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Adaptive excitation signals for low frequency
Forced Oscillation Technique measurements
in patients
Cedric Busschots∗ , Member, IEEE, Andy Keymolen∗ , Student Member, IEEE, Sylvia Verbanck† ,
Daniël Schuermans† , Hannes Maes∗ , Dries Peumans∗ , Member, IEEE, Johan Pattyn∗ ,
Yves Rolain∗ , Fellow, IEEE, Gerd Vandersteen∗ , Senior Member, IEEE, John Lataire∗ , Member, IEEE

Abstract—The low frequency Forced Oscillation Technique
(FOT) has a high diagnostic potential for the detection of
respiratory diseases. However, it is not yet widely accepted in
clinical practice, partly because the natural breathing frequency
usually interferes with the measurement, thus requiring patientunfriendly breathing maneuvers. The presence of a subject’s
breathing generally results in patient-unfriendly measurement
protocols. These are needed to extract the important low frequency information about the subject’s respiratory system.
This work presents a technique enabling the application
of low frequency FOT during spontaneous breathing. This is
accomplished by adding an external visual stimulus to encourage
the subject to synchronize his/her breathing to the measurement
apparatus, in combination with an excitation signal that is
adapted to the subject’s natural breathing frequency. This way,
the contributions of the breathing and the excitation signal can
be separated. This paper discusses the implementation, testing
and the actual measurement results in a clinical setting using
this method.
Index Terms—Medical measurement, system identification,
forced oscillation technique.

I. I NTRODUCTION
In 2007, the World Health Organization (WHO) predicted
that Chronic Obstructive Pulmonary Disease (COPD) will
become the world’s fourth cause of mortality by 2030. Asthma
nowadays affects the daily lives of 300 million people worldwide. As an early diagnose is a key to patient relief, the
framework for action of the WHO calls for an improved
detection of these types of diseases [1].
In the current state-of-the-art, spirometric measurements are
the leading diagnostic tool for these diseases. This is mainly
due to the availability of a massive amount of representative
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measurements of both healthy and unhealthy subjects to aid
the diagnostic.
A lesser known, but very promising technique is the Forced
Oscillation Technique (FOT). This non-invasive measurement
technique for the pulmonary function has the advantage that
it allows to measure the lung impedance of a broader range
of subjects, even if they suffer from severe breathing issues,
while still providing insight into the mechanical status of the
patient’s respiratory system [2].
In contrast to spirometry measurements, the FOT does
neither measure the lung capacity nor the speed of exhalation.
It rather measures the air pressure p(t) and the airflow q(t) at
the airway opening as a function of time. Next, these quantities
are converted to the frequency domain using the (Discrete)
Fourier Transform. The air pressure p(t) is interpreted as the
excitation signal for the respiratory system. The ratio of the
resulting complex-valued flow spectrum and the spectrum of
the excitation pressure yields the input impedance, Z(jω), of
the total respiratory system. It is defined as
Z(jω) =

P (jω)
,
Q(jω)

(1)

with P (jω) the pressure drop over the total respiratory system
and Q(jω) the flow measured at the airway opening. Z(jω)
is evaluated at all the frequencies ω where an excitation signal
is applied. For visualization purposes, the real and imaginary
components of this complex-valued impedance are plotted
as a function of the frequency. These real and imaginary
parts represent, respectively, the resistive and reactive components of the impedance [3]. The frequency dependence of
the impedance is used to distinguish the behavior of upper
airways, smaller airways and lung tissue. Figure 1 shows a
schematic representation of the measurement setup.
While this technique has been applied in a wide range of
frequencies [2], low frequency FOT has been suggested to
have a high diagnostic potential, particularly because of its
sensitivity to the heterogeneity of alterations across the lung
[3]. This is due to the possibility to separate airway and tissue
contributions. It empowers the early diagnosis of asthma and
COPD [3], [4].
However, the main difficulty is the presence of the subject’s spontaneous breathing which typically adds an important
contribution to the measured spectra. The existence of these
unwanted contributions leads to leakage as shown in [5, Figure

0018-9456 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Vrije Universiteit Brussel. Downloaded on May 26,2021 at 12:44:51 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIM.2021.3082279, IEEE
Transactions on Instrumentation and Measurement
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

Fig. 1: A FOT device applies pressure oscillations Pao (jω) and
measures the resulting flow Qao (jω) at the airway opening to
measure the respiratory impedance Z(jω).
9]. The presence of the breathing and additional associated
harmonics strongly disturbs the measurements of pressure and
flow in the frequency band between 0.1 and 1 Hz. Therefore,
state-of-the-art low frequency FOT solutions require either the
absence or the control of the patient’s breathing. This leads to
highly impractical measurement conditions, requiring a major
effort from the subject [3], [6], [7]. Post-processing methods
to separate the breathing from the excitation signal have been
investigated as well. They do not offer a solution when there
is a substantial spectral overlap between the excitation signal
and the subject’s breathing [7], [8].
This paper is an extension of [9], a conference paper
presented at MeMeA 2020. In the original paper, a technique
is proposed that combines a visual stimulus to synchronize
the subject’s breathing and an excitation signal that is adapted
to the subject’s breathing frequency. This way, we reduce the
spectral impact of the breathing at the measured frequencies
and prevent that the measurement is jeopardized by the subject’s breathing. This paper focuses more in detail on how the
synchronization was achieved and adds the results of actual
measurements in a clinical setting. 63 subjects participated in
this study.
In Section II, the measurement problem is defined and
demonstrated. Section II, presents a solution to this measurement problem and discusses the practical implementation
of the proposed method. The results of the testing in a
clinical setting are shown in Section IV, and are discussed
in Section V. Finally, conclusions are drawn and future work
is discussed in Section VI.
II. P ROBLEM STATEMENT
In several reference works [7], [10], [11], an electrical
equivalent model is used to gain a better understanding of
the interaction between the FOT measurement apparatus and
the subject. Figure 2 shows this electrical equivalent. Here, the
FOT device is represented by a Thévenin-equivalent voltage
source. The subject is described by a Norton-equivalent current
source. Their respective impedances are denoted by Zm for the
FOT device’s output impedance, and Zrs for the impedance of
the respiratory system of the subject. The pressure pe (t) represents the pressure that is generated by the FOT measurement

2

Fig. 2: Electrical equivalent of the measurement setup. The
goal is to measure Zrs by using a pressure controlled FOT
apparatus. The device is considered as a pressure source
pe (t) with a non-zero output impedance Zm . The subject is
represented by its impedance Zrs connected in parallel with
a breathing flow qb (t). The measured air flow at the airway
opening qao (t) is the sum of the response of the respiratory
system, qe (t), and of qb (t) [7].

apparatus and pao (t) is the pressure at the airway opening.
The total flow is described by qao (t) and can be split into two
parts: qe (t), the flow caused by the apparatus, and qb (t), the
flow resulting from the breathing of the subject. This can be
expressed as
qao (t) = qe (t) + qb (t).

(2)

For the calculation of Zrs , only the contribution of qe (t)
is of interest. The uncontrolled and unknown breathing flow
will act as a disturbance of the excitation signal. A multisine
excitation signal will be used for pao to measure Zrs . Using
this type of signal helps to prevent leakage [12] (in absence of
qb ). In the frequency domain, the expression for the impedance
becomes
Zrs (jω) =

Pao (jω)
.
Qe (jω)

(3)

As can be understood from Figure 2, the FOT apparatus
measures the total flow qao (t) and the pressure pao (t) at the
airway opening. Figure 3 displays the spectrum Qao (jω) when
the subject’s breathing is present during the measurement. The
figure shows that it is difficult or even impossible to separate
the excitation signal from the breathing. More specifically, the
measurement suffers from the following problems.
• Leakage is present when the measurement time window
does not correspond to an integer number of breathing
periods.
• Frequency variation of the breathing is typically present
during the measurement. This introduces a widening of
the spectral lines.
• Spectral overlap between the breathing flow signal and
the frequencies present in the excitation signal makes it
difficult to separate both.
Two options are currently available to remove the breathing
contribution from the flow signal Qao . Making the subjects
hold their breath is a first solution. However, for patients with
severe breathing issues this poses serious problems. Moreover,
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sure that both signals are harmonically related. Finally, this
excitation signal is applied to the patient. Figure 4 graphically
represents this technique.
As this method relies on the spectral separation between the
breathing and the excitation signal, leakage should be reduced
in both the breathing signal and the excitation signal. The
latter can be addressed by using a multisine excitation. These
multisines conform to the following expression:
N
1 X
Uk sin (2πkf0 t + φk )
pao (t) = √
N k=1

Fig. 3: When the subject’s breathing is present during the measurement of Qoa (jω) (black pluses), the excitation signal (red
circles) disappears in the noise and/or breathing harmonics.
The blue lines are an indication of the breathing contributions.
|Qb(jω)|

|Qe(jω)|

f(jω)

f(jω)

Qao(jω) = Qb(jω) + Qe(jω)
|Qao(jω)|

f(jω)

Fig. 4: Selecting excitation signal frequency lines where the
spontaneous breathing signal has a low magnitude improves
the measurement’s Signal-to-Noise Ratio. In addition, the
subject is encouraged to maintain a constant breathing frequency by using an external visual stimulus. This reduces
leakage and frequency variation and results in sharpen spectral
contributions for Qb (jω).
such a measurement is less accurate as the airways of the patient are closed off. Another possibility is the use of excitation
signals without spectral content in the frequency range that
corresponds to the breathing spectrum. This way, we miss a
part of the diagnostically interesting breathing frequency band
[3]. This paper presents a measurement technique that remains
patient friendly, but improves the measurement quality. This
technique will be explained in detail in the next section.
III. M ETHODS
The technique we propose to separate the breathing contribution, Qb (jω), from the measurement signal, Qe (jω), relies
on the spectral separation between both contributions. First,
the subject’s breathing pattern is analyzed in the frequency
domain and the main breathing frequency is extracted. During
this first measurement, no excitation is applied. Next, the excitation signal for the measurement is adapted so that its spectral
content does not interfere with the breathing while making

(4)

with N the number of excited spectral lines, Uk the amplitude
of the k-th frequency component, f0 the frequency resolution
and φk the phase of the k-th frequency component. The phases
φk vary randomly over the frequencies and are drawn from a
uniform distribution between 0 and 2π. In the time domain,
these multisines look similar to a noise signal. However,
they have the advantage that they are periodic signals. This
periodicity prevents spectral leakage and provides the required
spectral separation. In addition, this type of signal also offers
good insight into the frequency response function of linear
systems and can reveal the presence of non-linear distortion
if present [12].
To prevent spectral leakage from occurring in the breathing
signal, a visual stimulus is used. The fundamental spontaneous
breathing frequency is determined from a first measurement
without excitation signal. The visual stimulus shows a pulsating circle at this frequency. This allows the subject to
keep his/her spontaneous breathing frequency synchronised
throughout the measurement. This synchronization requires
almost no effort from the patient as the frequency of the visual
stimulus equals the spontaneous breathing frequency.
A. Protocol
In [9], the proposed method was tested and validated on a
small number of healthy test subjects. In order to successfully
complete testing on a larger group in a hospital environment,
a protocol needs to be defined.
The protocol consists of three steps and is summarized in
Figure 5. A Graphical User Interface (GUI), shown in Figure 6,
was developed to guide the patient and the lung function
assistant during the measurement.
Step 1: Estimate the spontaneous breathing frequency fb
The subject is instructed to breathe spontaneously. The medical assistant starts a flow measurement by using the “Meas qb ”
button as shown in section B of Figure 6. A flow measurement
of 20 seconds, corresponding to 4-8 breathing periods, is
initiated while the subject is breathing. No excitation signal
is applied at this time.
Based on this measurement, the subject’s breathing frequency fb is estimated using Grandke’s interpolated FFT
technique [13]. To better adapt the visual stimulus to the
inspiration-expiration cycle in a single breathing period, the
ratio of inspiration time to expiration time, denoted as RIE ,
is also estimated. This makes it easier for the patient to stay
synchronized with his/her spontaneous breathing frequency.
During the measurement, the medical assistant verifies if
the subject is breathing at his/her tidal volume by means of
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Initialization
measure fb

Adapt fe
- harmonically relate fb and fe
- avoid coincidence of fb and fe

Measurement

Fig. 7: Depending on the breathing frequency fb , a different
excitation signal is applied. This prevents the excitation signal’s components from falling outside the usable frequency
bandwidth of the measurement apparatus.

the volume trace shown in section D in Figure 6. Afterwards,
the resulting fb and RIE are shown in the “measured” column
of section C in Figure 6.

Visual stimulus
synchronize breathing

Step 2: Design of the harmonically related excitation signal
Now that fb is known, the initial excitation signal is modified by making the fundamental frequency f0 harmonically
related to fb . In this case, we have selected

Fig. 5: Protocol of the adaptive measurement.

fb
,
(5)
2
but depending on the patient’s fb and the measurement time
window, other choices are possible as well. This choice makes
it possible that the excited frequencies fall outside the available
operating bandwidth of the setup. Therefore, depending on
the value of fb , two different excitation signals, p1ao (t) and
p2ao (t), are available. When fb is smaller than 0.27 Hz, p1ao (t)
is used. This signal excites the frequencies f0 , 3f0 , 7f0 ,
9f0 , 11f0 and 15f0 . When fb is larger than 0.27 Hz, p2ao (t)
is applied. It consists of f0 , 3f0 , 5f0 , 7f0 , 9f0 and 11f0 .
Using only odd multiples allow the harmonics of the breathing
frequency to fall in between the excited frequency lines.
Figure 7 illustrates the two different excitation signals that
can be selected, depending on the subject’s fb .
By making the excitation signal and the breathing signal
harmonically related and by measuring an integer number of
cycles, leakage is reduced. Additionally, when fb is smaller
than 0.27 Hz, the selected frequency spacing allows for the
detection of non-linear contributions at the odd frequency lines
that are not excited (5f0 and 13f0 ).

Fig. 6: The Graphical User Interface (GUI) that is used for
the testing in the clinic contains 4 sections. The first, section
A, aims at stimulating the subject to keep their breathing
frequency constant. This is done via the gray area, where
the radius oscillates at the measured breathing frequency. The
number 20 will countdown to zero while a pressure excitation
is applied and represents the number of inspiration-expiration
cycles left in the measurement. Section B contains the controls.
(Meas qb ) will activate the measurement of the breathing
properties, (Sync) will initialize the visual stimulus of section A, (Exc) will activate the application of the excitation
signal, (5 Hz) will activate the 5 Hz measurement. In section
C the measured breathing properties are presented and can
be manually adjusted if necessary. In section D the desired
and measured breathing volume are visualized such that the
medical assistant can verify if the subject is synchronized with
the visual stimulus of section A.

f0 =

Step 3: Visual stimulus to keep the subject synchronized
Based on the values of fb and RIE that were estimated
in Step 1, a visual stimulus is shown to the patient during
the actual measurement. The grey disc-shaped area in the
figure oscillates according to the measured fb and RIE . During
the measurement, the subject is supposed to synchronize
his/her breathing with this external stimulus. This reduces the
frequency variation of the subject’s breathing, which helps
to prevent leakage. The effort demanded from the subject
during the measurement is minimized because the subject’s
own natural breathing frequency is used as the frequency
reference of the external stimulus [14, Section 3.1.4].
B. Test setup
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display showing
visual stimulus
fans

microcontroller

sensors

pneumotachograph
subject's end

Fig. 8: Schematic representation of the improved test setup.
The mechanical improvements over the device described in
[15] are highlighted in light gray, the electrical parts are
highlighted in red.

During the testing in a clinical environment, an improved
version of the setup described in [15] is used. A display has
been added that shows the visual stimulus. This display allows
the lung function assistant to control the measurement setup
as well. Figure 8 shows this setup schematically. The main
advantage of this setup is that it allows a continuous flow of
fresh air to the subject.
The pneumotachograph in this figure acts as the known
resistance Zm referenced in Figure 2. By measuring the
pressure before and after this pneumotachograph, the air flow
qao through the pneumotachograph can be calculated. Based
on the electrical equivalent model shown in Figure 2, we can
use the following relation to calculate Zrs
Zrs =

pao Zm
.
pe − pao

(6)

The pressure at the subject’s side, pao , is controlled by the
microcontroller. Hence, a controlled pressure excitation signal
at the airway opening of the subject can be imposed. Due to the
flow of fresh air, the subject can continue breathing normally.
Since the breathing disturbs the measurement, the pressure
signal should have an amplitude that is sufficiently large to
be detected but is small enough not to disturb the patient.
Reference [16] recommends to use peak values between 200
and 500 Pa. In [15] and in this work, peak values of 200 Pa
are used. The bandwidth of the excitation signal lies between
0.1 and 2 Hz. This allows to cover the diagnostic frequency
range.

Participant

Sex

Age

Height [cm]

Weight [kg]

BMI

HEALTHY.1
HEALTHY.2
HEALTHY.3
HEALTHY.4
HEALTHY.5
HEALTHY.6
HEALTHY.7
HEALTHY.8
HEALTHY.9
HEALTHY.10
HEALTHY.11
HEALTHY.12
HEALTHY.13
HEALTHY.14
HEALTHY.15
HEALTHY.15
HEALTHY.17
HEALTHY.18
HEALTHY.19

F
F
M
M
F
M
F
M
F
M
F
M
F
M
F
F
M
M
F

45
26
70
37
33
84
23
71
62
23
63
24
30
50
34
26
28
19
22

170
163
173
185
157
169
175
167
158
177
168
169
166
186
170
161
178
182
171

63
64
75
67
55
78
83
67
62
69
71
82
51
93
56
73
64
80
73

22
24
25
20
22
27
27
24
25
22
25
29
19
27
19
28
20
24
25

40,5
19-84

170,8
157-186

69,8
51-93

23,9
19-29

Average
Range

TABLE I: Participant data for healthy test subjects

(B.U.N. 143201628577), informed consent was obtained from
all subjects.
In total, 63 subjects could be included of which 19 healthy
test subjects, 21 asthmatic patients and 23 patients diagnosed
with COPD. The aim of these measurements was to determine
whether the protocol described in Section II can be applied in
the clinical context of a hospital environment, with patients
burdened by a respiratory disease.
Either two or three separate measurements were performed
by each subject. Between the different measurements, the
subjects were allowed to take a short break. These measurements are carried out successively with the adaptive excitation
signal after the measurement of the breathing spectrum. To
eliminate transients, the first three periods of each measurement are discarded. During the measurement, the medical
assistant supervises the subject’s breathing pattern using the
measured volume shown in the GUI. If the subject is varying
his/her frequency strongly, the lung function assistant can
intervene. The entire process takes between 5 and 10 minutes,
depending on the subject’s breathing frequency, the number
of measurements and the length of the breaks between the
measurements.
The subjects have been divided in three different groups:
healthy, asthmatic and test subjects diagnosed with COPD.
Their biometric data are summarized in Tables I, II, and III,
respectively. Across Figures 9 to 11, measurements with high
and low SNRs are illustrated for one subject of each of the
three groups (healthy, asthma, COPD). Each of these figures
shows both a pressure signal in the upper subfigure and a flow
signal in the lower subfigure. All the results have been scaled
to the patient’s breathing frequency to ease a comparison.

IV. R ESULTS
Measurements have been carried out for three different
groups: healthy subjects, patients with asthma, and patients
with COPD. The measurements for this feasibility testing in
the clinic have been carried out at the University Hospital
UZ Brussel. After approval by the local Ethic Committee

V. D ISCUSSION
In the conference paper [9], we showed that measurement
results can improve when the test subject is synchronized to
the measurement. Here, we tested an implementation of this
method in clinical practice on 63 test subjects.
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Healthy: high SNR (HEALTHY.14)
Asthma: high SNR (ASTHMA.18)
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0
−20
−40
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4

6

8

10

Pao [dB Pa]

Pao [dB Pa]

40

20
0
−20
−40

f /fb

1

0

1

2

4

6

8

10

10

1

2

4

6

8

10

f /fb
(a) Subject ASTHMA.18 both recorded a high SNR and a low SNR in
two different measurements. This measurement is remarkably better
than the measurement shown in Figure 10b, which shows evidence
of frequency variation in the breathing. This shows the importance
of assessing the results immediately after the measurement has been
performed.

Asthma: low SNR (ASTHMA.18)
40
Pao [dB Pa]

40
Pao [dB Pa]

8

−40

Healthy: low SNR (HEALTHY.14)
20
0
−20
0

1

2

4

6

8

20
0
−20
−40

10

0

1

2

4

6

8

10

6

8

10

f /fb

f /fb

0
Qtot [dB L/s]

0
Qtot [dB L/s]

6

−20

0

(a) Test subject HEALTHY.14 delivered a measurement showing
a high SNR, both in the pressure spectrum (top) as in the flow
spectrum (bottom). This measurement can be used to calculate a
lung impedance. The circles indicate the excited frequencies, the
line marked with crosses indicates the non-excited frequencies. This
convention will be used throughout this paper. Notice that the
breathing frequency is clearly distinguishable in the spectrum of the
flow, shown in the lower part of the figure.

−20
−40
−60

4

−60

f /fb

−40

2

f /fb

−40
−60

0

0

−20

Qtot [dB L/s]

Qtot [dB L/s]

0

−20
−40
−60

0

1

2

4

6

8

10

f /fb
(b) The second measurement carried out with test subject
HEALTHY.14 shows a drop in RMS value of the flow signal. Leakage
in the flow spectrum can be observed around the breathing frequency
as well. This can be attributed to either frequency variation during the
measurement or any other event that changes the flow, eg. swallowing.
Notice how the pressure spectrum is not noticeably worse than the
measurement with a high SNR for the flow spectrum.

0

1

2

4
f /fb

(b) An example of a bad measurement in asthmatic test subjects was
recorded with ASTHMA.18. Notice that in the flow spectrum, the
first two excited frequency lines are impossible to distinguish from
the noise/leakage.

Fig. 10: Measurement results for astmatic test subject
ASTHMA.18

Fig. 9: Measurement results for test subject HEALTHY.14
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COPD: high SNR (COPD.14)
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(a) Good measurement results have been obtained with patients
diagnosed with COPD as well. In test subject COPD.14, again
examples of measurements with both a high and a low SNR can
be found. This figure shows a spectral measurement with high SNR.

COPD: low SNR (COPD.14)
40
Pao [dB Pa]

Age

Height [cm]

Weight [kg]

BMI

ASTHMA.1
ASTHMA.2
ASTHMA.3
ASTHMA.4
ASTHMA.5
ASTHMA.6
ASTHMA.7
ASTHMA.8
ASTHMA.9
ASTHMA.10
ASTHMA.11
ASTHMA.12
ASTHMA.13
ASTHMA.14
ASTHMA.16
ASTHMA.16
ASTHMA.17
ASTHMA.18
ASTHMA.19
ASTHMA.20
ASTHMA.21

F
F
F
M
M
F
F
F
F
F
F
F
M
M
M
F
M
F
M
M
F

66
68
66
29
29
29
81
27
66
89
33
27
22
16
63
44
70
15
59
60
29

168
147
165
177
182
167
165
172
153
170
168
165
180
182
185
153
169
171
167
183
169

70
57
69
83
80
62
61
56
65
62
64
53
78
63
79
59
85
54
82
78
53

25
26
25
26
24
22
22
19
28
21
23
19
24
19
23
25
30
18
29
23
19

47,0
15-89

169,4
147-185

67,3
53-85

23,5
18-30

TABLE II: Participant data for asthmatic test subjects
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0
Qtot [dB L/s]

Sex

Average
Range

−20

−40

Participant

−20

Participant

Sex

Age

Height [cm]

Weight [kg]

BMI

COPD.1
COPD.2
COPD.3
COPD.4
COPD.5
COPD.6
COPD.7
COPD.8
COPD.9
COPD.10
COPD.11
COPD.12
COPD.13
COPD.14
COPD.15
COPD.16
COPD.17
COPD.18
COPD.19
COPD.20
COPD.21
COPD.22
COPD.23

M
M
M
M
M
M
M
M
M
F
M
M
M
M
M
M
F
M
M
M
F
M
M

79
60
75
58
64
63
77
69
68
57
59
70
50
59
69
65
60
60
77
64
69
81
82

175
165
181
175
185
183
170
172
172
160
159
168
183
180
171
185
167
167
180
172
173
179
171

65
69
85
59
88
92
80
82
60
60
59
70
90
84
61
85
69
76
79
74
85
79
85

21
25
26
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26
27
28
28
20
23
23
25
27
26
21
25
25
27
24
25
28
25
29

66,7
50-82

173,6
159-185

75,5
59-92

25,0
19-29

Average
Range

−40

TABLE III: Participant data for subjects with COPD
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(b) In a different measurement, test subject COPD.14 shows breathing
frequency variation, leading to results that cannot be used to calculate
an informative lung impedance estimate.

Fig. 11: Measurement results for COPD test subject COPD.14

Figure 10 and 11 clearly show that the same test subject can
complete a measurement with both a good and a bad SNR.
Taking a closer look at the flow spectra of the measurements
with a bad SNR (Figures 10b and 11b), the leakage surrounding the breathing frequency is obvious. This can be attributed
to an irregular breathing frequency of the test subject. We also
notice a drop in the RMS value of the flow in some cases.
Although the pressure signal still offers a good SNR, the
impedance measurement will be severely impacted as the flow
signal appears in the denominator of Equation 3. This causes
large uncertainties when calculating the lung impedance Zrs .
These large uncertainties can be partially mitigated by using
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admittances rather than impedances, but even here, proper
synchronization of the patient remains crucial to obtain good
quality measurements.
Some measurements have not been repeated in cases where
low SNR’s have been recorded for the flow spectrum as
the processing of the data was carried out offline. In future
measurements, an immediate processing of the data allows
the medical measurement assistant to assess the quality of the
measurement right away. This could allow to avoid results
similar to the one shown in Figures 9b, 10b and 11b.

8

During testing in a clinical environment, the results were
processed offline, after the experiments were conducted. In order to obtain a more consistent result throughout the complete
population, the results should be available to the medical assistant during the measurement. This would reduce the number
of measurements necessary to obtain a good result, decrease
the measurement time and allow for additional experiments
whenever patients do not properly synchronize with the visual
stimulus in a previous attempt.
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