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Figure 4. Variations of accelerations which were measured with (a) no filtering, (b) filtering once,
(c) filtering twice and (d) filtering thrice.

2.4. Evaluating the accuracy of respiratory monitoring

Respiratory monitoring was performed by the given respiratory motion. In this study, equation
(1) was adopted as the reference waveform, where A was kept constant at 5 mm, and T was
varied from 3, to 4 and 5 s. QUASAR™ was used for a physical representation of the thoracic—
abdominal wall motion, which has a maximum vertical displacement of 10 mm. This motion
was measured five times with the iPod touch® during 3, 4 and 5 s periods of 5 breathing
cycles. The respiratory motion data were recorded at a rate of approximately 60 Hz with the
iPod touch®.

In order to evaluate the accuracy of respiratory monitoring with the iPod touch®, the
absolute means + SD for the displacement and the period were calculated. All measured
waveforms were then shifted to the appropriate point on the reference waveform along the
time direction due to the unclear initial time. Because the synchronization between the
acceleration sensor of the device and the motion control system of the phantom could not
be performed, the initial time was not acquired. Periods were defined as the time from
0 mm amplitude of a cycle to 0 mm of the next cycle. Next, the absolute means &+ SD for the
displacement and the period were calculated based on the changes in the displacement and the
period of the measured waveforms with respect to their corresponding reference waveforms.

3. Results

Figure 4 shows differences in the accelerations measured at (a) no filtering, (b) filtering
once, (c¢) filtering twice and (d) filtering thrice. Figure 4 shows that the greatest changes
in acceleration (range, —0.53-0.36 m s™2) occurred during no filtering (a) and gradually
smoothed out between (b) and (d). The mean accelerations &= SD and variation coefficients
are shown in table 1. The results show clearly that the absolute variation coefficients gradually
become smaller between (a) and (d). The mean accelerations =+ SD of (¢) and (d) were almost
the same because the root mean squares (which were calculated from results for the mean
accelerations £ SD) for both of them were 0.0029 m s~2. Figure 5 shows the effects of the
low-pass filter for the 3 s period. All measurements started at 0 mm. Note that the peak
displacements decreased and the time delays increased between (b) and (d). This trend did
not change even with the passing of time. Table 2 shows the absolute means = SD in the
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Figure 5. Low-pass filter effects measured for (a) no filtering, (b) filtering once, (c) filtering twice
and (d) filtering thrice for the 3 s period. All measurements started at 0 mm.

Table 1. Mean accelerations == SD and variation coefficients.

Mean acceleration & SD (g m™)  Variation coefficient

(a) No filtering —0.0008 £ 0.0148 -7.52
(b) Filtering once  0.0017 £ 0.0034 2.07
(c) Filtering twice ~ 0.0018 £ 0.0023 1.37
(d) Filtering thrice  0.0022 £ 0.0019 0.96

Table 2. Absolute means == SD for 3-, 4- and 5 s periods of the reference waveform.

Reference waveform

(a) No filtering versus periods (sec)
3 4 5

Differences in displacement (mm) (b) Filtering once 0.25 0.15  0.10

(c) Filtering twice 048 029 0.19

(d) Filtering thrice 0.69 042 0.28
Differences in time (sec) (b) Filtering once 0.15 0.15 0.15

(c) Filtering twice 028 030 0.30

(d) Filtering thrice 042 043 045

displacement and time at 3, 4 and 5 s periods of the reference waveform. Note that differences
in displacements increased for all periods between (b) and (d) and that displacement for the 5 s
period is the smallest. On the other hand, although differences in time increased for all periods
between (b) and (d), they are almost same for all periods. From these results, a low-pass filter
was used twice in this study.

Figure 6 shows waveforms which were measured at (i) 3-, (ii) 4- and (iii) 5 s periods of the
reference waveform. The graphs show comparisons between waveforms measured with the
iPod touch® (blue solid line) and on the reference waveform (red dashed line) for 5 breathing
cycles. The difference between the measured waveform and the reference waveform was
shown by a green solid line. In figure 6 (i), the waveform measured with the iPod touch® shows
rather good agreement with the reference waveform, although there are some differences (more
details will be discussed in the following chapter). Compared with figure 6 (i), figure 6 (ii)
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Figure 6. Waveforms measured at (i) 3, (ii) 4 and (iii) 5 s periods of the reference waveform. The
graphs show comparisons between the waveforms measured with the iPod touch® (solid line) and
on the reference waveform (dashed line). The difference between the measured waveform and the
reference waveform is shown by a green solid line.

and (iii) show only minor differences, and good agreement overall with the reference waveform.
Table 3 shows the absolute means £ SD of differences in displacement and period between a
waveform measured with the iPod touch® and the reference waveform. The absolute means
+ SD for displacement during the three periods were (i) 0.45 &+ 0.34 mm, (ii) 0.33 & 0.24 mm
and (iii) 0.31 4 0.23 mm. The value for the displacement of the 3 s period was larger than
for the 4 s and 5 s periods. On the other hand, the absolute means £ SD for the three periods
were (1) 0.04 £+ 0.09 s, (i1) 0.04 4= 0.02 s and (iii) 0.06 & 0.04 s, showing that values for all
periods were almost same.

400



Respiratory monitoring with an acceleration sensor 6287

Table 3. Absolute means = SD of differences in displacement and period between a waveform
measured with the iPod touch® and a reference waveform.

Reference waveform periods (sec)
3 4 5

Displacement (mm) 0.45+0.34 0.33+024 0.31+£023
Period (s) 0.04 £0.09 0.04+£0.02 0.06+0.04

4. Discussion

4.1. The feasibility of respiratory monitoring

The feasibility of respiratory monitoring using an acceleration sensor (iPod touch®) was
evaluated in this study. In theory, a smoother waveform can be obtained by using a low-pass
filter many times, but the results in table 1 indicate that the outcomes for filtering two and
three times were almost the same. Taking into account weakening of signals and time delays,
it was considered optimal to use the low-pass filter twice. The effects of weakened signals
and time delays depend on the sampling rate, with a large number of samples diminishing
the effects. For this study, the maximum sampling rate was approximately 60 Hz. Figure 6
shows that there were weakened or distorted signals, especially for the 3 s period, for the
following three reasons: (1) acceleration noise, (2) effect of the low-pass filter as shown in
table 1 and (3) lack of uniformity in the sampling rate. The first reason is illustrated in figure 1,
which shows that the low-pass filter could not completely reduce the noise because the
acceleration was very noisy. Acceleration was recorded with the system used for this study
at a rate of approximately 60 Hz, but it was not uniform and occasionally the recording rate
varied between 30 and 120 Hz. This lack of uniformity thus produced distorted signals. The
results in tables 2 and 3 make it clear that the 5 s period yielded the most accurate signals, so
that the longer time period is suitable for respiratory monitoring.

Christoph et al (2005) compared the accuracy of RPM and 3D surface imaging by using
a stepping-motor-driven vertical stage which produces a reference waveform. The absolute
mean == SD was 0.03 & 0.04 mm for the RPM and 0.11 &= 0.15 mm for the 3D surface imaging
system (in this case, motion periods were 2—6 s and amplitudes were 1-5 mm). On the other
hand, the corresponding value obtained in our study was 0.36 £ 0.27 mm (calculated from
table 3 as the average of the 3-5 s periods). However, even though the RPM and 3D surface
imaging systems were more accurate than the iPod touch®, our study system is sufficiently
accurate for performing respiratory monitoring and has advantages which the other two do not
have (these will be discussed in section 4.2).

Our system suffered from time delays because the low-pass filter was used twice to reduce
noise of acceleration measurements (figure 5 and table 2). While a smoother respiratory signal
can be obtained by adjusting the filter, this would further increase time delays in the respiratory
signal. Time delays could not be measured in real time because it was difficult to start
measuring the iPod touch® waveform and QUASAR™ waveform at the same time. However,
with perform respiratory coaching any difficulties can be overcome, so that the system used
in this study is sufficiently accurate for improving the reproducibility of respiratory motion.

4.2. Advantages of using the iPod touch®

There are three advantages to using the iPod touch®. First, a portable consumer electronic
device (CED) such as the iPod touch® was used in this study. The accelerometer in the CED is
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Figure 7. Example of the setup for respiratory training using the iPod touch® and a head-
mounted display. The iPod touch® is used for respiratory monitoring and visualization of the
respiratory signal. A head-mounted display is used to display the iPod touch® screen to a patient
(biofeedback). The support bar and the acrylic plate are affixed by a hinge brace.

quite poor, and even inexpensive devices found in electronic fields are more suitable. Rather,
the novelty is the fact that an ordinary CED such as the iPod touch® can be repurposed in this
way.

Second, signal detection and signal processing are possible without an external PC because
an acceleration sensor is built into the iPod touch® and the required application could be
installed with the iPhone software development kit, which provides a variety of original
applications. The software was written in Objective-C and special or expensive equipment is
not needed because the system used in this study was developed with the iPod touch® only.

Third, the respiratory waveform could be output by connecting the iPod touch® with a
head-mounted display. For monitoring the respiratory motion and for respiratory coaching,
special or expensive equipment is currently needed. For example, for the RPM system, a
charge-coupled device (CCD) camera, a reflective marker, and a computer for processing the
data and an output imaging device (for example, a visual screen or a head-mounted display)
are needed. In the actual setup, the computer tracks the reflective marker placed on a patient’s
abdomen by means of a CCD camera and transforms the movement of the reflective marker
into a waveform. The output imaging device then shows the patient’s respiratory motion.
Several investigators have developed devices for respiratory training and reported on their use
(Zhang et al 2003, George et al 2006, Kini et al 2002). However, some of these devices require
special or expensive equipment and the area for respiratory coaching is limited. Using the
iPod touch® and a head-mounted display may make respiratory coaching easier to perform.
Figure 7 shows an example of a setup for respiratory coaching using the iPod touch® and
a head-mounted display, in which the iPod touch®, which is placed on the acrylic plate, is
used for respiratory monitoring and visualization of the respiratory signal while the patient
can see the iPod touch® screen on a head-mounted display (biofeedback). The support bar
and the acrylic plate were affixed by a hinge brace, so these positions did not change. On
the other hand, the contact point of the acrylic plate against the abdomen was not affixed. A
smooth plate was placed on the abdominal surface. The acrylic plate could slide on the smooth
plate. Because this respiratory coaching tool is portable and inexpensive, patients can perform
respiratory coaching at home or in the hospital ward and access training more frequently.
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5. Conclusion

In this study, the feasibility of a respiratory monitoring system using an acceleration sensor
was evaluated. The accuracy of respiratory monitoring with the acceleration sensor was
satisfactory, judging from the results for the absolute means & SD. Using the iPod touch®
for respiratory monitoring does not require any special equipment and makes respiratory
monitoring easier. For these reasons, this system is viable for respiratory monitoring.
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