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SUMMARY 

The current study aimed to measure the 3D chest wall 

kinematics in individuals with tetraplegia during supine quiet 

and maximal expiration, and to compare with those in able-

bodied individuals. The results showed that the movement 

pattern and strategy in the individuals with tetraplega were 

different from those of controls in supine expiration. The 

tetraplegic group mainly depended on the movement of 

abdomen resulted from the gravity effect on the abdominal 

content to perform expiration. When increasing the expiration 

demand, the upper thorax would help exhale by increasing the 

peak rate of volume change. 

INTRODUCTION 

Well expiration function depends on the contraction of 

expiratory muscles, such as the muscles of the anteriorolateral 

wall of the abdomen, the expiratory intercostals, and the 

triangularis sterni, innervated by the thoracic or lumbar cord. 

However, individuals with tetraplegia from cervical spine 

injury usually suffered from respiratory muscle paralysis, 

contributing to severely compromise expiratory muscle 

function. It resulted in defective cough and impaired clearing 

function of bronchial secretions that leaded to atelectasis and 

bronchopneumonia, even deaths [1]. Therefore, careful 

assessment and monitor of the ability of expiratory in terms of 

motion and volume changes of chest wall during quiet and 

maximal expiration would helpful for the management of 

individuals with tetraplegia. The current study aimed to 

measure the 3D chest wall kinematics in individuals with 

tetraplegia during supine quiet and maximal expiration, and to 

compare with those in able-bodied individuals. It was 

hypothesized that during quiet breathing and maximal 

expiration the 3D kinematics of the chest wall compartments 

was different between individuals with tetraplegia and the 

able-bodied controls. 

METHODS 

Nine male adults with tetraplegia from complete cervical cord 

injury C4-C8(with age: 35.2±11.1 yrs; body height: 167.6±

5.3cm; body weight: 64.1±10.6 kg; years since onset of injury: 

7.6±7.6) and nine age-match able-bodied subjects(with age: 

35.2±10.6 yrs; body height: 172.4±4.2cm; body weight: 75.9±

13 kg) participated in the current study. In a gait laboratory, 

each subject was marked with a four-by-six grid of infrared 

retroreflective markers on the ventral part of the chest wall 

and 5 collinear markers on each of the lateral side [2]. They 

were then asked to lie supine on an examination bed, which 

was feasible even for patients who had difficulty in prolonged 

sitting without support. During the experiment, the subject 

took three tidal breaths followed by two maximal inspirations 

with a maximal expiration in between while the marker was 

measured simultaneously. The 3D positions of the markers 

were measured by a 5-camera optoelectronic motion capture 

system (Vicon 250, Oxford, UK) at a sampling rate of 120 Hz.  

The volume of the chest wall (CW) was defined as the volume 

formed by the skin markers and the surface of the examination 

bed, which was described by 204 tetrahedrons.  The chest wall 

volume was further divided into 3 compartments, namely 

upper thorax (UT), lower thorax (LT), and abdomen (AB) (Fig. 

1). The volumes for each of the compartments were calculated 

as the total volume of the tetrahedrons defined by the relevant 

markers. At any instance, the volume change of a 

compartment or the chest wall was calculated as the difference 

between the volume and the residual volume. In addition to 

compartmental and total volume changes, peak rate (PR) of 

compartmental volume changes and the time when PR 

occurred, called peak rate occurrence (PRO). The PR was 

calculated as the maximum gradient of the volume change 

curve, which has been suggested to correspond to breathing 

effort.  It was also related to the peak velocity of shortening of 

the respiratory muscles. The time when PR occurred 

represented the instance when the expiratory effort started to 

decrease, which may be also indicative of a feature of the 

muscle strategy used. Since the breathing tests were performed 

at the subject’s self-selected speed, the calculated variables 

including volume changes were normalized to the duration of 

the expiratory phase to facilitate inter-trial and inter-subject 

comparisons. The expiratory phase was defined as the total 

chest wall volume changes from tidal volume for quiet 

breathing to functional residual volume, and from the 

maximum volume for maximal inspiration to residual volume, 

respectively.  

The Mann-Whitney U test was performed to examine group 

differences in basic demographic data, expiratory time, and 

dependent variables of the chest wall and its three 

compartments during both quiet breathing and maximal 

expiration. The comparisons of the dependent variables among 

three compartments were performed using the Friedman test 

for each group. If the Friedman test demonstrated statistical 

significance, the post hoc test was performed using the 

Wilcoxon Signed Ranks test. A significance level of 0.05 was 

set for the Mann-Whitney U test and Friedman test. A 

Bonferroni-corrected significance level of 0.017 (0.05/ 3) was 

set for Wilcoxon Signed Ranks test.  

RESULTS AND DISCUSSION 

There were no significant differences in the demographic data 

and the expiratory time between groups during both quiet and 

maximal expiration, but the volume changes of chest wall 



during quiet and maximal expiration in tetraplegic group was 

50% of that in controls (Table 1). During quiet expiration, the 

controls mainly depended on the AB with increased Δ V and 

PR that contributed about 60% of Δ V of chest wall. However, 

the individuals with tetraplegia also predominantly used the 

AB with increased Δ V and PR, but the dependency of the AB 

was increased that resulted in 90% of Δ V of chest wall.  In 

addition, the UT presented a paradoxical movement that the 

volume change was positive (Table 1). Comparing to controls, 

the tetralegic group had the decreased Δ V and PR of UT and 

LT with delay PRO of UT. However, both groups used similar 

movement strategy with increased PR of AB with delay PRO 

of UT (Table 1). It was suggested that the tetraplegic group 

took nearly normal strategy to perform quiet expiration, except 

the differences in UT and LT between groups which were 

correlated to the paralyzed intercostals muscles. When 

increasing expiratory demand to maximum, the controls 

changed the movement pattern that the Δ V of the three 

compartments were used equally. They took the movement 

strategy that PR of AB was predominant greater than the other 

two compartments, but all three compartments arrived the PR 

at the same time. 

 

 
Figure 1:  The volume change (A) and rate of volume change 

(B) of a typical tetraplegic subject. 

 In contrast to controls, the tetraplegic group still depended on 

the AB contributing about 67% of Δ V of chest wall. The 

dependency of AB was decreased. They changed the 

movement strategy that both PR of UT and AB were greater 

than PR of LT and with an early PRO of AB. Comparing to 

the controls, the tetrapleigc group had decreased Δ V of the 

UT and LT and PR of the LT with delay PRO (Table 1). 

Previous study indicated that the tetraplegic participants would 

use pectoralis major to help forced expiration that confirmed 

in the results of PR of UT similar with that of controls [1]. 

Furthermore, in supine posture the gravity would let the 

abdominal content move upward help reduce the residual 

volume during forced expiration [3]. Therefore, during both 

condition, there was no difference between groups in the Δ V 

and PR of AB. Without the help of the intercostals and 

abdominal muscles, the contribution of LT was small for the 

tetraplegic group. 

CONCLUSIONS 

The movement pattern and strategy in the individuals with 

tetraplegia were different from those of controls in supine 

expiration. The individuals with tetraplegia mainly depended 

on the movement of abdomen resulted from the gravity effect 

on the abdominal content to perform expiration. When 

increasing the expiration demand, the upper thorax would help 

exhale by increasing the peak rate of volume change. 

ACKNOWLEDGEMENTS 

This study was supported by a grant from National Science 

Council, Taiwan (NSC 94-2314-B-002-237). 

REFERENCES 

1. Toshiyuki F, et al., Am J Phys Med Rehabil. 78:464-469, 

1999. 

2. Wang HK, et al., J Formos Med Assoc. 108:577-586, 

2009. 

3. Baydur A. et al., J Appl Physiol. 90:405-411, 2001. 

 

Table 1: The mean and standard deviations of kinematic data of chest wall in tetraplegic and control group. 

*: significant difference between groups (P<0.05); 
†
: significant between UT and LT(P<0.017); 

 ‡
: significant between UT and 

AB(P<0.017);  
§
: significant between LT and AB(P<0.017). 

 Quiet expiration Maximal expiration 

Group Tetraplegics Controls P-value (group) Tetraplegics Controls P-value (group) 

Expiratory time (sec) 2.3  0.9 2.5  0.8 0.536 5.0  1.2 5.3  1.8 0.724 

Δ V of chest wall (L) -0.7  0.2 -1.3  0.2 0.001* -1.7  0.7 -3.5  0.6 0.001* 

Δ V of UT(L) 0.1 0.04 -0.4  0.1 0.019* -0.4  0.3 -1.4  0.4 0.001* 

Δ V of LT (L) -0.1  0.2
†
 -0.8  0.2 <0.001* -0.3  0.1 -1.0  0.4 <0.001* 

Δ V of AB (L) -0.6  0.2
‡§

 -0.7  0.2
‡§

 0.171 -1.1  0.5
‡§

 -1.0  0.3 0.895 

PR of UT (L/sec) -0.04  0.1 -0.2  0.2 0.002* -0.6  0.5
†
 -1.1  0.9

†
 0.085 

PR of LT (L/sec) -0.1  0.1
†
 -0.3  0.1 0.007* -0.2  0.1 -0.6  0.5 0.005* 

PR of AB (L/sec) -0.4  0.2
‡§

 -0.6  0.3
‡§

 0.354 -0.9  0.5
§
 -0.7  0.3 0.354 

PRO of UT (%) 100  0
†‡

 75  34
†
 0.029* 58  25

‡
 36  18 0.052 

PRO of LT (%) 38  42 13  20 0.16 38  12
§
 27  13 0.047* 

PRO of AB (%) 31  25 26  24 0.787 26  17 22  5 0.452 


