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Objective: Although chronic obstructive pulmonary disease patients get relief from their dyspnea by arm bracing, the mechanics of this effect are unknown. 
This study aimed to investigate the mechanisms by which arm bracing affects dyspnea by measuring the work of breathing (WOB) in the arm bracing 
posture.
Methods: Six normal male subjects were studied in two standing postures: erect and with their arms braced. For the arm bracing posture, the subjects 
leaned forward with their arms stretched and rested their hands on a platform. Respiratory frequency was set at 20 tidal breaths/min with the use of a 
metronome, and tidal volume was set at 1 L by observing the lung volume on a monitor. All the subjects randomly adopted the two postures, and a preset 
respiratory pattern was measured for 30 s in each posture. Lung volume and flow rate were measured using a hot-wire flowmeter. Esophageal pressure was 
measured using a 12-cm balloon catheter. The WOB was estimated using modified Campbell diagrams.
Results: Lung volume increased and inspiratory resistive WOB decreased, while inspiratory elastic WOB increased significantly with arm bracing com-
pared with that of the erect posture (P < 0.05).
Conclusion: Arm bracing posture increases the chest wall expansion thereby increasing the end-expiratory lung volume and decreasing the inspiratory 
resistive WOB among healthy individuals.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) patients often use arm 
bracing as a postural method of gaining relief from dyspnea [1]. Adoption 
of the arm bracing and trunk-inclined posture reportedly relieves dys-
pnea through improvement of the function of the diaphragm [1, 2] and 
decreases the work of breathing (WOB) by changing the activity of acces-
sory respiratory muscles by stabilizing the upper extremity [3, 4]. The 
arm bracing posture also increases lung volume [5–7]. Furthermore, 
since airway resistance depends on lung volume [7, 8], decrease in airway 
resistance is also possible with arm bracing posture. However, no study 
has investigated WOB in the arm bracing posture.

This study aimed to investigate the mechanisms by which arm brac-
ing affects dyspnea by measuring the WOB in the arm bracing posture.

METHODS
Subjects
This study included six normal male subjects (age 34.5 ± 6.7 years, height 
176.0 ± 8.0 cm, weight 67.0 ± 4.6 kg) with normal pulmonary function. 
A written informed consent was obtained in advance from all subjects 
for participating in this study. The study was approved by the Ethics 
Committee of Hyogo College of Medicine (approval number 1315). This 
study was also registered at the University Hospital Medical Information 
Network (No. UMIN000027965).

Procedure and measurement
Pre-intervention 
Esophageal pressure (Pes), as a pleural pressure indicator, was measured 
using a 12-cm long balloon attached to one end of a polyethylene catheter 
(inner diameter, 1.5 mm; length, 101 cm); the other end of which was 

connected to a differential pressure transducer (Chest M. I., Inc., Osaka, 
Japan). The balloon was introduced transnasally into the stomach and 
then gradually withdrawn until a negative deflection was present during 
inspiration. The balloon was then withdrawn for another 10 cm and was 
secured at this level. Furthermore, the balloon position was adjusted to 
maintain P

es
 at approximately –5 cm H

2
O at end-expiratory lung volume 

(EELV) in the sitting position. The balloon was inflated with 1 mL of air, 
and the occlusion test [9] was performed to ensure its correct placement.

Lung volume and flow rate were measured using a hot-wire flowme-
ter (AE300-s, Minato Medical Science Co., Ltd., Osaka, Japan). A nose 
clip was not used during the study, because a face mask was placed over 
the subject’s nose and mouth and was tightly sealed with elastic straps 
around the head and neck (Figure 1).

Respiratory rate (RR) was set at 20 tidal breaths/min using a metro-
nome, and tidal volume (V

T
) was set at 1 L [10, 11]. All subjects were 

directed to maintain this V
T
 by observing a graphic display of their lung 

volume on a monitor. To obtain satisfactory technique and reproducibility 
of RR and V

T
, all subjects practiced before starting the measurements.

During intervention 
For all subjects, their slow vital capacity (SVC) was first measured in the 
erect posture. Then, all the subjects adopted the two standing postures: 
erect and with arm bracing (Figure 1), and their respiratory parameters 
while breathing with the preset respiratory pattern mentioned below 
were measured for 30 s in each posture. The posture testing sequence 
was randomized according to a randomization schedule generated 
beforehand. For the arm bracing posture, the subjects leaned forward 
with their arms stretched and rested their hands on a platform whose 
height was set so that the subjects could assume the most comfortable 
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trunk inclination (average 33.3 ± 6.1°). All subjects also performed the 
inspiratory capacity maneuver in the erect posture at the start and end of 
the measurements in the two postures, to correct possible “drift” caused 
by mechanical errors [12]. 

Lung volume, flow rate, and P
es
 were digitized at 100 Hz using an 

analyzing system (PowerLab; ADInstruments, Dunedin, New Zealand), 
and the data were stored on a computer.

Post intervention
In each posture, five stable breaths were analyzed breath-by-breath for 
each subject, and the mean ΔP

es
, WOB, dynamic lung compliance 

(Cdyn), end-inspiratory lung volume (EILV), and EELV were calculated. 
EILV and EELV were then normalized based on SVC being 100%.

WOB was estimated using modified Campbell diagrams, which plots 
the relationship between P

es
 and lung volume [13]. Figure 2 shows an 

example of the modified Campbell diagram. A line was drawn connect-
ing the points of zero flow (EELV and EILV), representing the Cdyn. 
Cdyn was obtained from the following the equation:

Cdyn = V
T  

/ΔP
es

The work done during a breathing cycle is represented as an area on the 
pressure–volume diagram. Therefore, WOB was obtained from the fol-
lowing the equation:

WOB = ∫ P
es
 × ΔVolume

The work done by the inspiratory muscles to overcome flow resistance of 
the lung represents inspiratory resistive WOB, which is area ABCA (ver-
tical hatching; Figure 2). The work needed to overcome lung elasticity 
represents inspiratory elastic WOB, which is area ACDEA (Figure 2). 
The sum of inspiratory resistive WOB and inspiratory elastic WOB rep-
resents the total inspiratory WOB (area ABCDEA, Figure 2; 
Supplementary appendix1). Additionally, in this study, EELV in each 
posture was assumed to be equal to functional residual capacity.

1The Supplementary Appendix is available on the journal website at 
https://www.cjrt.ca/wp-content/uploads/Appendix-2020-12.xlsx

Statistical analysis
Data are presented as medians (interquartile range). The reliability of the 
ΔP

es
, WOB, and Cdyn in the erect and arm bracing postures was verified 

before starting the study. Reliability was analyzed using the intraclass 
correlation coefficient (ICC), classifying the values as low (ICC < 0.4), 
good (ICC > 0.4 and < 0.75), and excellent (ICC > 0.75) [14].

Comparisons of breathing pattern, ΔP
es
, WOB, and Cdyn between 

the erect and arm bracing postures were performed using Wilcoxon 
signed-rank tests. Effect sizes were also calculated as r [15, 16]. Cohen’s 
guidelines for small (r = 0.10), medium (r = 0.30), and large (r = 0.50) 
effects were used to evaluate the magnitude of this effect size [17].

All tests were performed at a significance level of P < 0.05. Analyses 
were performed with statistical software (SPSS 18; SPSS Inc., Chicago, 
IL, USA).

RESULTS
Table 1 shows the reliability of ΔP

es
, WOB, and Cdyn in the erect and 

arm bracing postures. ICC values higher than 0.6 were found for ΔP
es
, 

WOB, and Cdyn in both postures (P < 0.05).
Table 2 shows the changes in breathing pattern, ΔP

es
, WOB, and Cdyn 

in both postures. Figure 3 shows the time traces of pressure, volume, and 
flow, and the modified Campbell diagram with each posture in a represen-
tative case. RR, V

T
, minute ventilation (V

E
), and inspiratory and expiratory 

flows were not significantly different between the two postures. However, 
EILV and EELV increased significantly with arm bracing compared with 
that of the erect posture. Inspiratory resistive WOB decreased significantly 
with arm bracing compared with that of the erect posture. However, inspi-
ratory elastic WOB increased significantly with arm bracing compared 
with that of the erect posture. Thus, total inspiratory WOB was signifi-
cantly higher in the arm bracing posture than in the erect posture. ΔP

es
 

and Cdyn were not significantly different between the two postures.

DISCUSSION
The major findings of this study were that lung volume increased and 
inspiratory resistive WOB decreased with arm bracing compared with the 
erect posture. Lung volume has been seen to increase with arm bracing 
in previous studies [5, 6]. Craig [5] reported that arm bracing increased 
expiratory reserve volume by 3.1% and that inclining the trunk forward 

FIGURE 1.
The two postures evaluated in this study. A: erect. B: arm bracing.

(A) Erect Arm bracing(B)
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increased it further. Prandi et al. [6] found that arm bracing increased 
FRC by 300 mL. From the relationship between the volume–pressure 
curves of the lung and chest wall, as the lung volume increases, the inward 
retractile force of the lung parenchyma increases, and the outward expan-
sive force of the chest wall decreases. On the contrary, as the lung volume 
decreases, the inward retractile force of the lung parenchyma decreases, 
and the outward expansive force of the chest wall increases [18]. Therefore, 
at a lung volume that is equal to FRC, the outward expansive force of the 
chest wall balances the inward retractile force of the lung parenchyma. 
Also, a report showed that the FRC changes as posture changes [19]. In 
other words, the change in the relationship between the volume–pressure 
curves of the lung and chest wall is a factor. For example, when the pos-
ture changes from upright to supine position, the volume–pressure curve 
of the lung shifts to the left side and the volume–pressure curve of the 
chest wall shifts to the right side. Therefore, the inward retractile force of 
the lung parenchyma and the outward expansive force of the chest wall are 
reduced to maintain the balance; as a result, the FRC is reduced in supine 
position [18]. Also, in this study, the increased EELV in the arm bracing 
posture may have been caused by a change in the relationship between the 
volume–pressure curves of the lung and chest wall. Since no significant 
difference in Cdyn was found between erect and arm bracing postures in 
this study, the possibility that no difference in the volume–pressure curve 
of the lung between the erect and arm bracing postures was considered. 

As a result, the change in EELV with arm bracing may be caused by 
greater chest wall expansion in the arm bracing posture as compared with 
that of the erect posture, which would likely result in an upward shift of 
the volume–pressure curve of the chest wall. Craig [5] estimated that by 
supporting the load of the arms and shoulder girdles, arm bracing reduces 
the load on the chest wall by 7–9 kg. Thus, since the chest wall does not 
need to support the arms, it can expand to a greater degree so that lung 
volume can also increase [6]. Furthermore, the erect posture contracts the 
chest wall, changing the site of action of gravity on the chest wall to the 
pelvic direction. On the other hand, the action of gravity on the chest wall 
in the arm bracing posture changes to a forward position [20], which 
could also be a possible mechanism by which the arm bracing posture 
increases chest wall expansion.

In this study, the respiratory pattern was set based on previous studies 
[10, 11], because unifying the ventilation volumes was necessary to compare 
WOB in the erect posture with that of the arm bracing posture. On the 
other hand, higher RR and large V

T
 have been reported to increase the 

expiratory resistive WOB and the expiratory elastic WOB [21]. Therefore, at 
the ventilation volume, measuring that the EELV did not decrease below 
FRC was necessary, because chest wall compliance could not be measured in 
this study and the expiratory resistive WOB and the expiratory elastic WOB 
could not be calculated. Additionally, a report showed that the inspiratory 
capacity did not change at twice the resting RR in normal subjects [11], and 
the protocol of this study was believed to be appropriate.

The observed decrease in inspiratory resistive WOB in the arm brac-
ing posture may be secondary to the increase in lung volume. Airway 
resistance depends on lung volume: the higher the lung volume, the 
lower the airway resistance [7, 8]. Inspiratory resistive WOB is also 
related to forced vital capacity and peak expiratory flow [21]. Therefore, 
a possibility was considered that the increased lung volume with arm 
bracing decreases airway resistance, and consequently, decreases inspira-
tory resistive WOB. Moreover, the decreased inspiratory resistive WOB 
with arm bracing may be caused not by the change in breathing pattern 
but by the change in pulmonary resistance (due to dilation of airway 
diameter and decrease in tissue resistance), because no significant dif-
ference was found in RR, V

T
, V

E
, and flow between the two postures in 

this study.

FIGURE 2.
Graphical analysis of work of breathing using the modified Campbell diagram. The vertical hatching area represents the 
inspiratory resistive work of breathing (area ABCA). The fine stippling area represents the inspiratory elastic work of 
breathing (area ACDEA). Cdyn, dynamic lung compliance; Pes, esophageal pressure; EILV, end-inspiratory lung volume; 
EELV, end-expiratory lung volume.
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TABLE 1
Reliability of ΔPes, WOB, and Cdyn in the erect and arm 
bracing postures

Variable

Erect Arm bracing

ICC (95% CI) P ICC (95% CI) P

ΔPes 0.66 (−0.10–0.94) 0.04 0.67 (−0.09–0.94) 0.04
Inspiratory elastic WOB 0.82 (0.26–0.97) 0.01 0.81 (0.22–0.97) 0.01
Inspiratory resistive WOB 0.82 (0.24–0.97) 0.01 0.73 (0.04–0.96) 0.02
Cdyn 0.82 (0.27–0.97) 0.01 0.75 (0.07–0.96) 0.02

Pes,esophageal pressure; WOB, work of breathing; Cdyn, dynamic lung 
compliance; ICC, intraclass correlation coefficient; CI, confidence interval.
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TABLE 2
Breathing pattern, ΔPes, WOB, and Cdyn in the erect and arm bracing postures

  Erect Arm bracing P r

RR, breaths/min 20.0 (19.8–20.0) 19.9 (19.9–20.1) 0.79 0.11
VT, L 1.0 (1.0–1.0) 1.0 (1.0–1.0) 1.00 0.00
VE, L/min 19.5 (19.2–19.7) 19.5 (19.0–19.9) 0.60 0.22
Inspiratory flow, L/sec 1.1 (1.0–1.1) 1.2 (1.1–1.2) 0.35 0.39
Expiratory flow, L/sec 0.9 (0.8–0.9) 0.8 (0.8–0.9) 0.92 0.04
EILV, % 57.4 (55.3–63.8) 70.6 (69.4–75.3) 0.03 0.90
EELV, % 36.1 (35.0–41.0) 49.6 (47.6–52.0) 0.03 0.90
ΔPes, cmH2O 3.4 (2.8–3.6) 3.7 (3.1–4.6) 0.17 0.56
Inspiratory elastic WOB, J/min 142.9 (126.9–158.5) 212.4 (201.5–232.7) 0.03 0.90
Inspiratory resistive WOB, J/min 30.2 (29.4–31.6) 24.3 (21.8–25.3) 0.03 0.90
Total inspiratory WOB, J/min 173.3 (159.6–183.9) 237.5 (222.0–259.6) 0.03 0.90
Cdyn, cmH2O 0.3 (0.3–0.4) 0.3 (0.2–0.3) 0.12 0.64

Data are presented as median (interquartile range).
RR, respiratory rate; VT, tidal volume; VE, minute ventilation; EILV, end inspiratory lung volume; EELV, end expiratory lung volume; Pes, esophageal pressure; WOB, 
work of breathing; Cdyn, dynamic lung compliance.

FIGURE 3.
Representative time traces of pressure, volume, and flow and modified Campbell diagram obtained with the subject in the 
erect and arm bracing postures. The arm bracing posture results in a higher lung volume than in the erect posture. 
Inspiratory resistive work of breathing is lower in the arm bracing posture. However, inspiratory elastic work of breathing 
is higher in the arm bracing posture than in the erect posture. Pes, esophageal pressure.
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Furthermore, significant increase in inspiratory elastic WOB was 
observed in arm bracing posture compared with that of the erect posture, as 
also observed in total WOB. This may also have been caused by increased 
lung volume with arm bracing, because high-volume breathing increases the 
elastic recoil of the lungs [22]. However, the inspiratory elastic WOB was 
assumed to be the sum of the work done by the inspiratory muscles, and the 
elastic energy transferred from the chest wall to the lungs in this study, 
because chest wall compliance could not be measured. This was because 
reliably measuring chest wall compliance is very difficult because inexperi-
enced subjects have a difficult time completely relaxing their respiratory 
muscles. Therefore, in their studies, Guenette et al. [21] and Sliwinski et al. 
[23] used measurements of chest wall compliance from previously published 
data. Guenette et al. [21] assumed that chest wall compliance is similar 
between trained and untrained subjects. They also counted on the fact that 
their subjects were similar in terms of relative fitness and respiratory func-
tion levels to those in the previous study. However, for us, using previously 
published data was difficult, because no study has investigated chest wall 
compliance in the arm bracing posture, and our subjects had different rela-
tive fitness and respiratory function levels compared with those of the previ-
ous study. Therefore, the effect of the arm bracing posture on inspiratory 
elastic WOB could not be determined accurately in this study.

On the other hand, COPD patients have a high WOB at rest, their 
resistive WOB being particularly high [24]. Therefore, the arm bracing 
posture may decrease WOB for disorders with increased airway resis-
tance, such as COPD.

Study limitations
Although the WOB during arm bracing posture was estimated using the 
modified Campbell diagram [11], chest wall compliance could not be mea-
sured in this study. Furthermore, the estimated WOB in this study could also 
have been affected by the fact that EELV with both postures was assumed to 
be equal to the FRC. However, previous studies showed that the arm bracing 
posture increases lung volume [5, 6] and that airway resistance depends on 
lung volume [8]. Therefore, the results this study were believed to support the 
previously reported effects of the arm bracing posture. Moreover, the WOB 
may have been underestimated in this study, because the problem of gas 
compression and chest wall distortion was ignored. However, gas compres-
sion is typically negligible in normal subjects at rest and during exercise. 
Chest wall distortion also does not occur in normal subjects in the absence 
of added external respiratory loads, even at the values of ventilation achieved 
during heavy exercise [13]. Therefore, gas compression and chest wall distor-
tion were believed to have had minimal effects in this study.

 This study assessed the effect of the arm bracing posture in normal 
subjects and with a preset respiratory pattern. Additionally, this study 
was conducted with a small sample size and included only male subjects. 
Furthermore, dyspnea was not measured at this time because the sub-
jects were healthy and did not feel any signs of dyspnea. Hence, the 
results cannot be directly extrapolated to patients with breathing difficul-
ties, such as COPD. Further studies are required to address these issues.

CONCLUSIONS
This study investigated the mechanisms by which arm bracing affects 
dyspnea by measuring WOB in the arm bracing posture in normal male 
subjects. The EELV increased and inspiratory resistive WOB decreased 
in the arm bracing posture. Therefore, arm bracing posture increases the 
chest wall expansion thereby increasing the EELV and decreasing the 
inspiratory resistive WOB among healthy individuals.
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