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Measurement of respiratory
effort in sleep by 3D camera
and respiratory inductance
plethysmography
A comparison of two methods

The diagnosis of sleep apnea syndrome
is performed in sleep clinics by a full-
night polysomnography (PSG) record-
ing. A PSG system comprises multi-
ple sensors, including two respiratory
inductance plethysmography (RIP) belts
over the thorax and abdomen tomeasure
the respiratory effort. According to the
American Academy of Sleep Medicine
(AASM) Scoring Manual v2.4, the res-
piratory effort signals measured by the
two belts are to be used to determine the
apnea types. The signals are inspected for
continuous or increased breathing effort
(obstructive), absence of breathing ef-
fort (central), or a combination of both
(mixed). Additionally, when airflow sig-
nals from the primary sensors, such as
nasal pressure cannula or nasal thermis-
tor, are not available or are unreliable,
the RIPSum—the sum of the thorax and
abdomen RIP belt signals—can be used
for detection of respiratory events [1].
RIPSum is listed as an alternative be-
cause there is an absence or a reduction
in respiratory effort during apneas and
hypopneas [2–4].

The drawback of RIP belts is that they
are attached to the body and connected

by cables. These belts and all the other
sensors included in a standard PSG are
uncomfortable andmay contribute to the
first night effect (FNE). FNE is a term
used to describe loss of sleep quality
during PSG recordings [5]. Also, the
signals from respiratory belts are often
distorted and more susceptible to sig-
nal loss when patients are moving [2,
6]. In line with this, alternative sensors
have been introduced to measure respi-
ratory effort for the detection of apnea
syndrome, e. g., two Doppler radars were
placed under the mattress to measure vi-
brations to detect apnea and hypopnea
[7]. With Doppler radars, 94% correla-
tion was achieved with PSG scoring for
the respiratory disturbance index (RDI).
RDI reports respiratory events during
sleep, including respiratory effort-related
arousals. The Sonomat system (Sonomat
Pty Ltd, Balmain, NSW, Australia), on
the other hand, uses four electrodes in
the mattress foam in locations near the
abdomen and thorax [8]. The valida-
tion study of the Sonomat system re-
ported a correlation with PSG of higher
than 0.89 for the apnea–hypopnea index
(AHI). Another alternative system is the

SleepMinderTM (Biancamed Ltd, Dublin,
Ireland), using an ultra-low-power ra-
diofrequency transceiver to record respi-
ration [9]. The AHI derived from Sleep-
Minder was shown to have a 91% corre-
lation with PSG scoring.

Another alternative sensor to mon-
itor respiration during sleep is a con-
tactless three-dimensional (3D) time-of-
flight (TOF) camera. A 3D TOF cam-
erameasures the distance of objects in its
fieldofviewwithagivenspatialresolution
and frame rate. The use of 3D cameras

Abbreviations
AASM American Academy of Sleep

Medicine

AHI Apnea–hypopnea index

ERF Effort reduction factor

FNE First night effect

PSG Polysomnography

RDI Respiratory disturbance index

RIP Respiratory inductance plethys-
mography

TOF Time of flight
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Fig. 18 Respiratory effort signal derived from the depth signal of the 3D camera (RespEffort3D) and
polysomnographyduringandbetweenrespiratoryevents. Airflow_Thsignalfromthenasalthermistor,
Airflow_Pr signal from the nasal pressure cannula, RIPSum thorax/abdomen respiratory inductance
plethysmography belts’ signal

Fig. 28 Central apnea as seen in thorax/abdomen respiratory inductance plethysmographybelts
(RIPSum) and the respiratory effort signal derived from the depth signal of the 3D camera (RespEf-
fort3D).Airflow_Th signal from the nasal thermistor,Airflow_Pr signal from the nasal pressure cannula

for medical applications is not entirely
new; previous investigations have been
performed using depth cameras to mon-
itor body movements [10–13]. To our
knowledge, depth cameras for the inves-
tigation of respiratory events were first
introduced in by Falie and Ichim [14],
but no test results from overnight sleep
recordings were provided.

We used a respiratory effort signal de-
rived from a 3D TOF camera to mon-
itor respiration during sleep. With the

camera recording for 30 frames/s, it cap-
tured the depth changes following the
movement of the abdomen and thorax
from a person’s breathing. We investi-
gated whether this respiratory effort sig-
nal derived from a 3D camera is compa-
rable to RIP belt signals. We performed
the following comparisons between the
two respiratory effort signals according
to how RIP belts are used in the AASM
Scoring Manual:

4 absence or presence of effort for
the classification of apneas into
obstructive, central, or mixed

4 decrease in effort for the scoring
of apnea or hypopnea events when
primary sensors are unavailable.

Materials andmethods

Study design and investigation
methods

In this study, 52 full-night PSG and
3D camera recordings of patients with
suspected sleep apnea syndrome from
the Advanced Sleep Research GmbH
(Berlin Clinic) and Kepler University
Clinic (Linz Clinic) were included. The
median age of the patients was 57 years,
the youngest 25 and the oldest 80 years.
There were 20 female patients. Median
body mass index (BMI) was 28.5kg/m2

(range 21.8–45.4kg/m2). This study
was approved by the ethics commit-
tee of the state of Upper Austria (B-
130-17) and the ethics committee of
the Charité—Universitätsmedizin Berlin
(EA1/127/16).

The 3D camera (KINECT V2; Mi-
crosoft, Redmond, WA, USA) setup was
integrated with the PSG to synchronize
recordingtime. Thecamerawasmounted
above thebedsothat it capturedthewhole
bed and the patient.

Apnea and hypopnea events

Overall, 639 apnea and 2235 hypopnea
events were manually scored accord-
ing to the AASM Scoring Manual v2.4
and using the 1B rule for hypopneas.
The scoring task was carried out in
our laboratory, with consultations with
sleep experts from the Medical Uni-
versity of Vienna. These annotations
served as ground truth for our inves-
tigations. From the annotations, there
are 7 recordings with healthy AHI (<5),
15 recordings with mildly disturbed
AHI (5–15), 9 recordings with mod-
erately disturbed AHI (15–30), and 21
with severely disturbed AHI (>30). The
severity category of AHI was based on
the recommendation of the AASM Task
Force [15]. The AHI was computed
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Abstract
Background. Polysomnography systems
used for the diagnosis of sleep respiratory
disorders are comprised of multiple sensors,
including abdomen and thorax respiratory
inductance plethysmography (RIP) belts to
record respiratory effort. However, RIP belts
are known to be susceptible to signal loss. To
resolve this, we utilized a contactless three-
dimensional (3D) time-of-flight (TOF) camera
to monitor respiratory effort.
Objective.We aimed to show that respiratory
effort monitoring can be achieved by 3D TOF
camera recording instead of RIP belts.
Materials and methods. The use of RIP belt
signals is twofold. Firstly, the signals are used
to classify the apnea events into obstructive,

central, and mixed. Additionally, the American
Academy of Sleep Medicine (AASM) Scoring
Manual recommends the scoring of apneas
and hypopneas using RIPSum (the sum of the
abdomen and thorax RIP signals) when the
airflow sensors are unavailable. We therefore
used the 3D effort signal to classify apneas and
compared it to the RIP signal classification.
Reduced effort events from RIP and 3D effort
signals were compared to the apnea and
hypopnea events. Furthermore, the changes
in effort during the events were compared
between the two effort signals.
Results. Classification by 3D effort signal
performed well, with 80% accuracy. It worked
best for central apneas, with an accuracy of

99%. There was a high correlation of r= 0.88
(r≠ 0, p= 0.0001) between the 3D effort
signal events and RIPSum events. There was
also a significant correlation of 0.62 (r≠ 0,
p= 0.0001) between 3D effort signal and
RIPSum in the decrease of effort during apnea
and hypopnea events.
Conclusion.We conclude that respiratory
effort derived from a 3D TOF camera can be
used as an alternative to RIP belts for scoring
of apneas and hypopneas and classification of
apneas.

Keywords
Polysomnography · Apnea · Hypopnea · Sleep
apnea, obstructive · Sleep apnea, central

Messung der Atemanstrengung im Schlafmittels 3-D-Kamera und respiratorischer
Induktionsplethysmographie. Vergleich zweier Methoden

Zusammenfassung
Hintergrund. Die Polysomnographie
für die Diagnose von schlafbezogenen
Atemstörungen verlangt die Montage von
vielen Sensoren am Patienten, u. a. für die
respiratorische Induktionsplethysmographie
(RIP) zur Messung der Atemanstrengung. Die
verwendeten Gurte sind anfällig für Signalstö-
rungen. Die Autoren verwendeten daher eine
kontaktlose 3-D-Time-of-Flight(TOF)-Kamera,
um die Atmungsanstrengung zu messen.
Zielsetzung. Ziel der Studie war es zu zeigen,
dass die Atemanstrengungmit einer 3-D-TOF-
Kamera anstelle der üblichen RIP gemessen
werden kann.
Material und Methoden. Die Signale der
RIP dienen 2 Anwendungen: Sie werden
verwendet, um Apnoen als obstruktiv,
zentral oder gemischt zu klassifizieren. Des

Weiteren erlauben die Regeln der American
Academy of Sleep Medicine (AASM) die
Detektion von Apnoen und Hypopnoen unter
Verwendung des RIP-Sum-Signals (Summe
des Abdomen- und Thorax-RIP-Signals),
falls kein Atemflusssignal verfügbar ist. Die
Autoren verglichen die Klassifikation von
Apnoen mit RIP und der dreidimensional
erfassten Atemanstrengung („3D effort“).
Episodenmit reduzierter Atemanstrengung –
basierend auf den beiden Sensoren – wurden
mit den Apnoe- und Hypopnoe-Ereignissen
verglichen. Des Weiteren verglichen die
Autoren die Änderung der beiden „Effort-
Signale“ während dieser Ereignisse.
Ergebnisse. Die Klassifikationmit dem 3-D-
Effort-Signal erreichte eine Genauigkeit von
80%, für zentrale Apnoen bestand sogar

eine Genauigkeit von 99%. Es gab eine
starke Korrelation r= 0,88 (r≠ 0; p= 0,0001)
zwischen 3-D-Effort-Ereignissen und RIP-Sum-
Ereignissen. Die Signalabschwächungwäh-
rend Apnoen und Hypopnoen zwischen den
beiden Effort-Signalen war auch signifikant
korreliert mit r= 0,62 (r≠ 0; p= 0,0001).
Schlussfolgerung. Aufgrund des ähnlichen
Verhaltens der beiden Effort-Signale kann eine
3-D-TOF-Kamera als Alternative zur RIP für
die Detektion und Klassifikation von Apnoen
verwendet werden.

Schlüsselwörter
Polysomnographie · Apnoe · Hypopnoe ·
Schlafapnoe, obstruktive · Schlafapnoe,
zentrale

using the total sleep time from the PSG’s
hypnogram.

As we are only concerned with apnea
and hypopnea events, when respiratory
events are mentioned in this paper, it
only pertains to these two unless stated
otherwise.

RespEffort3D

RespEffort3D is the respiratory effort sig-
nal derived from the depth signal of the
3D camera. The relevant pixels over the
thoraxandabdomenregionwere selected
automatically and the depth signals of
the selected pixels were then averaged
per frame to create the respiratory effort
signal.

Classification of apnea types

The respiratory effort signals monitored
by the abdomen and thorax RIP belts
were used to classify apnea into three cat-
egories: obstructive, central, and mixed.
Weshowthat theRespEffort3Dsignalcan
be used to classify the events, with the
classification by RIP belts serving as the
ground truth. The RespEffort3D and the
RIP belts signals were visually inspected
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Table 1 Apnea classification by RespEffort3D,with RIPSumclassification as ground truth
Apnea (n= 618) RespEffort3D

Correctly classified Misclassified Classification rate

Obstructive 323 87 0.79

Central 139 2 0.99

Mixed 35 32 0.52

Total 497 121 0.80

RIPSum classification served as the ground truth for the calculation of the classification rate
RIPSum events from thorax/abdomen respiratory inductance plethysmography belts,
RespEffort3D events from the respiratory effort signal derived from the depth signal of the
3D camera

to classify the apnea events. Accuracy
andper-typeclassificationratewerecom-
puted, wherein classification by RIP belts
served as ground truth. In total, 618 ap-
nea events were tested, whereas the re-
maining 21 apnea events were excluded
due to unreliable effort signals due to
body movements.

Effort signals during respiratory
events

According to the AASM Scoring Man-
ual, RIPSumcanbe used as an alternative
sensor when the primary sensors are not
working or unreliable. RIPSum typically
exhibits a decrease in signal during anap-
nea and hypopnea, which is the basis for
scoring. In hypopneas, a 50% decrease
in thoracoabdominal movements is usu-
ally observed and the decrease in apneas
is usually larger [3, 16]. Consequently,
we expect RespEffort3D to do the same,
so that it can be used to score events,
too. In order to compare RespEffort3D
to RIPSum, we computed the size of the
decrease in effort before and during the
event for both signals. This is achieved
by calculating a feature we call the effort
reduction factor (ERF). ERF is the ratio
of the effort during the event compared
to the effort before the event. It is calcu-
lated for every apnea and hypopnea by
the following steps:
1. Create an event segment of the

respiratory effort during an apnea or
hypopnea episode.

2. Create a baseline segment from the
15s segment right before the event.
If an event occurrs within the 15 s
segment, the baseline segment is
shortened from the end of the earlier
event to the start of the current event.

The 15s duration was chosen as we
found this to be the optimal segment
length to estimate the pre-event
baseline.

3. For each segment, calculate the effort
strength from the average peak-to-
peak amplitude of the effort.

4. Calculate the ERF from the ratio
of the event effort strength to the
baseline strength.

Hier steht eine Anzeige.

K

As such, an ERF value greater than 1
means there is an increase in effort dur-
ing the event segment compared to the
baseline segment, while a value of less
than 1 means a decrease in effort during
the event. The ERFs calculated for both
RespEffort3DandRIPSumforall respira-
tory events excluding events with unreli-
able effort signal are tested for correlation
using the Pearson’s correlation coefficient
(Pearson’s r). The significance of the cor-
relation is evaluated for p= 0.0001.

To assess the ability of scoring by Re-
spEffort3D, a simple algorithm to find
events of reduced effort in RIPSum and
RespEffort3D was used. These reduced-
effort events are candidate respiratory
events, as further rules are needed ac-
cording to the AASM manual. The re-
duced efforts from the two sensors were
compared against each other. They were
also compared to the annotated respira-
tory events. Pearson’s correlation coeffi-
cientwasused tomeasure the correlation.

Somnologie 2 · 2019 89
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Fig. 38 Obstructive apnea as seen in thorax/abdomen respiratory inductance plethysmography
belts (RIPSum) and the respiratory effort signal derived fromthedepth signalof the3Dcamera (RespEf-
fort3D).Airflow_Th signal from the nasal thermistor,Airflow_Pr signal from the nasal pressure cannula

Fig. 48 Effort reduction factor (ERF) for all respiratory events between the respiratory effort signals
derived from the depth signal of the 3D camera (RespEffort3D) and thorax/abdomen respiratory in-
ductance plethysmography belts (RIPSum). Each point corresponds to a respiratory event (2235hy-
popneas and 639 apneas).A log10(ERF) below 100means decrease in effort signal during respiratory
events

Results and discussion

This study is based on 52 full-night
recordings including PSG and 3D cam-
era signals. For each PSG recording,
manual scoring was performed accord-
ing to the AASM Scoring Manual v2.4.

RespEffort3D was calculated for all
recordings. RespEffort3D, as shown in
. Fig. 1, is similar to the RIPSum, nasal
thermistor, and nasal pressure cannula
signals from standard PSG during and
between respiratory events, as it mea-

sures the respiration and reduction in
respiration effort.

Classification of apneas by
RespEffort3D

A total of 618 apneas were classified by
the thorax and abdomen RIP belts by
visual inspection using the AASM rules,
serving as the ground truth. The same set
of apneaswere classified by visual inspec-
tion using RespEffort3D. The results of
these classification by RespEffort3D are
shown in . Table 1, with 80% of the ap-
neas classified correctly byRespEffort3D.
Breaking this down into the individual
types, RespEffort3D performed very well
in classifying central apneas, with only
1% error. An example of RespEffort3D
showing an absence of respiratory effort
during a central apnea event canbe found
in . Fig. 2. For obstructive apneas, 79%
were classified correctly. During an ob-
structive apnea event, a decrease in res-
piratory effort in RespEffort3D is com-
monly observed (see . Fig. 3).

Of the 87misclassified obstructive ap-
neas, 83 were classified as central and the
remaining as mixed. Of the 32 misclas-
sified mixed apneas, 28 were classified
as central apneas and 4 as obstructive.
This misclassification of obstructive and
mixed apneas as central only happened
in 14 recordings, and in three of these,
misclassificationismoreprevalent. How-
ever, no distinguishable pattern can be
seen among these recordings with re-
spect to the patients’ BMI or their body
position during sleep. One explanation
for no effort seen in RespEffort3D for
obstructive and mixed apnea is paradox-
ical breathing, which is the out-of-phase
movement of the abdomen and thorax
[4]. Inorder to improve the classification,
it might be worthwhile to separate the
3D-derived effort signal into abdomen
and thorax parts in future work.

In contrast toother classification stud-
ies, 90% test accuracy was achieved by
using the thorax effort signal to train
a neural network model [17]. A 73.1%
classification accuracy was reported in
one study using midsagittal jaw motion
[18]. In the current study, no algorithm
was yet developed for apnea classifica-
tion using RespEffort3D, but the visual

90 Somnologie 2 · 2019



Fig. 59 Respira-
tory effort signal
derived from the
depth signal of the
3D camera (Resp-
Effort3D) events vs.
respiratory events.
Every point corre-
sponds to a single
recording, red line is
x= y

Fig. 69 Respira-
tory effort signal
derived from the
depth signal of the
3D camera (Resp-
Effort3D) events vs.
thorax/abdomen
respiratory induc-
tance plethysmog-
raphy belts (RIP-
Sum) events. Each
point corresponds
to a recording, red
line is x= y

inspection method already provided in-
formation on the capability of RespEf-
fort3D,where 80% is a good indicator. As
such, in order to improve accuracy, sepa-
rating theRespEffort3D into its abdomen
and thorax parts is important for better
classification of mixed and obstructive
events.

Effort signals during respiratory
events

The ERFs of all apnea and hypopnea
events were calculated for both RIPSum
and RespEffort3D and compared to each
other. . Fig. 4 shows the ERF score com-
parison between RIP and RespEffort3D,
where each point corresponds to a respi-
ratoryevent. Betweenthe tworespiratory
effort signals, Pearson’s r is 0.62 (r≠ 0,
p= 0.0001). This suggests similarity in

behavior during respiratory events and
validates the decrease in RespEffort3D
similar to RIPSum. The average decrease
in RIPSum during hypopneas is 54 and
51% forRespEffort3D,which is not far off
thereported50%reductionineffort inthe
thoracoabdominal movement [16] and
thereported50%reductioninpolyvinyli-
denefluoride belts’ sum(PVDFSum), an-
other alternative sensor [3]. On the other
hand, the average decrease in effort dur-
ing apneas of all recordings for RIPSum
and RespEffort3D is 72 and 73%, respec-
tively. In the literature a 90% reduction
was reported forPVDFSuminapneas [3].
Thedecrease inRespEffort3Dby less than
90% can be attributed to the continuous
breathing during obstructive apneas. In
some events an increase is observed for
both RespEffort3D and RIPSum; how-
ever, this is not surprising, because as

specified in [1], continuous or increased
inspiratory effort occurs in obstructive
cases.

In order to strengthen our claims that
RespEffort3D can score apneas and hy-
popneas, weappliedasimplealgorithmto
find events of reduction ofmore than 10s
toRespEffort3DandRIPSum. In. Fig. 5,
the number of RespEffort3D events per
recording is plotted against the number
of apnea and hypopnea events. There is
a moderate correlation between the two,
with Pearson’s r= 0.75 (r≠ 0, p= 0.0001).
Between RespEffort3D events and RIP-
Sum events there is a moderate corre-
lation of r= 0.78 (r≠ 0, p= 0.0001). Be-
tween RIPSum events and RespEffort3D
events there is a strong correlation of
r= 0.88 (r≠ 0, p= 0.0001), see . Fig. 6.
These events of reduction in the effort
signals serve as candidates for respira-
tory events, as further rules are needed
to score hypopneas. This also explains
the systematic overestimation of the re-
duced effort events. One limitation of
this comparison between reduced effort
events and respiratory events (combina-
tionof apnea andhypopneas) is that there
is no distinction between apneas and hy-
popneas. Further investigation is neces-
sary to identify the difference between
apneas and hypopneas in RespEffort3D.

Our results show that RespEffort3D
decreases similarly to RIPSum during
respiratory events. We found a strong
correlationbetween thenumberofevents
of reduction in RespEffort3D and RIP-
Sum. Taken together, this is a very strong
indication that RespEffort3D can be used
for the scoring of respiratory events, sim-
ilarly to the RIPSum.

Conclusion and recommenda-
tion

Wewere able to derive a respiratory effort
signal, RespEffort3D, from a 3D TOF
camera recording mounted above the
bed. The RIPSum and the RespEffort3D
were shown to have similar behavior for
the two crucial tasks, i. e., classification of
apneas and scoring of respiratory events.
We can therefore recommend the use of
3D cameras as a replacement for the RIP
belts for sleep apnea syndrome screening.
This will lead to a better sleep quality for
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the patients, as the uncomfortable RIP
belt sensors can be omitted.

For future work, deriving separate
abdomen and thorax signals from the
3D TOF camera is worth looking into
to improve the apnea classification rate.
Furthermore, encouraged by the strong
signal drops during respiratory events,
weareplanningto investigate thedescrip-
tive power of the RespEffort3D signal
for the detection of respiratory events
when combined with other noninvasive
sensors.
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