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ABSTRACT

Patients with SMID (severe motor and intellectual disabilities) have severe limb disor-
ders and severe mental disabilities. More than half of their deaths are due to respiratory
disorders. Therefore, it is important to improve respiratory function by respiratory
rehabilitation. The effect of respiratory rehabilitation is generally determined by mea-
suring respiratory function such as tidal volume and respiratory rate with an existing
respiratory function measuring device, an expired gas analyzer. However, the equip-
ment is expensive and requires direct contact, making it difficult to introduce it in
facilities for patients with SMID. Therefore, in this study, we develop a respiratory
function measurement system for determining the respiratory rehabilitation effect of
patients with SMID inexpensively and non-contactly.

In previous studies, various methods for measuring respiratory function without con-
tact have been researched and developed. The method using a depth camera made it
possible to measure the respiratory volume waveform of healthy persons inexpensively
and non-contactly. On the other hand, in order to measure respiratory function, it is
necessary to detect each respiratory phase of maximum inspiratory phase and maxi-
mum expiratory phase from the respiratory volume waveform by respiratory waveform
analysis. However, in patients with respiratory illness, it is difficult to detect each
respiratory phase due to unstable breathing. In addition, in patients with SMID, the
body trembles and moves depending on the symptoms, which makes it more difficult
to detect each respiratory phase. In previous studies for patients with respiratory dis-
eases, it was possible to distinguish between breathing and artifacts by limiting the
range of respiratory abnormalities. However, patients with SMID have a wide range of
respiratory abnormalities that vary from person to person.

Therefore, in this study, we proposed a respiratory waveform analysis method that
enables measurement of respiratory function in patients with SMID by using a depth
camera, taking into account the tremors and movements of their bodies and their wide
range of abnormal breathing. In the proposed method, the criteria for discriminating
between body tremor / movement and breathing are set based on the magnitude of
abdominal displacement and breathing time.

As a result, a simultaneous measurement experiment using a expired gas analyzer



and the developed system showed sufficient performance to evaluate the respiratory
rehabilitation effect in respiratory rate and minute apnea time. In addition, the exper-
iment showed a correlation between the expired gas analyzer and the developed system
in minute volume, and showed that it is possible to measure abnormal respiratory
rhythm.
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Fig. 1.1 Oshima’s classification

Fig. 1.2 Deformed body in patients with SMID
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Fig. 1.7 Respiratory rate waveform measurement system using RGB camera
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(c) Sensors position

Fig. 1.8 Average respiratory frequency measurement system using piezoelectric bed
sensor
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Fig. 1.9 Ventilation waveform measurement system using depth camera
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* g --- Respiratory waveform
* RP --- Respiratory period
* KRR --- Respiratory rate

RR waveform

Fig. 1.10 Flowchart of respiratory rate waveform calculation method by Paul S. Addi-

son et al.
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Fig. 1.11 Flowchart of respiratory rate waveform calculation method by Sean Ermer,
BS et al.
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*  pp --- Respiratory waveform
* PP --- Peak prominence

* DT --- Dynamic threshold

* ST --- Static threshold

* RP --- Respiratory period

* RR --- Respiratory rate

Y
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Fig. 1.12 Flowchart of respiratory rate waveform calculation method by Sean Ermer,
BS et al.
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Monitor

Breath Mask Breath Tube Calibration Gas

Computer

Printer

Fig. 2.1 Cpex-1 and peripherals

Table 2.1 Specification of Cpex-1

Measurement process Breath-by-breath
Size[mm] 200W x 300D x 185H
Weight[kg] 7

tilation rat
Ventilation rate 1 500 (Resolution 0.01)
measurement range[L/min]
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Tube \
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RTX
Respirator
Pressure
Sensor Tube
Fig. 2.2 RTX respirator
Table 2.2 Specification of RTX respirator
Frequency [cycles per minute] 6-1200
I/E ration 1:6 - 6:1
Maximum inspiratory pressure [cmH2O] -50
Maximum expiratory pressure [cmH20)] +50
Power unit weight [kg] 9
Dimensions [mm)] 370W x 260D x 180H

Cuirasses 4 adult sizes, 7 pediatric sizes
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Table 2.3 Subjects information

Case A B C D E

Age [years)| 68 24 67 51 39
Gender Male Male Female Female Male
Height [cm] 157.0 163.5 139.0 132.0 153.5
Weight [kg] 40.8 36.6 43.0 33.8 38.2

Spinal deformity Almost none Severe scoliosis Mild scoliosis Severe scoliosis Mild scoliosis
Oshima’s 1 1 2 1 1
classification

Underlying disease Cerebral palsy Cerebral palsy Cerebral palsy Cerebral palsy Cerebral palsy

(Spastic quadriplegia)
Intellectual disability

Epilepsy
Tracheostomy Simple
tracheotomy
Diagnosis History of

(Spastic quadriplegia)

Intellectual disability —Intellectual disability

Epilepsy

History of

(Spastic diplegia)

Epilepsy

Myocardial infarction

History of

(Spastic quadriplegia)

(Left hemiplegia)

Intellectual disability —Intellectual disability

Epilepsy
Right syringomyelia

History of

Epilepsy

Laryngeal

trachea separated

History of

aspiration pneumonia aspiration pneumonia aspiration pneumonia aspiration pneumonia aspiration pneumonia
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Table 2.4 Results of quantitative evaluation of BCV effects

Before BCV  After BCV. Amount of improvement [%]
Minute volume [ml/min] 3,804+ 1,080 5,316+ 1,236 40
Standard deviation of

) , 2,006+ 1,278 1,704+ 1,146 33
minute volume [ml/min]|

Minute apnea time [s/min] 322+ 8.4 8.0+ 12.2 75

gogbbobbbuodgoogobbobbodoooogoboobbooooooan
gbboodggosugbbuobbuooogboooboobobool1bbuogo1odaon
O0100002000004000000000 Table250000

Table 2.5 Results of quantitative evaluation of prone position effects

Before prone position After prone position Amount of improvement [%]
Minute volume [ml/min]| 3,600+ 1,326 5,616+ 1,308 56
Standard deviation of

) ) 2,838+ 1,308 2,058+ 1,100 27
minute volume [ml/min]

Minute apnea time [s/min] 225+ 14.7 11.7+ 16.5 48
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Table 2.6 Respiratory pattern of subjects

Case Respiratory rate [bpm] Tidal volume [ml] Respiratory pattern
A 22 329+ 90 Cheyne-Stokes
B 18 297+ 24 Shallow
C 14 551+ 216 Cheyne-Stokes or Irregular
D 27 214+ 28 Tachypnea and Shallow
E 12 346+ 97 Hypopnea
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Fig. 3.1 System configuration
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Depth Sensor
(IR Projector + IR Camera)

Color Camera

Fig. 3.2 Kinect

Table 3.1 Kinect specification

Resolution of Color 640 x 480 , 30fps
Resolution of Depth 320 x 240 , 30fps
0.8014.0
Range of Depth[m] (Near Mode 0.40 )
(Extended Depth 0 10.0)
Range of Detection|[m] 08040
(Near Mode 0.40 3.0)
Angle[ ° | Horizontal 57 , Vertical 43
Tilt Motor O

Table 3.2 Kinect operating requirements

OS Windows7 or later
Compiler  Visual Studio 2010 or later
Connector USB 2.0

CPU Dual-Core 2.66GHz or more
GPU DirectX 9.0c

RAM 2.0GB or more
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Fig. 3.3 Kinect and depth image coordinate system
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Fig. 3.16 Thresholds and feature points used for respiratory phase detection in Naka-
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A: Artifact

Find b

* g -+ Respiratory waveform
* A -« Difference waveform of respiratory signal
* gg - Threshold for valley depth of Av
* .- Threshold for respiratory time
*  p - Peak of respiratory waveform
b --- Bottom of respiratory waveform

Fig. 4.1 Flowchart of respiratory waveform analysis algorithm
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Fig. 4.10 Results of bottom detection in respiratory signal difference waveform
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Fig. 4.11 Results of bottom detection in respiratory waveform
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