ERERGEIAXFEEF LRI (FI)
REREREBUAFHERETLIRE

CLINICAL APPLICATION OF
WEARABLE STRAIN SENSOR ON
RESPIRATORY MEASUREMENT IN HEALTHY
PARTICIPANTS AND INDIVIDUALS
WITH BREATHING PROBLEMS

R 30 £

REERFER - BEFREFSEH - CREFRAFMEE
FEEHS 0 1653069 K4 : LIU HAI JUAN

MREEHE fl 27 #Hiz
BT RIEEH A NEFE Y FEED



REELFREEEOFEAEICSTIERREN Y DERKKA

FE & - LIU HAI JUAN

EH:

KRBEME Y (LIT WSS) (F, FIREFDHLLVEAIEY—ILTHSH, WSS DRTIE. &RE. T
AMDRE.EIARM &K 5 BORN YT ZREPIREOHIFIGLICERATEETHS. AHRDE
MIF. BEESIOTREHETOFEREIEICE TS WSS OFRKRISAZEIREITH2ETHD,

AT, B 175 AORREBTITHONT, HE 1 T, BBERTOFEMDI=-OIZFT=IFAFE NI
WSS ZRUT, MFIREENEIE DIEEMHEZ B DR EIT oz, IE 2 TIL, WSS THLN=IMFIE
BT ALY EABEERETE-ODRELEARIMLER DITH2ETHD, AR 3 TIL. MEFIZEK
BIER/NE—2 DEILERETTTHIETHS, A 4 TlE, WSS ZRULV-FEH 56815 (LLTF CSC) &
EOWE - BEODEILDATERETHETHD,

AR 1.2 DFERKIYFRBIERIC WSS DS LMEEMEZ SN ERSINT, £, F 10 EI1E.
WSS TOHIE-FEERDHET—2LMEELAELGMRELNALNTz, BT 3 OFERIE. WSS [Z&YND
ERIC KU/ XA —2 Y SRRICEARL TSI EERLIZ, IR 4 OFERIE. WSS DBIFEIZKY CSCI
BEANDOMEREERICHELEENREERERLI,

ARIZEY WSS (I, BRARBSETOFRESOEHRTEEL TEHAEEDRZEIVMEZIZK
HEFLWVAEY—ILEEZ NS,

R EEB LY | IR BRI A



Clinical application of wearable strain sensor on respiratory measurement

in healthy participants and individuals with breathing problems

Author: LIU HAI JUAN

Abstract

A wearable strain sensor (WSS) is a new measuring tool of respiratory movement, the merits of WSS
include high sensitivity, durable stability, low cost, a maximal stretch up to 5 times, and easy to use without
limitations of posture or environment. The aim of this research was to verify clinical application of WSS on
respiratory measurement in healthy participants and individuals with breathing problems.

Four linked studies were conducted with total 175 participants. The first study was to confirm the
reliability and validity of measuring respiration movement using WSS which has been developed newly for
clinical objective assessment. The second study was to find the best body spot to detect the vital capacity
from the respiratory movement data obtained by WSS. The third study was to explore change of breathing
pattern by aging. The fourth study was to determine measuring changes of chest-abdomen wall in
individuals with cervical spinal cord injury (CSCI) using WSS.

A high degree of reliability and validity for WSS was interpreted during respiratory measurement. The
10" rib is the best body spot to detect the positive significant correlation between the expansion data of the
chest-abdomen obtained by the WSS and the vital capacity data obtained by the spirometer. The results of
third study indicated that the different people’s breathing pattern in the progress of getting older are slowly
changing with advanced age. And last results of fourth study revealed that trends for improvement on chest
wall expansion following respiratory exercise were measured in individuals with CSCI by WSS.

A summary of all studies had been done, it is considered that WSS will replace inspection and palpation

in physical examination as an objective measurement for respiratory movement in clinical practice.

Key words: Wearable strain sensor, Respiratory measurement, Clinical application



NO

Chapter 1

TABLE OF CONTENTS
Topic
Abstract
Table of Contents

INTRODUCTION

1.1 Background

1.2 Previous studies

1.3 Rationality

1.4 Innovations

1.5 Hypotheses

1.6 Originality of the thesis
1.7 Implication of the thesis
1.8 Aim and objectives

1.9 Ethical consideration

Chapter 2 RELIABILITY AND VALIDITY OF MEASURING RESPIRATION MOVEMENT

USING A WEARABLE STRAIN SENSOR IN HEALTHY PARTICIPANTS
2.1 Introduction and purpose

2.2 Participants and methods

2.3 Results

2.4 Discussion

Chapter 3 THE BEST BODY SPOT TO DETECT THE VITAL CAPACITY FROM THE

RESPIRATORY MOVEMENT DATA OBTAINED BY THE WEARABLE
STRAIN SENSOR

3.1 Introduction and purpose

3.2 Participants and methods

3.3 Results

3.4 Discussion

Chapter 4 APPLICATION OF USING A WEARABLE STRAIN SENSOR ON

RESPIRATORY EVALUATION IN PHYSIOTHERAPY
---CHANGING WITH AGING IN BREATHING PATTERN
4.1 Introduction and purpose

4.2 Participants and methods

4.3 Results

4.4 Discussion

Page

© 00O oo A O PR

10
11
13
14

14
15
18
21
23

23
24
26
28
30

30
32
34
36



Chapter 5

Chapter 6

Chapter 7

MEASURING THE CHANGES OF CHEST-ABDOMEN WALL IN INDIVIDUALS
WITH CERVICAL SPINAL CORD INJURY USING WEARABLE STRAIN SENSOR
5.1 Introduction and purpose

5.2 Participants and methods

5.3 Results

5.4 Discussion
FOREGROUND EXPECTION---THE WEARABLE STRAIN SENSOR IN CASE OF
APPLICATION

6.1 Advantages of wearable strain sensor in case of application

6.2 Discussion

CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

7.2 Recommendations for service provision and future research

ACKNOWLEDGEMENTS
REFERENCES
RESEARCH PERFORMANCE  List of Publications

Conference Presentations

38

38
40
43
45
47

47
47
48
48
50

51
52
57
57



Chapter 1 INTRODUCTION

1.1 Background

On the basis of report from the official statistics of the National Health Commission of China in 2015,
the morbidity of respiratory disorders amounted to 6.94%. 92 million patients suffer from various
respiratory diseases every year in China. However, the diagnosis rate of less than 35 percent was due to the
patients’ reason Y. According to a report from the National Health Commission of China in 2016, the
mortality of the chronic respiratory diseases was sixty-nine thousand that ranks the 4™ for chronic diseases

in China?.

Among the all, the smoking and aging are two major contributors to respiratory diseases in China. By the
end of 2025 there will be two million smokers, and the population of elderly people will be predicted to
four million®. Furthermore, the harm of smog to people’s respiratory system in recent years should not be

ignored either. PM 2.5 of annual average value in 2016 reached to 83.2p/m®in Beijing?.

Another two diseases leading to high morbidity of respiratory disorders are cervical spinal cord injury
(CSClI, 55%) and thoracic spinal cord injury (TSCI, 15%)5®. And the next two are brain stem hemorrhage
(BTH) which accounts for 10% of the intracerebral hemorrhage (ICH) and severe traumatic brain injury
(TBI), which accounts for 10-30% of the multiple injury”®. Although these diseases are relatively small in

number, it is still the target patients of respiratory monitoring because of their high mortality and disability.

In fact, the early symptoms of respiratory diseases are not obvious and not easy to detect, so the biggest
issues are missed diagnosis and misdiagnosis, therefore convenient and objective tools for accurate

diagnosis are badly needed.



1.2 Previous studies

1.2.1 Existing instruments for pulmonary functional test in clinical application

Among all means, spirometer is the most frequently used means to measure and trace changes in
pulmonary function and to measure the volumes and airflow of the vital capacity. Other techniques and
sophisticated instruments such as inductive or opto-electronic plethysmography, computed tomography or
video systems have also been used for these purposes®'®. However, these instruments are seldom applied
for general clinical practices due to their high cost, long waiting time and limitation to patients in moving

conditions as well as patients with cognitive disorders.

1.2.2 Instruments with low cost to measure respiratory movement
Measuring the chest expansion is a simple and practical method for assessing people’s respiratory
function. Especially for patients with restrictive pulmonary disorders, which were characterized by a
decrease in total lung capacity. It’s a chest deformity or a variety of causes that reduce the elasticity of the
lung, decrease chest wall compliance, restrict lung expansion?. The restrictive pulmonary diseases include
such as pulmonary fibrosis, atelectasis after chest trauma, pneumoconiosis, post-pneumonectomy, and so
on?. Shobo A, et al. found that there was a highly positive correlation between the chest expansion and
changes of the chest volumes as indicated by the changes of the chest-abdomen wall'*?. Following this
finding, some new devices with low cost were developed, such as, respiratory movement measurement
instrument (RMMI), breathing movement measuring device (BMMD) and 3D motion analysis system*3),
but the application of these instrument needs special experimental environment or complex settings. A scale
can also be used to measure the breathing movements, but it relied on the experiences of human assessors,
s its results are not quite reliable®).
A simple and practical method is using a measuring tape to assess the mobility of the chest-abdomen
wall 131 put its process is painstakingly long, which may increase the fatigue of both patients and medical

workers.

1.2.3 Sensors based on five different principles available for the respiratory measurement

Nowadays, there are sensors based on five different principles available for the respiration measurement
i.e. based on the principles of wave, optical, temperature, pressure, and resistance. However, the
instruments based on these principles still have some limitations, such as, being unable to carry, no
movement during the test, making patients feel suffocated and dizzy, requiring complex setting during the
test, combining nostril breathing with mouth breathing of patients, being fragile, having uncomfortable to

the body of patients, etc.



1.2.4 WSS use for respiratory measurement and its advantages

Wearable strain sensor (WSS) based on the principle of resistance strain was developed in 2016, which
features high sensitivity, high stretch ability, low cost, a tolerable strain of more than 500%, easy to use and

no limitations to postures and environment® in Fig. 1.

Fig. 1. The photographs of a strain sensor connected with a light



1.3 Rationality

1.3.1 WSS using carbonized silk fabric (CSF) exhibits fast response, low creep, and high durability.
Relative resistance changes of the CSF strain sensor for cyclic loading in the strain ranging from 2 to 10%
at the frequency of 1.25Hz can guarantee its immediate response® in Fig. 2.
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Fig. 2. Resistance performance for different strain of CSF



1.3.2 WSS using CSF is the optimal choice to detect respiratory movement compared with other sensors
based on other strain principle.

The performance of different materials based on strain principle is represented by gauge factor (GF)
and strain range (SR), Dan-Yang Wang et al. showed that an optimal value (OV) of strain sensor equal to
the square root of GF multiplied by SR, (e.g. OV=VGF X SR)?. The optimal values of different strain
sensors demonstrate a good balance between the high sensitivity and the large strain. Although the laser-
scribed graphene and nanomaterial-based sensor have a high optimal value in Table 1, the fabrication

process is complicated with high cost and may generate environmentally hazardous.

Table 1: The comparison of strain sensors based on different materials

Different materials GF SR Optimal Value
Carbonized silk fabric™ 37.5 500% @
Electrospun carbon nanofibers*® 72.0 300% 15552
Laser-scribed graphene®® 402.4 7.5% 12150
Carbon nanotube thin film?? 48.0 300% 6912
Graphene-elastomer?? 82.5 100% 6806
Carbonized cotton fabric? 64.0 140% 5734
Three-D graphene foam?? 98.7 30% 2922
Thin Elastomer film?® 116.0 20% 2691

GF: Gauge factor. SR: Strain range



1.4 Innovations

1.4.1 The development of an innovated WSS

In 2016, a WSS was developed to detect a group of heathy male participants’ breathing movement in
laboratory environment, which was monitored for both the quiet breathing cycles in relaxation and the
quick breathing cycles after doing exercises'® in Fig. 3. However, it had not been clinically used. In view
of that, WSS was further developed and adopted for clinical application in the objective respiratory

measurement.
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Fig. 3. Detecting the chest wall expansion for breathing movement using WSS



1.4.2 Innovation of medical service pattern

The way of application of the WSS for detecting respiratory movement is pattern-oriented. The first
pattern is developed for hospital (medical service), and then the next patterns are for residential
communities and families (self-assessment). This is also one of innovations in Star Medical Service Model
(SMSM).



1.5 Hypotheses

1) The WSS is a reliable and valid measurement tool to detect the respiratory movement for healthy male
participants.

2) The WSS can be applied to clinical practice as an objective quantitative measuring approach in
participants with breathing disorders (e.g. the healthy senior people, individuals with cervical spinal cord

injury)



1.6 Originality of the thesis

1) As an objective standardized tool, the WSS is experimented in the clinical settings for the first time in
China.

2) Though the WSS for breathing movement had already been detected in the laboratory settings, it was yet
to be improved and adapted to the clinical settings. In the preliminary measurement, the measuring length
of WSS was suggested to be 5% of human axilla circumference (5%AC) after repeated tests. In view of that
the WSS was developed not only for convenient application but also cost efficiency so as to be promoted to

the market in the future, so the measuring length of each sensor was finally determined to be 3.5 CM.

3) The wireless connection to computer as a terminal for receiving sensor signals through Bluetooth, which
is not quite convenient for family self-measurement, so it is considered to use smartphone instead of
computer for the future.



1.7 Implication of the thesis

1) As a terminal of collecting sensor signals, the widely-used smartphone is much more convenient for
people having breathing disorders in residential communities or families, and it collects data much faster.
The data is to be stored real-time in the Cloud-based warehouse online and to be provided with basic

support for the big data platform of breathing measurement.

2) The WSS to detect respiratory movement is just a starting point. Mobile Internet Device as a platform,
combining breathing measurement with medical intervention, to achieve a real-time and full-time medical

attention for patients in residential communities and families, thus forming a remote monitoring network.

3) The big data platform for breathing data obtained by the WSS is the basis of precision medicine

evaluations.

10



1.8 Aim and objectives

1.8.1 Aim
To verify clinical application of wearable strain sensor on respiratory measurement in healthy participants

and individuals with breathing problems

1.8.2 Objectives

1) To confirm the test-retest reliability coefficients and the validity of WSS on measuring respiration
movement in healthy male participants

2) To compare the correlation between WSS and spirometer on measuring respiration movement in healthy
male participants, then to find the best body spot (10" rib) to detect the positive significant correlation on
the chest -abdomen wall

3) To explore change of breathing pattern by aging using WSS among different age groups

4) To assess changes of chest-abdomen wall after respiratory exercise in individuals with CSCI using WSS

11



Outline map of research objectives

Study 1 WSS comparing with a traditional and accepted measuring tape on breathing measurement

To confirm the reliability and validity of WSS

Study 2 WSS comparing with spirometer which is an international standard tool for respiratory

function assessment

—

To compare the correlation between WSS and spirometer, then to find the best body

spot (10" rib) for detecting the positive significant correlation

Study 3 Comparison among different age groups on breathing pattern

N

To explore change of breathing pattern by aging using WSS

y

Study 4 Measuring difference between before intervention and that of after using WSS

A

 ——

To assess changes of chest-abdomen wall after respiratory exercise in individuals

with spinal cord injury (CSCI)

y

Summary

L.

All hypothesizes were determined, WSS can be used to clinical application.

12




1.9 Ethical consideration

This study has been performed with the following consideration for medical ethics.
1) The purposes of this study are fully explained to all participants and their help-givers.
2) The written consent and verbal informed assent are taken.
3) All participants are free to accept or refuse take part in the study and have right to withdraw from the
study at any time.
4) No charge from nor incentive to participants.
5) The results of this study are confidential and the findings are used only for the health care purpose and
the relevant research
The certificate of Ethics was issued by the International University of Health and Welfare (IUHW),

Ohtawara campus, Japan on 28" November 2016.

The ethical approval letter for this study was issued by the Ethics Review Committee (ERC) of IUHW
on 24" March 2017 with the approval number 16-10-176 and 16-10-177 and on 14" April 2017 with the
approval number 16-10-237 and 16-10-238.

The ethical approval letter for this study was issued by the Ethics Review Committees (ECR) of China
Rehabilitation Research Center (CRRC) on 7' February 2017 with the approval number (CRRC-IEC-RF-
SC-005-01).

1.9.1 The Sustaining Confidentiality

The examiner record forms of the WSS data includes name of participants. However, the name of
participant belongs to privacy, so it is deleted and replaced by codes according to the procedure. All data
from assessment sheets are to be transformed into electronic data, which includes video recording of
participants, then the data are copied into a computer with password for assessment at the end of each day.
The assessment sheets have been kept in a safe locker of the Department of Physiotherapy in the CRRC,
Beijing China. All documents and electronic data shall be kept confidentially for three years before they are
deleted.

The information about participants shall not be shared to anyone out of the research team. The
information collected from this research project belongs to the privacy of participants. The information
recorded is confidential, and no one else except the main researcher has access to it. Any information about
any participant had a code on it instead of the participant’s names. Only the main researcher knows to

whom the code belongs. The last but not the least, the information may not be shared with anyone.

13



Chapter 2 RELIABILITY AND VALIDITY OF MEASURING
RESPIRATION MOVEMENT USING A WEARABLE STRAIN SENSOR
IN HEALTHY PARTICIPANTS

2.1 Introduction and purpose

Respiration movement is an important component in the assessment of pulmonary function. In clinical
practice, respiration movement is generally assessed by inspection and palpation in the physical
examination, which not only provides real-time observation but does not require any other special
measuring devices. Nevertheless, physical examinations are not quantitative, but qualitative analysis based
on the experience of a particular examiner. Measurement devices include a magnetometers®®, respiratory
inductive plethysmography?”, optoelectronic plethysmography%28-3D and respiratory movement measured
devices®33, which can be applied for quantitative measurement. Because of the high cost and the complex
settings of those devices, they are not suitable for clinical practice sometimes. A scale to assess breathing
movements which was only depended on the experiences of the assessor, may not have sufficient
reliability™®.

Measurement of chest expansion is a simple and practical method for assessing participants’
respiratory function. Shobo A et al. found that there was a highly positive correlation between chest
expansion and changes in the chest volumes at all indicated locations'**?. However, measuring devices of
chest expansion were both 3-dimensional motion analyzer and a spherical reflective marker, which were
required to conduct in a special experimental environment. It is inconvenient for patients in a clinical
setting. The difference of chest expansion between the maximum exhalation and maximum inspiration
measured chest circumferences at axilla, xiphoid process and 10" rib was correlated with respiratory
function®. The procedure of measurement would take a longer duration, which may increase the fatigue of
patients. Therefore, a wearable strain sensor (WSS) was developed for easier to use and more objective
measurement of chest expansion in a clinical setting. The purpose of this research is to verify the reliability
and validity of measuring respiration movement using a wearable strain sensor (WSS) which has been

developed newly for clinical objective assessment.

14



2.2 Participants and methods

The study was conducted at Shanghai Jiao Tong University. Twenty-one healthy male students were
recruited from the university in this research, the characteristics of whom were shown in Table 2, and those
with a history of respiratory, circulatory, or neurological disorders were excluded. The study was approved
by the Ethics Committees of International University of Health and Welfare (No.16-l0-176 and 177) and
China Rehabilitation Research Center (CRRC-IEC-RF-SC-005-01). All the participants signed their

informed consent.

Table 2. The characteristics of all male participants in this study. (n=21)

Mean+SD

Age (yrs) 24.0£2.7

Height (cm) 173.8+3.9

Weight (kg) 67.6+7.5

BMI (kg/m?) 22.4+2.6

IC (cm) Axilla Xiphoid process 10" rib Umbilicus
93.2+5.5 83.2+6.0 78.4+7.2 80.3+8.3

All values were shown as meanSD (standard deviation).
BMI: body mass index.

IC: initial circumference (average of during ordinary respiration after measuring three times)

15



The initial circumferences of chest (axilla, xiphoid process and 10'" rib)3* and abdomen (umbilicus)*?
were measured by a measuring tape (length, 100cm. made in Guangzhou Fengren Ltd. China) during
ordinary respiration. The axilla location was the biggest circumference in all the four locations. The 21
participants were advised to conduct a breathing movement with their shirt off and pants loosed in a
standing position. Initial circumference was measured at each location as a starting point, and then from the
maximal end of expiration to the maximal end of inspiration respectively, confirming the different degrees
of chest expansion between the two. Every subject conducted the breathing movement for three times.
There was a break between the first and second breathing movements, allowing each subject to feel fine

before the second trial.

Fig. 4. Respiration measurement using WSS

16



The measurement with a wearable strain sensor comprises three sensors connected to each other in
parallel. They were stuck to the chest and abdomen wall with medical adhesive tape to monitor the
movement and the expansion of the thoracoabominal skin. The output of the sensors is connected to a self-
designed circuit board, which is also stuck onto the chest or abdomen wall, as illustrated in Fig. 4. The
circuit board received the sensor signals, and communicated wirelessly with a computer through
Bluetooth®. The monitored data are processed using software (MATLAB Version 7.11.0.584 (R2010b),
and the workable strain ranges of sensors were calculated using a spreadsheet software (Microsoft Excel,
USA).

In the preliminary measurement, the stretched length of wearable strain sensor was selected using 5%
of axilla circumference(5%AC), which was convenient and effective for measuring breathing movement.
The measurement points were placed along the midline of chest and abdomen through horizontal midpoint
of circumference at four locations such as the axilla, xiphoid process, 10" rib and umbilicus. Besides, they
were also placed along the second 5% AC bilaterally from the midaxillary line to midline of chest and
abdomen at the axilla, xiphoid process, 10" rib and umbilicus, respectively, to escape the cover for the
limbs. There were three measurement points for each location, which were matched with the three strain

sensors connected to each other in parallel. This means that the four locations had totally twelve points.

Every one of the 21 participants wearing three strain sensors at each measurement point was requested
to start breathing while standing. The breathing was supposed to be a breathing as hard as possible which
included from maximal end of expiration to maximal end of inspiration. The differences between the
maximal end of expiration and the maximal end of inspiration were confirmed. While each subject was
breathing for three times at each location, simultaneously the data from the three parallel sensors were
collected. After the three different values were acquired from each sensor, the average value was calculated.
There was a break between the first and second breathing movements, allowing each subject to feel fine

before the second trial.

When one rater measured with the use of a measuring tape and WSS with the synchoronal
instructional procedure of respiratory movement, the required criteria of the oral instruction in the two
approaches was exactly same. The subject’s test was arranged in an hour after the meal in order to keep
fasting state, the retest was conducted at the same time on the second day of test. There were no learning

effects, furthermore every test was controlled in the same experimental condition.

The demographics of all participants were shown as mean+SD (standard deviation). The intra-rater
ICC (1,1) with 95% confidence interval was used to assess for test-retest reliability and Pearson correlation
analysis was performed to establish the related validity of respiratory measurement using the WSS. All data
were calculated and analyzed using the IBM SPSS Statistics version 19.0 for Windows software as well as

values of less than 0.05 were statistically significant level.

17



2.3 Results

The test-retest raw data of respiratory measurement using WSS were shown in Table 3, and the intra-
rater ICC (1,1) values for test-retest reliability were presented in Table 4. All ICC values for intra-rater
reliability were from 0.94 to 0.98 at all locations, there is a high correlation based on the standard of Landis

etal.®.

The raw data of the MT compared with WSS for measuring respiratory movement were indicated in
Table 5 as well as to determine the validity of the WSS for measuring respiratory movement, Pearson
correlation coefficient was calculated in Table 6. All the values for validity had significant positive

correlations on respiratory movement between measuring tape and WSS at four locations (p<0.01).

18



Table 3. The test-retest raw data (Mean+SD) of respiratory measurement using WSS

Left Middle Right
test(cm) retest(cm)  test(cm) retest(cm)  test(cm) retest(cm)
Axilla 0.44+0.28 0.43x0.29 0.35+0.21 0.36+0.20 0.45+0.22  0.44+0.22
Xiphoid 0.33+0.21 0.36x0.19 0.34+0.20 0.34+0.19 0.35£0.20  0.37+0.20
process
10" rib 0.60+0.26 0.61+0.24 0.57+0.22 0.58+0.22 0.53+0.22  0.55+0.21
Umbilicus 0.45+0.17 0.44£0.16 0.46x0.24 0.47+0.25 0.45+£0.24  0.45+0.25

WSS: wearable strain sensor Mean+SD: mean * standard deviation

Table 4. The test-retest reliability of respiratory measurement using WSS for ICC (1,1)

Left Middle Right
Axilla 0.97** 0.97** 0.98**
Xiphoid process 0.94** 0.98** 0.95**
10" rib 0.97** 0.98** 0.96**
umbilicus 0.96** 0.98** 0.98**

WSS: wearable strain sensor

**: p<0.01 was significant, 95% confidence interval. ICC: intraclass correlation coefficient.

19



Table 5. The raw data (MeanSD) of the MT compared with WSS for measuring respiratory movement

Left Middle Right
MT(cm) WSS (cm) WSS (cm) WSS (cm)
Axilla 5.43+1.56 0.35+0.31 0.36+0.29 0.36+0.27
Xiphoid process 5.19+1.92 0.41+0.21 0.42+0.20 0.42+0.20
10" rib 6.71+1.86 0.56+0.22 0.60+0.19 0.56+0.21
Umbilicus 4.04£1.6 0.27+0.19 0.29+0.21 0.27+0.21

MT: measuring tape WSS: wearable strain sensor Mean+SD: mean * standard deviation

Table 6. The validity of the WSS for measuring respiratory movement

Left Middle Right
Axilla 0.72** 0.73** 0.73**
Xiphoid process 0.80** 0.82** 0.81**
10" rib 0.83** 0.85** 0.82**
umbilicus 0.79** 0.82** 0.79**

WSS: wearable strain sensor
**: p<0.01 was significant correlation at 0.01 level (bilateral).
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2.4 Discussion

This study confirmed the reliability and validity of the innovatively developed wearable strain sensor.
The motivation of developing WSS was due to both the high subjectivity existing and complex limited
setting during respiratory movement assessment in clinical practice at present. The reliability of WSS with
a high correlation and validity of WSS with relatively high values, compared to the results of the measuring
tape, were valuable. These findings indicate that the WSS is available as a convenient approach for

objective measurement of respiratory movements on the chest and abdomen wall in clinical assessment.

In preliminary measurement, the stretching length of wearable strain sensor with 5% of axilla
circumference (5%AC) was selected which is convenient and effective for measuring respiratory
movement. This length was assumed based on the following reasons:1) Taking the same proportion of their
individual AC for each subject, and performing the same measuring procedure, the results obtained from
the test are comparable. 2) 5%AC was considered based on axilla circumference mean+SD of the subject’s
sample, which is the longest on the part of both length and coverage compared to 5%AC of the other three
locations. Moreover, it’s convenient for calculation and more effective for measuring expansion of chest
and abdomen wall. 3) There was one developed size (3.5cm) based on initial axilla circumference
(93.245.46) for the original length of strain sensor with the loading of strain in the range of 0%-250%4.
Owing to the length with 3.5cm of three-channels, WSS was placed matching to 5% AC during ordinary
breathing meanwhile the original length with 3.5cm was stretched to the individual 5% AC of each subject
as a starting point to measure. Therefore, the original length of WSS with 3.5cm was applied in this study.
In fact, the original length of WSS was not correlated with the percentage of circumference of chest and
abdomen wall for measuring respiratory movement. The reliability and validity of WSS with 3.5cm were

more essential in clinical evidence.

In this study, the reliability ICC (1,1) of WSS at each location performed high values. The values of
both left and right of chest and abdomen wall, however were a little lower compared with middle place.
The analyzed reason was the muscles strength with unbalance on the trunk bilateral or trunk with side-
flexion in standing position during respiration movement. Although the same breathing was conducted, the
measured stretching skin of bilateral trunk was diverse by WSS with high sensitivity and high stretchability

based on stretching mechanism®¥,
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Regarding the validity, all the values of this study presented a significant correlation (p<0.01) between
WSS and measuring tape. Therefore, we concluded that the validity of measuring respiration movement
using WSS was satisfactory. The measuring tape was a reference variable in this study which was a
circumference test of chest and abdomen wall that provided a difference between maximal end of
expiration and, maximal end of inspiration. This test has limitations as follows: because there are four
locations which were needed to measure on chest and abdomen wall, measuring respiratory movement for
three times at each location, totally taking approximately 25 minutes, the whole measuring procedure for
each subject may cause fatigue even for young people; the test may be not suitable for participants with
both same circumference size on chest and abdomen wall and similar respiratory movement, because of the
measured results among the participants without any distinction using measuring tape. The WSS with high
sensitivity, however is more objective accuracy, which can capture signals with the tiny muscle movement
caused by blinking®®; As noted above, the validity values of WSS were not significantly high from 0.72 to
0.85. The validity of axilla location were the lowest values compared with another three locations, the
cause of which may be that the measuring tape was caught by both upper limbs in the armpit, resulting in
reading errors. All correlation values of the left, right, and middle were satisfactory, however, the middle
positions of chest-abdominal wall were more convenient to measure for clinical study; and the relationship
between local measurement and integrated measurement need to be considered, it is vital to place wiring by
the same proportion. The WSS with low cost compared with measuring tape really displayed a more

precise advantage, and a decreased both participants’ fatigue and medical worker’s workload.

In clinical application, an objective measurement of respiratory movement may facilitate a more
meaningful assessment of respiratory conditions which can be shared among professionals with existing
respiratory problems. It is considered that WSS may replace the physical examination as an objective
measurement for respiratory movement in clinical practice, because this study presented that WSS has been
proved to have a high degree of reliability and validity, and without limitation of posture or environment

during respiration measurement.

Nevertheless, there are some limitations in this study: the communicated wireless computer through
Bluetooth would be inconvenient compared with a smartphone; the measurement of ordinary respiration
cycles would be needed in patients with respiratory problems; and the selected participants were only male
in this study, so the findings based on the data of the male. Although the WSS may be useful as assisting
assessment device for respiratory movement to augment objective measurement, further studies of

respiratory measurement using WSS would be more valuable in patents with respiration problems.
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Chapter 3 THE BEST BODY SPOT TO DETECT THE VITAL
CAPACITY FROM THE RESPIRATORY MOVEMENT DATA
OBTAINED BY THE WEARABLE STRAIN SENSOR

3.1 Introduction and purpose

Among all means to measure and follow changes in pulmonary function, the most frequently used means
is to measure the volumes and airflow of the vital capacity by a spirometer. However, it is also important to
measure the chest-abdomen expansion for exploring the rootcauses of the impaired pulmonary function,
such as the dyspnea or rheumatic diseases, physical conditions after the thoracic and abdominal surgery, or

decreased exercise tolerance *¢-3, for which, various techniques can be used.

For example, such sophisticated instruments as inductive or opto-electronic plethysmography, computed
tomography or video systems have been used in clinical practices **'2. However, these instruments are not
suitable for general clinical practices due to their high cost. Therefore, some new devices with low cost
have been developed, such as the respiratory movement instrument (RMMI), breathing movement
measuring device (BMMD) and 3D motion analysis system etc. 21319 but their application needs special

experimental environment or to be installed in a complex setting.

A simple and practical method is using a measuring tape to assess the mobility of the chest-abdomen wall
1317 However, this method is unable to indicate the best body spot for detecting the correlation of the data

obtained by the tape to that obtained by the spirometer.

In our previous studies, a newly developed wearable strain sensor (WSS) for respiratory measurement at
different body spots from the chest to abdomen showed high reliability and validity compared that obtained
by the measuring tape®). Nevertheless, we failed to find the better body spots than the spot at the chest

midline where the most correlated data can be obtained to the vital capacity data obtained by the spirometer.
This study was conducted to explore the correlation of the data obtained by the WSS to the vital capacity

data obtained by the spirometer. The purpose is to find the best body spots on the chest and abdomen wall

to obtain the correlated indicators to the vital capacity.
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3.2 Participants and methods

This research was carried out at Physical Therapy Department in China Rehabilitation Research Center.
Thirty healthy male staff of the center served as the participants, whose characteristics were presented in
Table 1. The physical criteria for the participants were without a history of respiratory, circulatory, or
neurological disorders. All participants gave written informed consent before taking part in this study. The
Ethic Committees of International University of Health and Welfare (NO.16-10-238) and China
Rehabilitation Research Center (CRRC-IEC-RF-SC-005-01) approved the study protocol.

The measurement of the vital capacity was performed from the maximal end of inspiration to the
maximal end of expiration done by a spirometer (Pivot Flow 300, YiAn Technology Co. Ltd, China). A
wearable strain sensor device (WSS) was used which comprises four sensors connected each other in
parallel®, each with a length of 3.5 cm. The four sensors with medical adhesive tape were stuck to the
chest-abdomen wall of each participant for monitoring its movement and expansion. The output of the
sensors was connected to a circuit board, which was also stuck to the chest-abdomen wall. The circuit
board received the sensor signals and transferred the signals to a computer through the bluetooth?®. The
monitored data are processed by a software (MATLAB Version 7.11.0.584 (R2010b), and the workable

strain ranges of sensors were calculated by a spreadsheet software (Microsoft Excel, USA)%.

Four strain sensors were stuck respectively to four body spots, i.e. the axilla, xiphoid process, 10" rib
and umbilicus of each of the 30 participants. It was required to wrap up the mouthpiece of the spirometer
while using the nose clip, and to perform the breathing movements with the shirts off and pants loosed in
standing posture, the participants have been told not to move their trunk and shoulders during the
measuring period, as illustrated in Fig. 5. The breathing range was supposed to be from the maximal end
of inspiration to the maximal end of expiration. The differences between the two maximal ends were
recorded by the WSS and spirometer respectively. While a participant was breathing each time, the
respiratory movement data were collected by the four parallel sensors and the vital capacity data were
recorded by the spirometer.
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Fig. 5. Respiration measurement using WSS and spirometer

The demographic data of the participants were expressed as means£SD (standard deviation). The
correlation analysis on the specific persons was conducted to find the correlation of the data obtained
respectively by the WSS and spirometer during the breathing movements at the four body spots. All data
were analyzed using the IBM SPSS statistics software version 24.0 for Windows, and the values of less

than 0.05 were statistically significant level.
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3.3 Results

All participants baseline characteristics of anthropometry and vital capacity were shown in Table 7. The
raw data of the WSS compared by the spirometer for measuring breathing movement on axilla, xiphoid
process, 101 rib and umbilicus respectively were presented in Table 8. The correlation of the mobility data
at the four body spots to the vital capacity data were calculated for each level by means of Pearson’s
correlation coefficient in Table 9, which showed that the values at each body spot were positive significant

correlations and the highest value was at the 10" rib.
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Table 7. All male participants baseline characteristics (h=30)

Mean+SD
Age (yrs) 30.1+5.3
Height (cm) 172.9£5.6
Weight (kg) 76.0 £17.5
BMI (kg/m?) 26.0+4.7

All values were shown as mean+SD (standard deviation).

Table 8. The raw data (Mean+SD) of the WSS compared by spirometer for measuring breathing movement

at the four body spots

Spirometer Axilla Xiphoid process 10" rib Umbilicus
(0 (cm) (cm) (cm) (cm)
Raw data 3.61+0.51 0.23+0.03  0.23+0.04 0.43+0.08  0.28+0.06

WSS: wearable strain sensor. All values were shown as mean+SD (standard deviation).

Table 9. The correlation of the WSS data at the four body spots to the vital capacity data were calculated for

each level.

Axilla Xiphoid process 10" rib Umbilicus

Correlation r-value 0.676™ 0.631™ 0.824™ 0.715™

WSS: wearable strain sensor

**p<(0.01 was significant correlation at 0.01 level (bilateral).
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3.4 Discussion

The results from this study tell us that there was a positive significant correlation (p<0.01) between the
mobility of the chest and abdomen and vital capacity at the four body spots. Furthermore, the 10" rib with a
highest value is the best body spot to detect the correlation to the vital capacity. All of the results were
satisfying.

Our previous study verified that the stretching length of each wearable strain sensor, i.e. 5% of axilla
circumference (5%AC) was selected as the longest length for measuring breathing, and the original length
of 3.5 cm can be used®. In this research, if only 5% AC continues to be used, this is not obviously objective.
Because 5%AC is not the longest circumference of the chest and abdomen for the four body spots in this
sample size, most of the participants had longer abdomen circumferences than that of their chest. In order
to collect more accurate results, 5% of each body spot circumference was used. Thus, all of the findings

were convincing.

According to the Asian standards of the World Health Organization (WHO) regulations, if BMI is in the
range from 25.0 kg/m? to 29.9 kg/m?, then it is to be defined as being obese®?. The participants in this test
with BMI mean (26.7+1.4 kg/m?) belong obesity group, but their 10" rib with the highest correlation value
(0.86) during respiratory movement were consistent with reports of both Cala et al. and Liu et al.?%9,
Meyer suggested that a correlation coefficient r>0.8 means a high correlation, r=0.6--0.8 means a good
correlation, r=0.4--0.6 means a moderate correlation, and r<0.4 means a poor correlation*?). Therefore, the
10" rib is the most significant body spot to explore the correlation to the vital capacity. The correlation
values of the chest were distinctly lower than that of the abdomen during the breathing movements. There
are two reasons for that as follows: 1. To perform the breathing movement from the maximal end of
inspiration to the maximal end of expiration in standing posture, the abdominal muscles press the
abdominal content upwards to decrease the lung volume, the internal intercostals lower and decrease the rib
cage*”*). During the maximal expiration in this test, the vital capacity was collected by the spirometer
without any interferences, but the mobility variation of the rib cage was measured by the WSS, which
would be increased due to the shoulders adduction. In other words, the smaller the range of the rib cage is,
the greater the differences between the two maximal ends of respirations on axilla and xiphoid process are.
2. There is another suspicion, that is, the higher the value of the vital capacity data obtained by the
spirometer is, the lower the respiratory value data obtained by the WSS is. The explanation for this is that
the existence of differences in individual physiological structures leads to a greater vital capacity,
meanwhile the mobility of the chest is not monitored during the breathing movements. Or abdomen
breathing is dominant as a factor among the male participants*?. Based on the above analysis, the 10" rib is
the best measuring spot compared with the other three spots. Monika at al. found that the mobility of the rib
cage is smaller at the lower thoracic level of the xiphoid process than that at the level above the 4" rib®®.
This result would be explicating that the correlation at xiphoid process is lower than that at axilla in this test.
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Several limitations in this study should be considered: firstly, the participants among the obesity group
served as a disturbance factor that may increase errors; secondly, the measured data in standing posture
may be unstable during the breathing movements, because of that the participants would move their
shoulders, which would impact the chest movement, though they have been told not to move their trunk
during the measuring period; thirdly, there was a random error when the strain sensors were placed at 5% of
each body spot circumference, because some of the sensors were placed not so precisely; fourthly, the
selected participants were only male in this study, so the findings based on the data of the male.

The awareness of the movement correlation between the chest and abdomen is very important in future
research, because it can interpret the results of different treatment interventions or changes in range of
motion. Although the spirometers used worldwide have such advantages as high reliability, validity and
sensitivity, and easy to handle*®, in many clinical tests when they are used to evaluate the effects of
different breathing exercises of changes or to explore the improving dynamic ranges of the breathing
movements at different body spots, the measuring outcome is not sufficient to make a conclusion.
Therefore, the method is not satisfactory*”. In this study, the WSS with high sensitivity and accuracy, used
to find the correlation to the data obtained by spirometer, presented certain advantages compared with the
spirometer, such as low cost, easy to use without limitations of posture and environment, and specific body
spot analysis. To detect voluntary mobility of the chest and abdomen during the breathing movements by
the WSS seems to reflect better than the vital capacity. These findings could possibly be useful for
evaluating the effects of breathing exercises at different body spots of a patient with a restricted lung
capacity, such as the rheumatic patients, the senior people, and the postoperative patients. Therefore, in the
future studies, the further research should pay more attention to participants with different disease in the

chest and abdomen.

In summary, there was a correlation between the mobility data of the chest and abdomen obtained by the
WSS and the vital capacity data obtained by the spirometer, for which, the 10" rib is the best body spot to
detect the positive significant correlation. Therefore, we can infer the pulmonary function according to the

mobility of the chest and abdomen in the future.
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Chapter 4 APPLICATION OF USING A WEARABLE STRAIN SENSOR
ON RESPIRATORY EVALUATION IN PHYSIOTHERAPY ---
CHANGING WITH AGING IN BREATHING PATTERN

4.1 Introduction and purpose

The year 2000 witnessed a turning point when China’s population started to be aging. In 2014 statistics
showed that the elderly above 65 in China amounted to 138 million, that was 10% of the total population of
the country. By 2020, the percentage would rise to 13%*®). In the near future, some of the appeared “disease”
state of an aged person may be regarded as a “normal” physiological state in clinic. Therefore, to redefine a
clear-cut line between the two states is vitally important. When people get old, their respiratory system
would change accordingly. Such structural changes as the chest wall and thoracic spine deformities are
most apparent and the variations in the physiological structural indexes are also obvious. That is why it is
not easy to redefine the criteria to distinguish between the “disease” state and “normal” state*?. As the
matter of fact, the respiratory muscle strength, chest expansion compliance, and lung functions of aged
persons would all be degraded, thus their respiratory system functions would become weakening and their
work of breathing rising, clearance of airway secretion narrowing and effective cough reducing. These
changes can to some degree interpret some clinical manifestation and aberrant diagnostic cases of aged

persons®,

One’s breathing movement is concerned with the rib cage of the chest and the abdomen wall *. The
chest compliance depends on the elastic load when breathing in. When a person gets aged, his or her chest
wall compliance would reduce and aging-related problems such as osteoporosis, stiff calcification of the rib
cage, and kyphosis would occur®. The most important respiratory muscle is diaphragm, which can drive
the movement of the abdomen wall. The diaphragmatic muscle would atrophy, and all other muscle
strength would reduce, thus causing lager residual volume, when people become old®V. Briefly speaking,
how to measure and evaluate the breathing pattern changes with aging in timely and effective methods is

crucial.

Though some sophisticated instruments such as inductive or opto-electronic plethysmography, computed
tomography or video systems have been applied in clinical assessment for breathing movement®?, these
instruments are not available for general clinical studies because of their extremely-high cost. Therefore,
some new devices with low cost have been developed, such as the respiratory movement instrument
(RMMI), breathing movement measuring device (BMMD) and 3D motion analysis system etc. > 19 put
these devices need a special experimental environment or need to be installed in a complex setting. A

simple and practical method with a measuring tape to assess the mobility of the chest-abdomen wall is
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developed 31", but this method is only suitable for the studies only with a limited sample size instead of
those with a large sample size and those wanting repeated measurements, because in such a case, the
measurement results would be affected due to the fatigue of those testers.

Therefore, the WSS has been newly developed to meet the special purpose of the study clarifying the
changes of breathing pattern of aged people and ascertaining differences of the chest-abdomen movement
of different age group, i.e. young people, middle-age people, and senior people. The study proves our
hypothesis that human breathing pattern would change with aging.
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4.2 Participants and methods

This study was conducted at Physical Therapy Department, China Rehabilitation Research Center.
Twenty-three students from The Capital Medical University served as the youth group, thirty staff from the
PT Department of the research center as the middle-aged group, and twenty-nine senior citizens from the
nearby JiaoMen residential community as the aged group, altogether eighty-two participants, all being
healthy male, had been recruited to take part in the study. The physical criteria for selecting the participants
were that they should have no history of respiratory, circulatory or neurological disorders. All participants
were informed to sign an agreement in their own will before taking part in the study. The Ethic Committees
of International University of Health and Welfare (No.16-l0-177, and 238) and China Rehabilitation
Research Center (CRRC-IEC-RF-SC-005-01) had jointly approved the study protocol.

For conducting this study, a wearable strain sensor device (WSS) was used to detect the chest-abdominal
breathing pattern and movements. It consists of four 3.5-cm-long sensors, which are connected with each
other in parallel. The four sensors were stuck to the chest-abdomen wall of a participant with medical
adhesive. The output signals detected by the sensors were sent to a circuit board that is also stuck to the
chest-abdomen wall, which then send the signals to a smartphone via the blue-tooth?®. The data thus
produced were processed by an application software (MATLAB Version 7.11.0.584 (R2010b). The
appropriate strain ranges of the sensors were thus calculated by a spreadsheet software (Microsoft Excel,
USA)%®,

All of the four sensors were stuck to four spots of the chest-abdomen wall, that is, the axilla, xiphoid
process, the 10" rib and umbilicus of each of the participants in three groups, so as to monitor the chest-
abdominal breathing pattern and its movements. During the process, the participants should be in standing
position, with shirts off and pants loosen, and not move their torsos and shoulders as shown in Fig. 6. The
participants should breathe in and out to the maximum. The WSS device would record the maximum
movement range of the deep chest-abdominal breathing. The data of the breathing movement of each cycle
were detected by the four sensors for five times and the average value of the five-time data of each sensor
was calculated. It is required to have a break between the first and the second movement for all the
participants in three groups to get a little rest, allowing each subject to feel fine and removing fatigue

effects, to guarantee the quality of the second test.

The characteristics of all participants were described as means + SD (standard deviation). The data to
be studied include breathing movement values of the axilla, xiphoid process, the 10" rib and umbilicus on
chest-abdomen wall, which were examined by the Two-way ANOVA so as to compare the four values
detected by the WSS among different groups, the Bonferroni was done as a post-hoc test to ascertain
significant differences. All data were analyzed using the IBM SPSS statistics software version 24.0 for
Windows, and the values of less than 0.05 were statistically significant level.
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Fig. 6. Respiration measurement by means of the WSS
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4.3 Results

The baseline characteristics of anthropometry of all participants were shown in Table 10. The raw data
detected at the axilla, xiphoid process, the 10" rib and umbilicus respectively by the WSS were presented in
Table 11 as the measurement of the breathing movement of the three groups. The result of the data analysis
shows that all had significant differences at four spots between the senior group and the youth group
(p<0.05); there are significant differences at the axilla, xiphoid process and the 10" rib (p<0.05) except the
umbilicus between senior group and the middle-aged group (p>0.05); there are significant differences at the
axilla, xiphoid process, 10" rib and the umbilicus between the middle-aged group and the youth group
(p<0.05). As a whole, there is statistical difference as a main effect among the three groups, F (2, 79) =
4.382 (p<0.05). Next the Bonferroni test as a post hoc analysis showed that the expansion ranges at the
axilla, xiphoid process, and the 10th rib of the senior group were obviously smaller than the youth group
and the middle-aged group, but the expansion range at the umbilicus had no much difference from the

middle-aged group.

34



Table 10. The characteristics of all male participants in this study. (MeantSD)

Youth group (n=23) Middle-age group (n=30) Senior group (n=29)

Age (yrs) 24.0£2.7 40.1% 4.3 75.548.2
Height (cm) 173.8+3.9 173.6+3.6 169.9+5.5
Weight (kg) 67.647.5 77.0£17.5 68.0+11.1
BMI (kg/m?) 22.4+2.6 26.3+3.7 23.7+3.8

All values were shown as mean+SD (standard deviation).

BMI: body mass index.

Table 11. The raw data (MeanzSD) of the WSS among three groups for measuring breathing movement at

the four torso spots

Youth group  Middle-aged group ~ Senior group  p-value

Axilla (cm) 0.33+0.20 0.31+0.04 0.23+0.02  *1,*2
Xiphoid process (cm) 0.36£0.20 0.33£0.05 0.26£0.02  *1,*2
10" rib (cm) 0.48+0.24 0.43+0.07 0.39+0.06  *1,*2
Umbilicus (cm) 0.42+0.22 0.38+0.05 0.39+0.06 *1, 3

WSS: wearable strain sensor

*1. p < 0.05 Between youth group and senior group
*2. p < 0.05 Between middle-aged group and senior group

3. p > 0.05 Between middle-aged group and senior group
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4.4 Discussion

The study finds that the respiratory function changes with aging remarkably. Aging would cause a
decrease in the range of the chest and abdomen expansion, the scientific evidence of which is the difference
of the breathing movement among youth, middle-aged, and senior group. Moreover, it is very essential that
breathing pattern has been changed by aging.

This study also found that the maximum expansion range of the chest and abdomen in youth group is
most noticeable among all three groups in terms of the chest-abdominal breathing pattern, and the
expansion range of the chest wall is obviously smaller than the other two groups. For the in middle-aged
and senior group, the expansion of the chest wall is smaller than that of the abdomen wall. This can be
explained by the following two aspects: 1) due to the anatomical changes. There would be a reduction with
aging in supporting tissue of the rib cage, which would result in premature closure of the small airway
during normal breathing 5254, or smaller chest wall expansion; 2) due to the morphological changes. The
expansion of the chest wall would be affected by the capacity of thorax, which depends on the mobility of
the skeletal muscles, the elasticity of surrounding soft tissues, and respiratory muscles intensity®".
Therefore, the chest wall expansion would diminish with aging. Owing to diaphragmatic strength decrease
with aging 25859, the expansion ranges of the 10" rib on the abdomen wall of the senior group would
become smaller than that of the middle-aged group. Only thing on the contrary is that the expansion range
at umbilicus of the middle-aged group would became smaller than that of the senior group. And there was
another explanation, breathing expansion reduction on abdomen wall would have more irregular breathing
rhythm in the elderly®®, apart from external changes. In general, the five breathing movements from the
maximal end of inspiration to the maximal end of expiration in this study were unable to be conducted at

the same breathing rhythm.

In this study the WSS was used when measuring expansion of the chest wall and abdomen in clinical
practice for detecting the changes in thoracoabdominal compliance. In fact, in the case of similar lung
compliance, the chest wall expansion was lower for some of aged people*?, so it is difficult to discriminate
the differential diagnosis if only the routine spirometer or other similar instruments are used in clinical
practice. Therefore, the WSS with high sensitivity and accuracy was developed for measuring the
expansion of the chest and abdomen wall of the aged people, which does not need special environment nor
to be installed in sophisticated settings®®. In addition, the WSS with lower cost is affordable for ordinary
aged people, so WSS are used to monitor their respiratory conditions and expansion of chest-abdomen at
home. The aged people usually have reduced respiratory space, weakened ventilatory tissue that causes
hypoxia and hypercapnia. All these could induce ventilatory failure (i.g, heart failure, pneumonia, etc.)*?.
So compared to young people, the aged people have lower respiratory capability and should be paid more
attention to their respiratory function®®. Traditionally, breathing exercise in physical therapy was usually
assessed only by observation or palpation of the experienced therapists during the physical examination,
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while now the WSS can replace the physical examination as an objective tool for measuring the respiratory
movement in clinical practice®®, and trying to simplify the measuring approach on distinguishable
breathing pattern using WSS. Moreover, the clinical measurement done by the WSS is an effective
approach for monitoring lung function, thus being able to reduce the probability of delay in medical
treatment. Compared with our previous versions, the data collection terminal of the WSS was replaced by a
smartphone as a technological innovation. However, there are still some limitations in this study. First, the
participants in the middle-aged group were on the younger side, which resulted in the similar respiratory
conditions with the youth group; secondly, BMI indexes of the middle-aged group and the senior group
were on the higher side and some people in the two groups had abdominal distension, which more or less
interfered with their breathing movement; thirdly, when the respiratory signals were collected by a
smartphone via blue-tooth, the data transmission would be disturbed or sometimes even be interrupted by
some unidentified external factors; fourthly, if there exists some perspiration on the skin of the detected
spot, the sensitivity of the strain sensors would be affected during the respiratory data detecting process;

fifthly, the selected participants were only male in this study, so the findings based on the data of the male.

Chinese population are increasingly aging. Our further studies in the near future would include the
evaluation of the age-related changes of the respiratory system and providing scientific and valuable
evidence for the clinical medical practice. The expansion ranges of the respiratory movement at the axilla,
xiphoid process, and the 10" rib except the umbilicus detected by the WSS device were obviously
weakened for the aged people. Thus, breathing pattern of the aged people would change. In conclusion, the
results of this study also prove our initial hypothesis that people’s breathing pattern would gradually change
with aging during their entire life span. Therefore, it is essential to call external medical attention and

intervention.

37



Chapter 5 MEASURING THE CHANGES OF THE CHEST-ABDOMEN
WALL IN INDIVIDUALS WITH CERVICAL SPINAL CORD INJURY
USING THE WEARABLE STRAIN SENSOR

5.1 Introduction and purpose

Spinal cord injury (SCI) may cause an impairment of the respiratory function®®. In fact, respiratory
insufficiency caused by SCI may lead to death2%9. The number of traumatic SCI cases in the world ranges
between 236 to 1298 in every one million persons®%®. In the USA alone, there are about 300,000 patients
with chronic SCI®"®® and 83% of which suffer serious respiratory complications®®’®. Among the 5.3
million SCI patients in the world, most spend the rest of their lives in the wheelchair and bed. Pulmonary
disease is the No. 1 complication among the all”™. In general, majority number of traumatic SCI cases are
male’. Whether their SCI extend to the respiratory insufficiency or not, depends on the level of the injury
as well as the completeness of the lesion’. The risk of the pulmonary infections for the patients with
complete lesions is 3.5 times higher than those of incomplete lesion™. The mechanical properties of the
lung and chest wall of patients with cervical level spinal cord injury tend to reduce the lung volumes,
weaken the flexibility of the chest wall, impair the strength of the respiratory muscles and narrow the range
of the breathing, thus causing a lager residual volume™. Dysfunctional respiration cripples the cough and
secretion clearance, impedes the airways and increase risks of the respiratory tract infections’®. Therefore,
it is crucial to measure and evaluate the breathing movement of the cervical spinal cord injury (CSCI) cases

timely.

Though some sophisticated instruments such as inductive or opto-electronic plethysmography,
spirometer, etc. have been applied in clinical assessment for breathing movement of the CSCI cases *19,
they are not quite available in clinical study due to the extremely-high cost’”. So some new devices with
low cost have been developed, such as respiratory movement instrument (RMMI), breathing movement
measuring device (BMMD) and 3D motion analysis system etc. 121319 but these devices need a special
experimental environment or need to be installed in a complex setting. For this reason, a simple and
practical method with a measuring tape to assess the mobility of the chest-abdomen wall is developed 317,
but this method is not suitable for a large sample size and repeated measurements, because in such a case,
the measurement results would be affected due to the fatigue of the participants with CSCI. In addition, to
measure a peak cough flow by means of an “asthma” peak flow meter is not quite reliable, so it is not

recommended to be applied in the CSCI cases of the daily clinical setting™®.
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In view of the above-said short comings and limitations of the existing instrument, this study proves that
the wearable strain sensor (WSS) is an applicable and cost-efficient instrument that can meet the special
purpose to measure the expansion change of the chest-abdomen wall of the CSCI cases after a breathing

training.
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5.2 Participants and methods

This study was conducted with a consecutive enrollment of participants from the Physical Therapy
Department, China Rehabilitation Research Center between April 2017 and March 2018. Totally 93 male
participants having C4-C8 cervical spinal cord injury (35 incomplete and 58 complete) had been recruited
to the study, the characteristics of the participants is shown in Table 12. The criteria for selecting the
participants were as follows: (1) post-injury more than 6 months, (2) no cardiopulmonary disease, (3) Mini-
mental state examination-China version score was 24 or higher and fully understand and comply with
therapists’ instructions. But with the following exclusions: (1) with inherited and congenital neuromuscular
disorder such as muscular dystrophies, congenital and acquired myopathies, spinal muscular atrophy, etc.;
(2) without respiratory disorders caused by spinal injury, such as COPD, asthma, etc. All participants were
informed to sign a consent in their own will before the start of the study. The Ethic Committees of
International University of Health and Welfare (No.16-10-237) and China Rehabilitation Research Center
(CRRC-IEC-RF-SC-005-01) had jointly approved the study protocol. All CSCI participants were randomly
assigned to one of the following two groups: experimental group (EG=56) and control group (CG=37). The
intervention was conducted by Rancho Los Amigo Hospital”® (RLAH) for the EG by the same skilled
physiotherapist, the RLAH exercises method includes five exercises as follows: (1) Rib rotation; (2) Trunk
rotation; (3) Trunk side-flexion; (4) Thoracic over-extension; (5) Sylvester. The “anatomic dead space”
(Ttiri-ball breathing exercise, Type A Jinjie, China) for practicing taking deep breath in 150 ml was taken
for the CG by participants to their own wills. Each exercise duration 15 minutes for each unit, five times for

one week, total 4 weeks exercise.
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Table 12. The characteristics of all male participants in this study. (n=93)

Mean+SD
Age (yrs) 34.0£15.6
Height (cm) 172.8+5.7
Weight (kg) 70.6£7.3
BMI (kg/m?) 26.4+3.5
MBI (scores) 10.045.0
Time post-injury (yrs) 3.0+2.2

All values were shown as mean+SD (standard deviation).
BMI: body mass index.

MBI: Modified Barthel Index, scores of 0~20 indicate complete dependence®?.
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WSS is a strain sensor device containing four 3.5cm long sensors connected in parallel. The output of
the sensors is connected to a circuit board, which then transfers the signals to a smartphone via bluetooth®.
Each participant had one strain sensor with a circuit board attached to his chest-abdominal wall by a
medical adhesive tape to monitor the chest-abdominal wall expansion. The data was processed by a
software (MATLAB Version 7.11.0.584 (R2010b). The workable strain ranges were calculation by a
spreadsheet software (Microsoft Excel, USA)%?.

Each of the 93 participants with CSCI had four units of strain sensor placed on the chest-abdominal
wall at the following spots: the axilla, xiphoid process, the 10" rib and umbilicus. Each participant was
required to do the chest-abdominal breathing movement in the supine position on their knees on a pillow
and with their shirts off and pants loosen®V. The participants were instructed to do the breathing in several
cycles while not moving their trunks and shoulders during the measuring process. A complete breathing
range from the maximal end of inspiration to the maximal end of expiration was measured. The differences
between these two ends were recorded by the strain sensor. During each breathing cycle, the data of the
breathing movements was collected by the four parallel sensors. A total of five cycles were collected, with
a little break before each cycle. An average value of the data collected by each sensor was calculated. The
chest-abdomen wall measurements for the participants in above-said two groups were arranged before and
after each exercise with an interval of twenty minutes on the first day, and the same measurements were

arranged after the exercises on the last day of one week and of one month.

The participants’ characteristics were described in frequency tables, means, and standard deviations.
Two-way ANOVA was used for analysis of the differences between the EG and CG, which were also
calculated with the above-mentioned method. The Bonferroni as a post hoc test to ascertain significant
differences. All data were analyzed by the IBM SPSS statistics software version 24.0 for Windows, a

significant level of 0.05 was needed in all statistical analyses.
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5.3 Results

The raw data of the participants both in the EG and CG collected from the breathing movement
measurement for four times at the axilla, xiphoid process, the 10" rib and umbilicus respectively were
shown in Table 13. The effects of the EG and CG on the chest-abdomen wall expansion at the axilla,
xiphoid process, the 10" rib and umbilicus are obvious. The data showed significant differences in the
expansion range of the chest wall (axilla, xiphoid process) after doing exercises for one month (p < 0.05).
There is a significant difference in the expansion range at the xiphoid process after doing exercises for one
week (p < 0.05), while no significant differences at four spots after doing exercises for the first day (p >
0.05) in EG. There were no significant differences at the 10" rib and umbilicus during the four
measurements between the EG and CG (p>0.05). As a whole, there is statistical significance as a main
effect between the EG and CG, F (7, 364) = 11.957 (p<0.05). The Bonferroni test as a post hoc analysis
showed that the expansion of the chest wall (axilla, xiphoid process) after doing exercises for one month in

the EG was more obvious than that for one week, while the abdomen wall expansion remained no change.
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Table 13. The raw data (MeanSD) of the strain sensor in EG and CG for measuring breathing movement

at the four body spots

The first day The end of week The end of month
B-e A-e A-e A-e
(mm) (mm) (mm) (mm)
Axilla
EG 15+1.2 1.6£1.2 1.7+1.4 2.3t1.3*
CG 1.6£1.3 1.7£1.4 1.7£15 1.8+1.4
Xiphoid
process
EG 1.1+1.0 12411 1.5+1.2* 1.9+1.2*
CG 11411 12411 1.3+1.1 14+1.1
10" rib
EG 0.7£0.3 0.7£0.5 0.8+0.4 0.9+0.5
CG 0.8+0.2 0.8+0.3 0.8+0.5 0.8+0.3
Umbilicus
EG 0.6x0.3 0.6x0.3 0.7£0.3 0.7x0.4
CG 0.8+0.3 0.8+0.4 0.8+0.3 0.8+0.3

EG: Experimental group. CG: control group. B-e: Before-exercise; A-e: After-exercise.

All values were shown as meanSD (standard deviation).

*: significance at p < 0.05 level.
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5.4 Discussion

The above-mentioned study shows that the expansion of the chest wall (axilla, xiphoid process) is more
helpful to improve the respiratory function of the participants having chronic cervical spinal cord injury
after doing RLAH exercise for one week and for one month in the EG. The findings indicate that the WSS
is a convenient approach in clinical assessment to objectively measure the respiratory movements on the

patients’ chest-abdomen wall.

Complete CSCI cases suffer from the absence of motor or sensory function below the injury area, so
they have greater functional impairment than incomplete CSCI cases. The complete CSCI cases are often
associated with respiratory muscle weakness, paresis, paralysis and spasticity, which restricted the
movement range of the chest-abdomen wall and impair the lung elasticity” 8289 All these factors bring
about serious restrictive breathing changes. In this study, the data collected after doing exercise on the first
day and after doing exercise for one week fully revealed that expansion changes of chest-abdomen wall
were very little due to the restricted breathing movement. The analysis was assumed based on the following
performances: (1) the respiratory muscles were not strong enough during the breathing movements; (2) the
insufficient breathing movement were developed after post-injury; (3) the expansion of the chest-abdomen
wall may lead to higher spasticity at the beginning of the exercises. Moreover, for the participants having
sever lesion or those only relying on their mouth instead of nose to breath during three measurements after
the exercises, and there were no differences in expansions at the 10" rib and umbilicus. The chest wall
expansion at the xiphoid process was dominant comparing with that at the axilla, because of that the
participants’ upper limbs were more involved in daily activities, thus making the xiphoid process a passive
stretch®). Therefore, increasing the upper limbs activities of the CSCI patients is good for improving their
respiratory function. In fact, it took more than three weeks to do the respiratory exercises and to get good
results. there was obvious expansion on the chest wall after exercise for one month. This finding suggested
that extended respiratory exercises are needed for patients with CSCI. In this study, the expansion range of
abdominal wall as a control variable to compare the expansion range of chest wall in individuals with CSClI,

then the expansion range of chest wall has been significantly improved after breathing exercises.

To obtain objective results after respiratory exercises, it is essential to accurately measure the patients’
breathing movement. The WSS with high sensitivity and accuracy can do the purpose. It has been applied
for measuring the expansion of the chest and abdomen wall of the patients with CSCI, while it does not
need special environment and sophisticated settings. In addition, the WSS device is affordable for patients
with chronic CSCI, and therefore can be used not only to monitor the patients’ expansion of chest-abdomen
wall but also to achieve the patients’ self-exercises and self-feedback at home, so as to provide a high-
quality guarantee in activities of daily life. The above-mentioned advantages of WSS were irreplaceable to
compare with that of other instruments. Traditionally, breathing exercise in physical therapy was usually
assessed only through the observation or palpation of experienced therapists during the physical
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examination, while now as an objective tool, the WSS can replace the physical examination to measure the
respiratory movement in clinical practice. Moreover, the WSS is an effective approach for monitoring lung
function, so as to reduce the risk of delay in medical treatment. Although the WSS device has been
modified based on previous study, there are still some limitations in this study. Firstly, there are many
breathing exercises for the CSCI cases, the RLAH exercise is just one of them, different results were not
anticipated when the exercises were applied without abdomen expansion of 10" rib and umbilicus.
Secondly, the chest-abdomen wall with medical adhesive tape may be loosened when a patient’s spasticity
occurs during the measuring process. Thirdly, when the respiratory signals were collected by a smartphone
via blue-tooth, the data transmission may be possibly disturbed or sometimes even be interrupted by some
unidentified external factors. Fourthly, the selected participants were only male in this study, so the findings

based on the data of the male.

This study concludes that trends of the improvement of the chest-abdomen wall expansion of the CSCI
patients after doing respiratory exercise can be measured for the by means of the WSS. A lot of data have
proven it. In clinical application, this objective measurement of respiratory movement can help more and
more meaningful patients in different respiratory dysfunction cases. So this study can be shared by
professionals who have met different respiratory disorders. Next, the future study of the WSS application

shall focus a more valuable field, the apnea, i. e, the sleeping disordered breathing cases.
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Chapter 6 FOREGROUND EXPECTION---THE WEARABLE STRAIN
SENSOR IN CASE OF APPLICATION

6.1 Advantages of wearable strain sensor in case of application

For chronic COPD patients, regular measurement should be needed; and then self-feedback of
monitoring breathing exercises using smartphone at home would be more convenient, to remind them deep
breathing in to bulge out abdomen, slowly breathing out as long as possible during the exercise period.
WSS is necessary and convenient, but spirometer with high cost in a special environment, inconvenient,

without self-monitoring and self-measuring.

For patients after Thoracotomy, WSS can promote feedback of early physical exercises (such as upper
limbs, expansion mobility of chest wall, maximal end of inspiration and expiration), whatever by medical
workers or themselves. However, Spirometer, X-ray, CT, etc., these instruments are high cost and need a

special environment, inconvenient, without self-monitoring and self-measuring.

Apnea Syndrome, WSS can monitor on loss or decrease in amplitude of monitored waveforms, but
Spirometer cannot check apnea syndrome in patient without lung problems, so special monitor instruments

are also high cost in a special environment, inconvenient, without self-monitoring and self-measuring.

Intensive care unit patients, WSS would be easy to measure local site differences, completed

measurement at the patient’s bedside, but the other instruments would be difficult to confirm the problems.

Neuromuscular Diseases, for example myasthenia gravis patients, observation for the long-term course
would be needed, so comprehensive self-examinations should be included as follows: dyspnea, dysphagia,
ptosis, masseter, neck muscles weakness, physically unable and so on, all of these problems would be

measured by WSS with a wide use, but one of the other instruments would not measure all of the problems.

6.2 Discussion

WSS in case of application for the above-mentioned diseases should be expected, because WSS device is

not only as a measuring tool but also as a breathing exercise of self-feedback to apply in clinical field.
The advantages of WSS device compared with other instruments really have very cheap, more precise,

local self-measurement, self-feedback exercises, easy to use without limitations of posture and environment,

and other wide range of uses.
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Chapter 7 CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

This thesis had one general aim and four specific aims (objectives) which were described in the Chapter 1.

The aims were achieved through four linked studies.

The first study, both reliability and validity study of the WSS, recruited twenty-one healthy male
students from Shanghai Jiao Tong University. The reliability of WSS for measuring breathing movement at
four locations (axilla, xiphoid process, 10" rib, and umbilicus) by using the test-retest, the intra-rater
reliability test. all reliability coefficients of WSS at the four locations presented excellent agreement or
consistency. For the validity of WSS on measuring respiration movement by using Pearson correlation
coefficient test, all the values for validity had significant positive correlations on respiratory movement

between measuring tape and WSS at four locations.

The second study, the best body spot (10" rib) to detect the vital capacity from the respiratory movement
data obtained by WSS, recruited thirty healthy male staff from physical therapy department in China
Rehabilitation Research Center. The correlations of the mobility data at the four body spots by using
Pearson’s correlation coefficient test, showed that the values at each body spot were positive significant

correlations, and the highest value was at the 101" rib.

The third study, application of using WSS on respiratory evaluation in physiotherapy---changing with
aging in breathing pattern, recruited total eighty-two healthy male participants: twenty-three students from
The Capital Medical University served as the youth group, thirty staff from the PT Department of the
research center as the middle-aged group, and twenty-nine senior citizens from the nearby JiaoMen
residential community as the aged group. The result of the data analysis shows that all had significant
differences at four spots between the senior group and the youth group, and that of between the middle-
aged group and the youth group; there are significant differences at the axilla, xiphoid process and the 10™"
rib except the umbilicus between senior group and the middle-aged group. The different people’s breathing

pattern in the progress of getting older are slowly changing with advanced age.

48



The fourth study, measuring changes of chest-abdomen wall in individuals with cervical spinal cord
injury (CSCI) using WSS, recruited total ninety-three male participants with C4-C8 cervical spinal cord
injury (35 incomplete and 58 complete), this consecutive enrollment of participants between April 2017 and
March 2018 in Physical Therapy Department, China Rehabilitation Research Center. The result of the data
analysis shows that that the expansion of the chest wall (axilla, xiphoid process) after exercises for the end
of one month in EG was obviously more than that after the exercises for the end of one week, while the

abdomen wall expansion maintained no differences.

In conclusion, the WSS will be able to available in clinical application on respiratory measurement in
healthy participants and individuals with breathing problems. These investigations will be able to provide
normative evidence for professionals with existing respiratory problems for future studies not only in China
but also in other countries. And these investigations will be able to provide self-assessment on external
medical attention and intervention in the overwhelming majority of inhabitant with acute and chronic

respiratory problems.
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7.2 Recommendations for service provision and future research

Firstly, the WSS has been confirmed a sufficient reliability and validity in the first study which
matches the characteristics of WSS with high sensitivity and durable stability, so it is applicable for
measuring respiratory movement in various types of target groups with breathing problems and WSS with

low cost is advantageous to the family self-assessment.

Secondly, WSS is the objective quantitative measurement tool which would be applied to patients
such as severe patients, patients with conscious disturbance, insubordinate child patients, and etc.. In fact,
this kind of patients who could not take the initiative to cooperate with the respiration examinations, timely

and accurate examinations make them receive efficacious interventions.

Thirdly, WSS is convenient, comfortable, noninvasive, and easy to use without limitations of posture

or environment which may decrease the fatigue of patients and workload of medical workers.

Future trend of studies would be going on:

1) To evaluate expansion of back wall for severe patients in intensive care unit (ICU), then the patients

will be provided more targeted interventions due to the accurate diagnosis.

2) To assess expansion of breathing movement for respiratory diseases such as sleep disordered

breathing, sleep apnoea syndrome, COPD, and etc.;
3) To measure expansion of chest wall in patients after thoracotomy;
4) To measure flexibility and range of motion for limbs in patients;

5) To evaluate the subtle muscle movements on human face and neck induced by micro-expression such

as winking, swallow, pursed lips, speech to recognize phonation, and so on.
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