thermocouples as flow-measuring
devices for detecting hypopnoeas. To this end, we set up a
respiratory model to reproduce the measuring conditions
of nasal airflow by means of thermally sensitive devices.

Materials and methods

The response of thermistors and thermocouples was
studied with the respiratory system model shown in figure
1. The model was based on a 60 L methacrylate chamber
which was used as a buffer of heated air at 37°C. The air
temperature in the chamber was measured with a mer-
cury-bulb thermometer and was maintained (±0.2°C) by
means of a 120 W heating resistance supplied with the
required voltage. Homogeneous distribution of air tem-
perature in the chamber was achieved by means of mix-
ing airflow generated by an internal fan. A flow generator
based on a servocontrolled linear motor attached to rubber
bellows [9, 10] was connected to the rear wall of the
chamber. The linear motor allowed us to generate any
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pattern of airflow because its motion was servocontrolled
by means of the flow signal (V ') recorded with a Fleisch II
pneumotachograph (Metabo, Epalinges, Switzerland) and
a differential pressure transducer (MP-45, 2 hPa, Valy-
dine, Northridge, CA, USA) placed between the bellows
and the chamber. An artificial nose was built in the front
wall of the chamber. It consisted of two cylindrical tubes,
6 mm in diameter and 30 mm in length, with their centres
placed at a distance of 20 mm.

Two identical thermistors (Sleeplab 1000P, Aequitron,
Minnesota, MN, USA) and two identical thermocouples
(ONT2; Grass Instrument Company, Quincy, MA, USA)
of common use in sleep studies were tested. The thermally
sensing probes corresponding to the nostrils were plac-
ed in front of the orifices of the artificial nose at a distance
of 10 mm. The signal from the thermistor/thermocouple
(V 'th) and the actual flow V ' were band-pass filtered (But-
terworth, 8 poles, 0.05–32 Hz). The gains of the thermis-
tor and of the thermocouple signals were fixed so as to
obtain an amplitude V 'th=±0.5 V when these devices were
subjected to a sinusoidal flow with a frequency of 15
breaths·min-1 (bpm) and with an amplitude of ±0.5 L·s-1.
These values of frequency and amplitude were taken as
reference values since they are representative of normal
spontaneous breathing. The response of the thermistor/
thermocouple was analysed by comparing the signal V 'th
with the V ' recorded simultaneously by the pneumotacho-
graph. All the measurements were repeated three times
and the average value was taken.

To avoid interference with the thermally sensitive de-
vice the thermistor/thermocouple was compared with a
reference pneumotachograph which was connected to the
rear wall of the chamber. Given the frequencies investi-
gated, estimating airflow through the artificial nose by
means of the pneumotachograph was expected to be neg-
ligibly affected by the gas compression in the chamber.
Indeed, given the airflow resistance of the nostrils and the
compliance of air in the chamber, the air shunt was char-
acterized by a time constant of ~50 ms. Consequently, at
the highest investigated frequencies (20 bpm=0.33 Hz)
the airflow amplitude at the nostrils was expected to be
overestimated by <1%. These theoretical predictions were
verified in a preliminary part of the study by adapting a
second pneumotachograph at the external outlet of the
nostrils. The difference in the flow amplitudes measured
by both pneumotachographs was within the experimental
variability.

The effect of the flow pattern on the response of one
of the thermistors was analysed by selectively modifying
the amplitude, the frequency and the airflow waveform.
To this end, we carried out a series of measurements to
determine the V 'th-V ' relationship when varying the
amplitude of a sinusoidal flow (15 bpm) from ±0.05 L·s-1

to ±0.8 L·s-1. To test the effect of the respiratory frequency
on the V 'th-V ' relationship of the thermistor we also in-
vestigated the amplitude dependence when the frequency
of the sinusoidal flow was 10 bpm and 20 bpm. To check
the influence of the airflow waveform we investigated the
V 'th-V ' relationship by generating square-wave flows of
different amplitudes (from ±0.05 to ±0.5 L·s-1) at frequen-
cies of 10, 15 and 20 bpm.

The dependence of the response of one of the thermis-
tors on the distance from the device to the nostrils and on
the section of the artificial nostrils was also investigated
for sinusoidal flows of 15 bpm and amplitudes from ±0.05
to ±0.5 L·s-1. The relationship V 'th-V ' was assessed when
the thermistor-nose distance was varied from 10 mm to 0
mm and to 20 mm. The influence of the section of the arti-
ficial nostrils was investigated by modifying the internal
diameter of the tubes in the artificial nose from 6 mm to
8.5 mm (100% increase in section).

Results

The thermistor was not able to accurately measure the
actual flow, as illustrated by the examples in figure 2. Fig-
ure 2a shows sections of the actual V ': sinusoidal with 1
L·s-1 peak-to-peak (left); sinusoidal with 0.5 L·s-1 peak-to-
peak (centre); and square-airflow with 0.5 L·s-1 peak-to-
peak (right). In all the cases the frequency was 15 bpm.
Figure 2b shows the corresponding V 'th. The time-pattern
of V 'th was similar, regardless of the amplitude and wave-
form of the actual V '. Comparison between the left and
central panels shows that for the same waveform (sinusoi-
dal) the actual reduction in flow was substantially under-
estimated by the thermistor. The central and right panels
show that, for the same amplitude of actual V ', the ampli-
tude of the thermistor signal considerably depended on
the airflow waveform. The amplitude of the thermistor
signal for the sinusoidal flow on the left of the figure was
almost the same as that corresponding to a square-wave
airflow with 50% amplitude.
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Fig. 1.  –  Experimental setup to assess the response of thermistors/ther-
mocouples as flow-measuring devices. A heater and a fan maintain a
homogeneous and constant temperature (t) of the air in the chamber. A
flow generator drives inspiratory (22°C) and expiratory (37°C) flows
through the artificial nose. The actual flow (V ') measured by a pneumo-
tachograph (Pneumo.) is recorded by the thermistor/thermocouple sig-
nal (V 'th).
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Fig. 2.  –  a) Actual flow measured by the pneumotachograph (V ') for
sinusoidal airflows of 1 L·s-1 and 0.5 L·s-1 and for a square-wave flow of
0.5 L·s-1 (peak-to-peak). b) Thermistor signal (V 'th) recorded simultane-
ously.
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Figure 3 shows the peak-to-peak amplitudes of the V 'th
of one of the thermistors and of one of the thermocouples
as a function of the amplitude of the actual V ' for a 15
bpm sinusoidal flow. Each data point corresponds to the
average of three repeated measurements (mean coefficient
of variation ~5%). Both of the thermally sensitive devices
showed a very similar response. The relationship between
V 'th and V ' was strongly nonlinear. For instance, a 50%
amplitude reduction in the actual V ' (from a peak-to-peak
of 1 L·s-1 to 0.5 L·s-1, which corresponds to the example
in figure 2 left and centre) resulted in only an 18% ampli-
tude reduction in the thermistor signal. The results ob-
tained from the other thermistor and thermocouple were
similar (within the experimental variability of ~5%) to
those shown in figure 3 for the other identical sensors.

The effect of the frequency and waveform of airflow on
the response of the thermistor is shown in figure 4. In
addition to being nonlinear (out of the identity line), the
relationship V 'th-V ' depended on the frequency to a con-
siderable extent, both for sinusoidal and square-wave air-
flows. For a given waveform and amplitude of actual V ',
V 'th increased as the frequency decreased. For a given
amplitude of V ' and frequency, the amplitude of V 'th was

greater for the square-wave airflow than for the sinusoid-
al airflow. For a sinusoidal flow of 1 L·s-1 peak-to-peak
amplitude of actual V ', the thermistor signal amplitude
varied from 0.77 V at 20 bpm to 1.26 V at 10 bpm, which
corresponds to a 50% increase. The effect of frequency
was even greater in case of square-wave airflow: from
0.95 V at 20 bpm to 1.54 V at 10 bpm (60% increase) for
V ' = 1 L·s-1 (peak-to-peak amplitude).

As shown in figure 5, the thermistor signal showed a
considerable dependence on the distance from the ther-
mally sensitive probes to the artificial nose. Reducing this
distance from 20 to 0 mm increased the thermistor sig-
nal. For 1 L·s-1 of peak-to-peak sinusoidal (15 bpm) air-
flow, the amplitude of V 'th varied from 0.82 V to 1.47 V
(79% increase). Moreover, figure 5 shows that, for any
amplitude of V ', doubling the section of the artificial nose
resulted in a considerable decrease in the amplitude of the
V 'th: from 1 V to 0.63 V (37% reduction) for 1 L·s-1 peak-
to-peak sinusoidal flow (15 bpm) and a 10 mm distance
between thermistor and artificial nose.

Discussion

The results obtained when testing the thermistor and
the thermocouple showed a considerable nonlinear rela-
tionship between V 'th and the actual V ' (fig. 3). The
depen-dence of the thermistor response on the airflow pat-
tern (amplitude, waveform and frequency (fig. 4)), on the
distance from the thermistor to nose and on the section of
the nostrils (fig. 5) indicates that it is not possible to rel-
iably quantify airflow with these thermally sensitive devi-
ces in sleep studies. Owing to the observed nonlinearity,
the main consequence of using the amplitude reduction
in thermistor/thermocouple signals to score hypopnoeas
would be a considerable underdetection of these respira-
tory events. According to the curvilinear relationship be-
tween V 'th and V ' (figs. 3–5), a flow with small amplitude
is overestimated when compared with a flow with a gre-
ater amplitude. Consequently, a reduction in airflow as
in the case of hypopnoeas is systematically underdetec-
ted (fig. 2). The difficulty of accurately quantifying flow
reduction during hypopnoeas in sleep studies is enhanced
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Fig. 3.  –  Relationship between the peak-to-peak amplitudes of the ther-
mistor and the thermocouple signals (V 'th) and the actual flow ampli-
tude (V ') for a sinusoidal flow of 15 breaths·min-1. ● : thermistor;   :
thermocouple.
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Fig. 4.  –  Relationship between the peak-to-peak amplitudes of the ther-
mistor signal (V 'th) and of the actual flow (V ') for different frequencies
(10 breaths·min-1 (bpm), 20 bpm) of sinusoidal (sin) and square-wave
(sqr) airflows. ● : sqr, 10 bpm; ▲ : sin, 10 bpm;     : sqr, 20 bpm;    : sin,
20 bpm. 
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Fig. 5.  –  Relationship between the peak-to-peak amplitudes of the ther-
mistor signal (V 'th) and of the actual flow (V ') for different distances (0,
(●), 10 (■), 20 (▲) mm) between the thermistor and artificial nose and
for a double section of the artificial nose (    ) when the distance between
the thermistor and the nose was 10 mm.
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by the fact that the nonlinear relationship V 'th-V ' depends
on the frequency and on the waveform of the breathing
flow. This may particularly affect the detection of obstruc-
tive hypopnoeas, since in this case the inspiratory flow
tends to change from a quasisinusoidal (normal breath-
ing) to an almost square-wave pattern [11], which, accord-
ing to figure 4, tends to further underestimate hypopnoeas.
As illustrated in the example in figure 2 (left and right),
change from a sinusoidal pattern to a square-wave flow of
50% amplitude results in a change of only 5% in thermis-
tor signal.

The laboratory model allowed us to reproduce the con-
ditions of assessing the breathing flow with thermistors or
thermocouples. When compared with testing thermistor/
thermocouples in subjects [5, 7, 8], this model has the
advantage of allowing us to define controlled flow condi-
tions for selectively analysing the different factors that
influence the response of the thermal probes. The ther-
mally sensitive device was subjected to the airflow pattern
generated by the linear motor in such a way that the in-
spiratory airflow was at room temperature (22°C) and the
expiratory flow was at 37°C. The air in the chamber was
not saturated with water vapour since the effect of con-
densed water in commercial thermistors was shown to be
small [5]. The thermistor/thermocouple was exposed to
realistic flow amplitudes ranging from values typical of
normal breathing (±0.8 L·s-1) to those of severe hypop-
noeas (±0.05 L·s-1) and for frequencies (10, 15 and 20
bpm) within the range of observed respiratory frequen-
cies. Moreover, we tested two different airflow waveforms
(sinusoidal and square-wave) to assess the response of the
thermistor when subjected to changes of breathing pattern
such as those found in patients from normal breathing to
the typically flow-limited airflow during obstructive hy-
popnoeas [11].

The limitation of thermistor/thermocouples for reliably
quantifying airflow to detect hypopnoeas in sleep studies
is due to the fact that the signal provided by these devi-
ces is directly related to the temperature of the sensing
element and only indirectly related to the airflow. Indeed,
the V 'th is a measure of the temperature-dependent resist-
ance (thermistor) or the electromotive force (thermocou-
ple) in the probes. The sensor temperature varies because
the probe is surrounded by inspiratory and expiratory
flows with a variable temperature. The change in the ther-
mistor/thermocouple temperature is the result of a convec-
tive heat transfer in which breathing airflow and sensor
temperature are related by a nonlinear differential equa-
tion [6]. The fact that we found virtually the same results
for the thermistor as for the thermocouple (fig. 3) indi-
cates that air convection around the thermally sensitive
devices is the most influential factor in this application.
Therefore, it is expected that different models of ther-
mistors/thermocouples would exhibit the same kind of
nonlinear behaviour shown in figure 3. Airflow convec-
tion also accounts for the changes in the relationship
V 'th-V ' found in figure 5 when increasing the section of
nares      or the distance between the thermistor and the
nose. According to this figure, the relationship V 'th-V '
tended to be less nonlinear as the thermistor approached
the nostrils. Owing to the nonlinear equations characteriz-
ing the heat transfer in the thermistor/thermocouple and to
the dep-endence of the sensor response on the air wave-
form, it is not possible to perform a dynamic correction of

the rec-orded signal, as in the case of linear flow transduc-
ers. In-deed, the thermally sensitive device is not well
described by an input-output frequency response function.
Consequently, dynamic parameters such as the time-con-
stant of thermal interchange, which are useful in charac-
terizing linear thermometers, are meaningless when
assessing bre-athing flow to detect hypopnoeas. This con-
trasts with the behaviour of the nasal prongs, which are
simple devices recently proposed for monitoring airflow
in sleep studies [12]. As nasal prongs exhibit a memory
less nonlinearity and an excellent time-response, the sig-
nal obtained can be easily corrected to linearize the flow-
measuring system.

In conclusion, the dynamic response of thermistor/
thermocouples was characterized under controlled labo-
ratory conditions with a model simulating the breathing
airflow. The signal from these thermally sensitive devices
was nonlinearly related to the actual flow measured with a
reference pneumotachograph. Owing to their poor time
response and to the influence of the airflow pattern and of
the geometrical constraints, thermistor/thermocouples are
unable to accurately measure airflow. The use of the re-
duction in the thermistor/thermocouple signal to quantify
hypopnoeas in sleep studies may result in considerable
underdetection of these respiratory events.
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