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Chest wall expansion determines lung volume and functional capacity. 
Factors determining chest wall expansion include respiratory muscle 
strength. Accordingly, there may be association among respiratory 
muscle strength, chest wall expansion, and functional capacity. Thusly, 
this cross-sectional study identified the relationship between respirato-
ry muscle strength, chest wall expansion, and functional capacity. Sev-
enty-six healthy male and female participants aged between 20 to 59 
years exhibiting a body mass index of 18.5 to 22.9 kg/m2 were enrolled. 
Inspiratory and expiratory muscle strength were evaluated via maxi-
mum inspiratory pressure (MIP) and maximum expiratory pressure 
(MEP), respectively. Chest wall expansion was measured through tho-
racic circumferences at three different levels; upper, middle, and lower 
levels with diaphragmatic movement also measured utilizing the cir-
cumference of the lower edge of the 10th rib. Functional capacity was 

evaluated through distance obtained from a 6-min walk test. Results 
showed that both MIP and MEP were significantly correlated with 
chest wall expansion at the middle (P= 0.005 and P= 0.006) and lower 
(P= 0.012 and P= 0.020) thoracic levels as well as diaphragmatic move-
ment (both P< 0.001). Moreover, both MIP and MEP were significantly 
related amid the 6-min walk distance (P= 0.025 and P< 0.001). In conclu-
sion, respiratory muscle strength is positively associated with chest 
wall expansion, diaphragmatic movement, and functional capacity in 
healthy participants.
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INTRODUCTION

The degree of chest wall mobility depends on several determi-
nants including elasticity of soft tissue structures surrounding the 
thorax, chest shape, and strength of the respiratory muscles (Lanza 
Fde et al., 2013). Chest wall expansion may be useful in clinical 
practice to evaluate chest wall mobility (Reddy et al., 2019). In-
creased chest wall expansion could be a result of increased inspira-
tory and expiratory muscle strength (Okrzymowska et al., 2019).

Ventilation is elevated during physical activity due to an in-
crease in both the frequency and depth of breathing. The increase 
in breathing depth during training is performed by greater con-

traction of the external intercostal muscle, diaphragm, and acces-
sory muscles.

Maximum inspiratory pressure (MIP) and maximum expiratory 
pressure (MEP) are defined as indicators of inspiratory and expira-
tory muscle strength, respectively (Schoser et al., 2017). The ele-
vation of inspiratory muscle strength could be, in part, responsible 
for generating more negative pressure in the pleural cavity and in-
creased lung volume (Lutfi, 2017). The degree of chest expansion 
is not only due to movement of the rib cage and the external in-
tercostal muscle expanding the transverse dimensions, but it is 
also associated with contraction of the diaphragm amid expanding 
the vertical diameter of the thoracic cavity. Moreover, the increase 
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of expiratory volume could be result to promote more inspiratory 
volume. Therefore, either inspiratory muscle, or expiratory muscle 
weaknesses impact on lung volume.

Respiratory muscle strength is a proven predictor of the long-
term outcomes concerning neuromuscular disease (Schoser et al., 
2017). Furthermore, MIP and MEP may be more sensitive in de-
tecting early respiratory muscle dysfunction compared with spi-
rometry (Chiang et al., 2018; Schoser et al., 2017). Fatigue or 
weakness of the respiratory muscles has been reported as signifi-
cantly related to exercise limitation in healthy individuals, ath-
letes, and patients with heart failure (Amann, 2012; Janssens et 
al., 2013; Lin et al., 2012; Okrzymowska et al., 2019). Exercise 
capacity or functional capacity expresses an individual’s ability to 
perform submaximal activities that require the integrated efforts 
and health of the pulmonary, cardiovascular, and skeletal muscle 
systems (Arena et al., 2007). A clinical trial in patients with chron-
ic obstructive pulmonary disease demonstrated that pulmonary 
function was positively correlated with reduction of chest wall ex-
pansion (Kaneko et al., 2016). Moreover, a cross-sectional study in 
individuals with sickle cell disease revealed significant correlations 
between pulmonary function (maximum voluntary ventilation) 
and MEP, as well as between peripheral muscle strength (handgrip 
strength), MIP, and the 6MWD (Ohara et al., 2014).

Considering that respiratory muscle strength may be associated 
with chest wall expansion and functional capacity, it may be as-
sumed that these variables correlate with each other. Hence, this 
study aimed to identify the correlations between respiratory mus-
cle strength, chest wall expansion, and functional capacity. Find-
ings from this study may be applied to pulmonary and cardiac re-
habilitation programs, i.e., respiratory muscle training in patients 
with reduced chest wall expansion and lung volume caused by re-
spiratory muscle weakness or thoracic surgery in order to improve 
recovery and activities of daily living.

MATERIALS AND METHODS

Study design and participants
This cross-sectional study was carried out in Mueang Chonburi 

District, Chonburi Province, Thailand between December 2016 
and March 2017. A total of 76 participants (34 males and 42 fe-
males) aged 20 to 59 years were enrolled. During screening, par-
ticipants were interviewed by a researcher on health and smoking 
status. Together, they were examined for height, body mass, body 
mass index (BMI), blood pressure (BP), and pulmonary function. 
Inclusion criteria included: (a) aged 20–59 years; (b) BMI 18.50–

22.90 kg/m2; (c) a nonsmoker; (d) normal pulmonary function 
test. Exclusion criteria included: (a) had history of respiratory dis-
ease (i.e., asthma, bronchitis, emphysema), cardiovascular disease 
(i.e., coronary artery disease, myocardial infarction, hypertension), 
and neuromuscular disease (i.e., pain, weakness); and (b) abnormal 
chest shape (i.e., barrel chest, kyphosis). All participants were in-
formed of the study information including protocols, details, risks, 
and their role—both in writing and verbally prior to screening and 
signing of the consent form. All procedures in this study were ap-
proved by the Institutional Ethics Committee of the Faculty of 
Allied Health Sciences, Burapha University (approval number: 
04/2560 and 05/2560), and in accordance with the ethical stan-
dards of the Declaration of Helsinki.

Sample size
Sample size was calculated using the Yamane formula. Popula-

tion statistics reported in December 2015 showed that there were 
916,476 people aged 20–59 years dwelling in Mueang Chonburi 
District, Chonburi Province, Thailand. By substituting all num-
bers into the formula, i.e., N=population size (916,476), e=mar-
gin of error (0.12), n (corrected sample size) is then equal to at least 
70 persons.

Study protocols
During the week following screening, participants who were 

selected based on the inclusion/exclusion criteria and provision of 
informed consent, partook in the study. Participants were evaluat-
ed for chest wall expansion followed by respiratory muscle 
strength (inspiratory and expiratory muscle strength), and func-
tional capacity. All participants were evaluated under similar con-
ditions, namely in the morning and after a meal. Test sequence 
was considered based on the extent of effort ordered from less to 
more. Each test was conducted by the same researcher based on 
best intrapersonal reliability.

Measurement of pulmonary function
All participants were screened for pulmonary function using a 

calibrated CareFusion MicroLab spirometer (CareFusion MicroLab 
spirometer, CareFusion UK 232 Ltd., Kent, UK). Pulmonary func-
tion parameters including forced vital capacity (FVC) and forced 
expiratory volume in 1 sec (FEV1) were measured and interpreted 
based on the reference values obtained from Thai, healthy non-
smokers (Dejsomritrutai et al., 2000). Each participant was sat in 
the sitting position wearing a nose-clip. The researcher then ex-
plained and demonstrated a correct maneuver. Each participant 
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was asked to fully inhale through a mouthpiece, sustained for less 
than one second, and then instructed to force an exhalation for as 
long as possible through a mouthpiece. Participants were then in-
structed to exhale until no more air could be expelled. This mea-
surement was repeated over the course of three maneuvers with the 
greatest value was then reported. Each participant was asked to 
perform further maneuvers if he/she had not met the criteria. How-
ever, no more than eight maneuvers were usually required (Miller 
et al., 2005). The spirometer was calibrated using a 1-L syringe 
connected to the transducer as previously described following a 
spirometry standardization method. A calibration check of inspi-
ration and expiration report of less than 3% was considered passed.

Measurement of respiratory muscle strength
Inspiratory and expiratory muscle strength were measured via 

MIP and MEP employing a calibrated respiratory pressure meter 
(MicroRPM, CareFusion UK 232 Ltd., Basingstoke, UK) with a 
disposable cardboard mouthpiece. Participants wore a nose-clip 
and were seated for the test. The researcher explained and demon-
strated a correct maneuver. During the MIP maneuver, partici-
pants were instructed to exhale slowly and fully, seal his/her lips 
firmly around the mouthpiece, and then perform a strong inhala-
tion through the mouthpiece with maximal effort (inhaled from 
residual volume). During the MEP maneuver, each participant 
was instructed to inhale slowly, as deeply as possible, seal his/her 
lips firmly around the mouthpiece, and then perform a strong ex-
halation through the mouthpiece with maximal effort (exhaled 
from total lung capacity). Each maneuver was held for 2 sec with 
participants instructed to perform five maneuvers with 1 min rest 
between maneuvers (Hautmann et al., 2000). The greatest three 
values were subsequently averaged and reported. Calibration was 
achieved by attaching the device to a pressure manometer as pre-
viously described (Miller et al., 2005).

Measurement of chest wall expansion
Chest wall expansion was measured at the thoracic level using a 

standard measuring tape for thoracic circumference at three differ-
ent levels; upper, middle, and lower levels. Upper thoracic circum-
ference was measured at the axillary level. Middle thoracic circum-
ference was measured at the nipple line, while lower thoracic cir-
cumference was measured at the tip of the xiphoid process. Each 
participant was asked to breathe out maximally and then breathe 
in maximally. The difference between the two scales (breathing in 
minus breathing out) was determined as thoracic expansion. Dia-
phragmatic movement was also evaluated through abdominal cir-

cumference measured at the lower edge of the 10th rib. Partici-
pants were instructed to perform three maneuvers and the obtained 
values were subsequently averaged and reported (Adachi et al., 
2015; Lanza Fde et al., 2013).

Evaluation of functional capacity
The 6-min walk test (6MWT) is a submaximal exercise test wide-

ly used for assessing functional capacity (Du et al., 2017). Briefly, 
the participant is instructed to walk on a pathway as far as possible, 
but not run, for 6 min. In our setup, traffic cones were placed at 
the start and end points of a 30-m pathway.

Statistical analyses
Data were expressed as mean±standard deviation. Pearson cor-

relation coefficient was used to analyze associations of respiratory 
muscle strength (MIP, MEP), chest wall expansion (upper, mid-
dle, and lower thoracic circumferences), diaphragmatic movement 
(abdominal circumference at the 10th ribs), and functional capaci-
ty (6MWD). Correlation was considered as weak if r was <0.50, 
moderate if r was 0.50–0.70, and good if r was >0.70. All analy-
ses were performed using IBM SPSS Statistics ver. 21 (IBM Co., 
Chicago, IL, USA). Statistical significance was considered as if 
P<0.05.

Table 1. Physical and physiological characteristics of participants (n= 76)

Parameter Mean± SD 

Age (yr)   31.87± 11.23
Gender
   Male (n= 34)   33.18± 10.11
   Female (n= 42)   30.80± 12.10
Height (m)   1.64± 0.08
Weight (kg) 57.25± 6.54
Body mass index (kg/m2) 21.16± 1.47
Blood pressure (mmHg)
   Systolic blood pressure 117.93± 11.64
   Diastolic blood pressure 81.87± 9.94
   Mean arterial pressure 93.89± 9.49
Pulmonary function
   FVC (L)   3.10± 0.82
   %predicted 89.83± 14.13
   FEV1 (L) 2.83± 0.69
   %predicted 95.70± 15.66
   FEV1/FVC (%) 91.66± 5.34
   %predicted 104.39± 6.32
6MWD (m) 552.46± 68.28

SD, standard deviation; FVC, forced vital capacity; FEV1, force expiratory flow in 1 
sec; 6MWD, 6-min walk distance. 
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RESULTS

Physical and physiological characteristics of participants includ-
ing age, gender, height, BMI, BP (systolic BP and diastolic BP), 
pulmonary function (FEV1, FVC, and FEV1/FVC), and 6MWD 
are presented in Table 1. BMI, BP, and lung function values were 

in the normal range.
Table 2 demonstrates participants’ chest wall expansion consist-

ing of upper, middle, and lower thoracic levels, in addition to dia-
phragmatic movement. Inspiratory and expiratory muscle 
strength are indicated as MIP and MEP.

Pearson correlation analysis showed the relationship between 
inspiratory muscle strength and chest wall expansion. MIP was 
significantly positively correlated to middle (r=0.321, P=0.005) 
and lower (r=0.286, P=0.012) thoracic circumferences and dia-
phragmatic movement (r=0.466, P<0.001). There was no rela-
tionship between inspiratory muscle strength and upper thoracic 
circumference (Fig. 1).

Correlation between expiratory muscle strength and chest wall 
expansion was observed. MEP was significantly positively correlat-
ed with middle (r=0.315, P=0.006) and lower (r=0.266, P=0.02) 
thoracic circumferences, and diaphragmatic movement (r=0.392, 
P<0.001), yet was not correlated with upper thoracic circumfer-
ence (Fig. 2).

Table 2. Chest wall expansion and respiratory muscle strength of participants 
(n= 76)

Parameter Mean± SD 

Chest wall expansion (cm)
   Upper 4.87± 1.24
   Middle 4.57± 1.34
   Lower 4.85± 1.49
Diaphragmatic movement (cm) 5.01± 1.25
MIP (cmH2O) 86.48± 25.75
MEP (cmH2O) 96.02± 25.91

SD, standard deviation; MIP, maximum inspiratory pressure; MEP, maximum expira-
tory pressure.

Fig. 1. Correlations between maximum inspiratory pressure (MIP) and upper (A), middle (B), lower chest wall expansion (C), and diaphragmatic movement (D). Data 
are expressed as mean± standard deviation. n= 76.
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Analysis of the association between respiratory muscle strength 
and functional capacity is shown in Fig. 3. Consequently, the re-
sults revealed that both MIP (r=0.025, P=0.040) and MEP (r= 
0.408, P<0.001) were significantly positively associated with the 
6MWD.

DISCUSSION

This study identified the relationships between MIP and MEP, 
different levels of thoracic chest wall expansion, and 6MWD in 
healthy nonsmokers. The major findings demonstrated positive 

Fig. 2. Correlations between maximum expiratory pressure (MEP) and upper (A), middle (B), lower chest wall expansion (C), and diaphragmatic movement (D). Data 
are expressed as mean± standard deviation. n= 76.
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Fig. 3. Correlations between maximum inspiratory pressure (MIP) and 6-min walk distance (6MWD) (A) and maximum expiratory pressure (MEP) and 6MWD (B). 
Data are expressed as mean± standard deviation. n= 76.
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correlations between MIP and MEP, middle and lower thoracic 
chest wall expansion, and diaphragmatic movement. In addition, 
MIP and MEP were also correlated with the 6MWD.

The contraction of the inspiratory muscles; principally the dia-
phragm and external intercostal muscles generates force interaction 
amid the chest wall and increases chest wall and lung expansion. 
As a result, pleural pressure is decreased creating a pressure gradi-
ent that allows air flow into the lungs (Lo Mauro and Aliverti, 
2016). Respiratory muscle fatigue has been reported to decrease 
exercise performance in healthy subjects (Witt et al., 2007; Wüthrich 
et al., 2013). Moreover, weakness of inspiratory muscle is correlat-
ed with low functional capacity in end-stage renal disease, chronic 
obstructive pulmonary disease, and heart failure patients (Du et al., 
2017; Singer et al., 2011; Yamada et al., 2016). Recent results 
showed positive association between inspiratory muscle weakness 
and functional capacity as measured by distance walked during 
the incremental shuttle-walk test in hemodialysis patients (Figue-
iredo et al., 2017). Furthermore, it has been showed that an inspi-
ratoty muscle training improved the distance walked in 6 min among 
patients with stable chronic heart failure and chronic obstructive 
pulmonary disease (Du et al., 2017; Martínez et al., 2001). In ad-
dition, after respiratory muscle training was reported to reduction 
of respiratory muscle fatigue and perception of exertion, as well as 
increased blood flow to the working muscles by reducing respira-
tory muscle metaboreflex, thereby enabling subjects to perform a 
greater walking distance (Witt et al., 2007; Wüthrich et al., 2013). 
Increases in MIP and MEP, indicating augmentation in inspirato-
ry and expiratory muscle strength, have been reported to be asso-
ciated with increased chest wall mobility (Lanza Fde et al., 2013; 
Sahin et al., 2004). Our study observed that both MIP and MEP 
were significantly related to middle and lower thoracic chest wall 
expansion as well as diaphragmatic movement. Significance values 
further suggest that inspiratory muscle strength may be more cor-
related with chest wall expansion and diaphragmatic movement 
than expiratory muscle strength.

However, there were no correlations between MIP and MEP, 
and upper thoracic chest wall expansion, which was measured at 
the axillary level. Moreover, our results contrast with those from 
previous studies which measured the association of chest wall mo-
bility and respiratory muscle strength in healthy subjects that ob-
served correlations between respiratory muscle strength, and both 
axillary and thoracic cirtometry (Lanza Fde et al., 2013). Chest wall 
mobility is not only associated with respiratory muscle strength but 
is also related to other determinants such as elasticity of the soft 
tissue structures surrounding the thorax, shape of the chest wall, 

age, gender, and BMI (Jalayondeja et al., 2014). When compared 
with a study by Lanza Fde et al. (2013), our participants exhibited 
a greater mean age (31.9±11.2 years vs. 24±3 years), and as a re-
sult, lower respiratory muscle strength (MIP: 86.5±25.8 cmH2O 
vs. 93.8±30.2 cmH2O; MEP: 96.0±25.9 cmH2O vs. 103.2±  
38.1 cmH2O) and lung function (FEV1: 2.8±0.7 L vs. 3.7±0.7 L; 
FVC: 3.1±0.8 L vs. 4.4±0.9 L). Therefore, this evidence could 
partly imply that advancement in age may cause deterioration to 
upper chest wall expansion. Besides that, previous reports have 
consistently suggested that upper thoracic excursion is negatively 
correlated with age in healthy subjects aged 20–70 years (Kumar, 
2013).

The present study also observed positive correlations between 
MIP and MEP with the 6MWD. On the other hand, significance 
values further suggest that expiratory muscle strength may be more 
correlated with functional capacity than inspiratory muscle strength. 
Our results are in agreement with previous studies reporting the 
potential relationship between inspiratory muscle strength and 
functional capacity (Demir et al., 2018; Zeren et al., 2016). Fur-
thermore, it has been reported that respiratory muscle weakness is 
associated with reduced functional capacity in hemodialysis pa-
tients (Figueiredo et al., 2017). What’s more, inspiratory muscle 
training has been shown to produce advantageous effects in terms 
of increasing respiratory muscle strength and functional capacity 
(de Medeiros et al., 2017; Saglam et al., 2015). Increased respira-
tory muscle strength may enhance right ventricular function, i.e. 
ventricular filling and ejection fraction, whereby the latter is strong-
ly related to peak oxygen consumption (Mancini et al., 1995). In 
addition, an increase in respiratory muscle strength may elevate 
blood flow to the working muscles via attenuation of the respira-
tory muscle metaboreflex as well as increase leg muscle perfusion 
and oxygenation, thereby enabling skeletal muscle endurance 
(Mancini et al., 1995; Witt et al., 2007; Wüthrich et al., 2013).

A randomized controlled trial in individuals with mild to mod-
erate Parkinson disease suggested that increases in inspiratory 
muscle strength contribute to improved expiratory muscle strength, 
thoracic mobility, and functional capacity (Montero Ferro et al., 
2019). As mentioned, it is likely that respiratory muscle strength 
is directly associated with chest wall expansion (Jung and Kim, 
2018) and the latter directly correlates with lung volume (Ray et 
al., 2013). Furthermore, respiratory muscle strength also directly 
relates to functional capacity (Mancini et al., 1995).

Our study presents some limitations. The major restriction was 
that our study was conducted in a relatively small population. 
Hence, the results may not be thoroughly representative of larger 
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populations. Conversely, we identified the associations among gath-
ered respiratory muscle strength, chest wall expansion, diaphrag-
matic movement, and functional capacity. Though most presented 
a weak relationship, our data may additionally provide an under-
standing of relations between those variables.

Respiratory muscle strength, in particular inspiratory muscle 
strength, displays positive associations with chest wall expansion 
at the middle and lower thoracic levels, diaphragmatic movement, 
and functional capacity. Finally, these findings may be useful amid 
the application of physical rehabilitation: both pulmonary and 
cardiac.
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