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Introduction

Surgical resection is the mainstay of treatment for 
early-stage non-small-cell lung cancer and oesophageal 
cancer (1,2), and the surgical approach can influence 
the postoperative pulmonary recovery. Traditionally 
thoracotomy was preferred to minimally invasive surgery 

(MIS) as it is an established approach with good access and 
visualisation and improved patient safety particularly during 
the early stages of surgical training; however, it involves 
dissection of and trauma to large muscles (3). A study by 
Nakata et al. [2000] demonstrated the benefits of MIS 
lobectomy over an open approach on early postoperative 
pulmonary function preservation (4). Similar observations 
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were reported by a study in 2013 investigating recovery in 
pulmonary function in the first 3 months after surgery (5).

Previous studies have described the importance of chest 
wall movement for respiratory function as ventilation 
becomes dependent on the diaphragm motion when chest 
expansion is reduced (6). In addition to injury induced by 
surgical incision and access, abnormal chest wall movement 
are usually observed following major abdominal surgery 
due to presence of chest wall oedema, diaphragmatic 
splinting causing poor respiratory effort resulting in pleural 
effusion (7). Weakening of chest wall muscles increases 
the risk for postoperative pulmonary complications (PPC), 
further impairing the pulmonary function (8).

PPC often arise from multiple peri- and postoperative 
factors and comprise a wide spectrum of respiratory 
abnormalities, of which atelectasis, pneumonia and 
respiratory failure are the most common types (9,10). To 
date the incidence of PPC following thoracotomy remains 
high, ranging from 19% to 59% (11,12). Risk factors 
include cigarette smoking, long duration of anaesthesia, 
presence of chronic respiratory disease and elderly patients. 
Hence, patients undergoing thoracic surgery for malignancy 
are often susceptible for PPC (13).

Chest wall movement and pulmonary function in patients 
undergoing cardiac surgery was shown to cause asymmetric 
respiratory movement and a restrictive breathing pattern 
at 3 months postoperatively when compared with 
preoperative values (14). Structural abnormalities of the 
chest wall decrease the chest wall compliance, resulting in 
an increase in the work of breathing. This affects the lung 
volumes, resulting in reduced total lung capacity and may 
also induce changes in the functional residual capacity and 
residual volume (15-18). To understand the implications 
of thoracotomy surgery on chest wall function necessities 
robust methods to quantify chest expansion and breathing 
abnormalities as a result of changes in chest wall kinematics. 
The aim of this systematic review is (I) to identify studies 
assessing changes in chest wall movement using objective 
measures following thoracotomy, and (II) to assess the 
clinical relevance of these methods.

Methods

Search strategy and study selection

A literature search was performed to identify relevant 
studies  assess ing chest  wal l  movement fol lowing 
thoracotomy in MEDLINE, EMBASE, Cochrane Library, 

Scopus and Web of Science. The search included the 
following index or free-text words: ‘thoracotomy’, ‘chest 
wall’, ‘respiratory mechanics’, ‘inertial measurement 
unit’, ‘motion capture’, ‘smart textile’, ‘magnetometry’, 
‘accelerometry’, ‘photogrammetry’, ‘biosensing techniques’ 
and ‘plethysmography’. A hand-search was additionally 
performed to identify missing articles. The full search 
strategy is shown in Table S1. Two reviewers (Sheraz R. 
Markar and Karina Tukanova) independently assessed the 
titles and abstracts for inclusion of relevant references. 
Articles were included if changes in chest wall movement 
were evaluated following elective thoracotomy in adult 
patients using objective measures. Studies were excluded 
if they assessed chest wall movement following surgery for 
traumatic injuries. Review articles and case reports were 
excluded. The following data were extracted: study design, 
sample size, aim of the study regarding assessment of 
chest wall mechanics, treatment modality, method of chest 
expansion measuring and measured parameters, patient 
acceptability of measuring intervention and the outcome 
(Table 1).

Quality assessment

The methodological quality of included studies concerning 
chest wall movement following thoracotomy was assessed 
by use of QUADAS-2 tool for evaluation of the risk of 
primary diagnostic accuracy studies (19). Studies are graded 
within three domains as ‘high risk’, ‘low risk’ or ‘unclear’.

Results

Literature search results

The search for studies assessing chest wall movement 
yielded 5,791 results. After removal of duplicates, 4,157 
references were screened on title and abstract. Fifteen 
full articles were screened, 12 of which met the inclusion 
criteria. Selection procedure of the studies is shown in a 
PRISMA flow diagram (Figure 1) (20).

Twelve studies were reviewed, of which 4 randomized 
controlled trials (RCT), 1 case-control study (CCS), 1 
prospective cohort study (PCS) and 6 single-arm trials 
(SATs). Included studies are shown in Table 1. Across all 
studies included, 4 measured the cross-sectional area of the 
ribcage and abdomen, 1 measured chest wall compliance, 
3 measured chest wall circumference and 4 measured chest 
volume.
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Methodological quality

The results of the quality assessment using the QUADAS-2 
tool are summarized in Figures 2,3. Only 1 study had a case-
control design and the selection of patients could therefore 
introduce bias. For 10 out of 12 studies, there was no 
blinding during interpretation of the results of the index 
test and the reference standard. There was no delay in the 
collection of data of the index test and reference standard, 
resulting in a low risk of bias for the flow and timing domain. 
Across all studies, participants underwent the same reference 
standard, resulting in a low risk of verification bias.

Measurement of changes in cross-sectional area of the 
ribcage and abdomen

The first study evaluating breathing movements in patients 
undergoing thoracotomy, was an RCT conducted by 
Sandier et al. [1986] (21). Respiratory pattern was assessed 
with a respiratory inductive plethysmography (RIP) 
following epidural or intravenous morphine administration. 
This device allows a non-invasive, continuous monitoring 
of the respiratory rate and detection of episodes of slow 
respiratory rate, hypopnoea or apnoea. Compartmental 
volume changes were measured from variations in cross-
sectional areas using 2 bands with incorporated inductive 
coils. These bands were placed around the ribcage and 
abdomen, recording the ribcage and abdominal contribution 
to changes in tidal volume (TV). Ribcage and abdominal 
motions were captured during tidal breathing in supine and 

standing positions and calibrated by comparing the output 
to values obtained from a wedge spirometer. Calibration 
and validation were repeated in case of an error greater 
than 10%. Subtle alternations in breathing pattern were 
observed more frequently in patients receiving epidural 
morphine (P<0.05), experiencing more often episodes of 
slow respiratory rate and hypopnoea or apnoea. There was 
no added value in measuring of the hourly respiratory rate 
for the assessment of the respiratory pattern. These authors 
conducted a similar trial to assess the effect of postoperative 
epidural sufentanil administration (22). The number of 
apnoeas per hour seemed to be a useful predictor of severe 
respiratory depression as participants with marked CO2-
retention exhibited more than 3 apnoeas per hour on the 
RIP (P<0.05). Analysis of number of episodes of slow 
respiratory rate per hour was of limited use. Two years later, 
the authors conducted a SAT to assess the effect of epidural 
fentanyl infusion on respiration following thoracotomy. In 
contrast to previous studies, no significant changes in the 
respiratory pattern were observed in this study population. 
Monitoring of respiratory rate also did not appear to be a 
useful predictor for respiratory depression, in agreement 
with the findings from previous studies (23).

Melendez et al. [1992] studied changes in respiratory 
mechanics following thoracotomy using the RIP in patients 
performing an incentive spirometry (IS) (24). A larger 
abdominal than ribcage contribution to ventilation was observed 
in the preoperative setting, whilst postoperative monitoring 
revealed an altered breathing pattern with increased TV during 
IS resulting from greater ribcage recruitment. Furthermore, 
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Patient selection Index test
Reference 

standard
Flow and timing

Sandier et al. (1986) Low High High Low

Whiting et al. (1988) Low High High Low

Badner et al. (1990) Low High High Low

Melendez et al. (1992) Low High High Low

Murata et al. (2001) High High High Low

Fagevik Olsen  et al. (2005) Low High High Low

Bastianini et al. (2009) Low Unclear Unclear Unclear

Bastianini et al. (2010) Low Unclear Unclear Unclear

Bjersa et al. (2012) Low High High Low

Elshafie et al. (2016) Low High High Low

Fagevik Olsen et al. (2016) Low High High Low

LoMauro et al. (2017) Low High High Low

Figure 2 Tabular presentation of the QUADAS-2 assessment for each study.
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the RIP allowed assessment of the role of recumbency angle, 
showing greater abdominal motion during postoperative IS at 
30° inclination compared to upright position at 60° (P<0.05).

Measurement of chest wall compliance

Murata et al. [2001] computed lung and chest wall 
compliance to evaluate the contribution of impaired chest 
wall mechanics following thoracotomy on the development 
of respiratory failure (25). Intra-pleural pressure was 
monitored by inserting an air-filled balloon catheter into 
the pleural cavity and respiratory flow was measured by a 
flow-calibrated, heated pneumotachograph. Compliance 
was calculated by the zero-flow method using the latter 
parameters. This technique allows to detect impairment in 
respiratory mechanics by calculating the respiratory work 
of breathing. This was achieved by summing the chest wall 
and the lung respiratory work, obtained from measuring 
the pleural pressure and chest wall compliance, respectively. 
Respiratory mechanics were compared between 2 patient 
groups, based on either successful or failed weaning 
from mechanical ventilation. Patients with postoperative 
failure requiring mechanical ventilation, presented with 
significantly lower chest wall compliance, indicating a 
greater respiratory work of breathing in this group (P<0.05). 
Since the lung respiratory work did not differ significantly 
in the 2 groups, the increased respiratory muscle energy 
expenditure could be explained by significant impairment in 
chest wall mechanics following thoracotomy.

Measurement of chest wall circumference

A practical and cheap measurement tool of the chest wall 
circumference is by means of a simple tape measure. One 
RCT and 2 SATs measured the chest circumference (in cm) 
by computing the difference between maximal expiration and 
maximal inspiration at the level of the xiphoid. All 3 studies 
assessed patients who had undergone esophagectomy. Fagevik 
Olsén et al. [2005] assessed long-term functional outcome 
at 2 years postoperatively and found significantly decreased 
chest expansion, compared to the Swedish population norm 
(P<0.01) (26). In 2016 these authors conducted an RCT 
evaluating the effect of postoperative rehabilitation on 
chest expansion and they observed a significantly decreased 
chest expansion in the control group compared to patients 
receiving physiotherapy (P<0.05) (27).

In 2012 an article was published by Bjerså et al. in which 
the effect of osteopathic intervention was assessed on the 

chest wall motion and breathing pattern, measured by  
2 different methods (28). A simple tape measure was used 
to determine the chest circumference, whilst a respiratory 
movement measuring instrument (RMMI) computed the 
anterior-posterior diameter. The latter system measures thoracic 
and abdominal respiratory motions in rest and during maximal 
and minimal breathing. Significant improvement in chest 
expansion could be observed by both measuring methods in 
approximately of the patients following rehabilitation (P<0.05).

Measurement of chest volume

Respiratory muscle mechanics may be assessed by 
measuring changes in chest volume with an optoelectronic 
plethysmography (OEP), also known as structured-light 
plethysmography. Tidal breathing is analysed for pulmonary 
ribcage, abdominal ribcage, the abdomen and the torso 
consisting of these 3 compartments. Furthermore, left 
and right differences may be evaluated for each of these 
compartments, allowing detection of asynchrony between 
the healthy and affected side. Variations in TV are measured 
by capturing chest wall movement during respiration using 
light-reflective markers placed on the chest wall surface. 
The positions of the markers are computed in 3D using 
stereophotogrammetry with calculation of the volume 
by connecting the points to form a mesh of triangles. In 
2009 Bastianini et al. investigated the usability of OEP as 
a diagnostic device to assess chest wall motion in patients 
undergoing lobectomy (29). Chest wall motion was 
monitored during 2 minutes of tidal breathing and the mean 
TV was compared in the pre- and postoperative phase and 
following rehabilitation. Decrease in mean TV was observed 
across all compartments following surgery, mainly affecting 
the abdominal part of the ribcage. Respiratory rehabilitation 
increased the TV in all compartments, with the exception 
of abdominal ribcage. These post-rehabilitation results 
did however not reach preoperative values. Hemithoracic 
analysis revealed that rehabilitation improved the non-
operated side of the pulmonary ribcage, compensating for 
the volume loss of the operated side. One year later the 
authors used the OEP, measuring the forced expiratory 
volume in 1 second (FEV1) and forced vital capacity (FVC) 
to quantify respiratory impairment following lobectomy and 
to assess changes following pulmonary rehabilitation (30).  
A similar trend was observed as in the previous study, 
demonstrating deterioration in the postoperative measured 
parameters after which the pulmonary function partially 
recovered following rehabilitation. These changes in FEV1 
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and FVC were however more significant than TV variations 
demonstrated in the previous article. Elshafie et al.  
[2016] implemented the OEP in patients treated with 
different types of lung resections. A significant reduction in 
chest wall motion was observed on the operated side with a 
compensatory increase on the unaffected side (P=0.01) (31).  
Furthermore, patients treated with lobectomy revealed 
significantly greater asynchrony between the operated and 
healthy thoracic wall than those undergoing wedge resection 
(P=0.02). A more recent study investigated the impact of 
the surgical technique on respiratory mechanics using the  
OEP (32). Comparison of MIS lobectomy with an open 
approach showed better preservation of ribcage expansion in the 
former approach. The OEP also enabled the investigators to 
observe different compensatory changes of chest wall expansion. 
Ribcage expansion shifted towards the contralateral chest wall 
in patients undergoing MIS and towards the contralateral 
abdominal side following open surgery. None of the included 
studies assessed the patient acceptability of the measuring 
devices.

Discussion

Chest wall muscles provide protection to vital thoracic structures 
and contribute to respiration when increased ventilatory effort 
is required, such as occurs during exercise or the presence of 
underlying respiratory disease. Chest wall mobility, as measured 
by thoracic and axillary cirtometry, is related to respiratory 
muscle strength and lung volumes in healthy subjects. Greater 
chest expansion was correlated to higher maximal inspiratory and 
expiratory pressures, FVC, FEV1 and inspiratory capacity (5).  
Abnormalities such as kyphoscoliosis, pectus excavatum and 
other disorders affecting the non-muscular structures of the 
chest wall, decrease the chest wall compliance, resulting in a 
restrictive pulmonary impairment (33).

Thoracotomy provides excellent exposure and access to 
vital structures for lung and oesophageal cancer surgical 
resection. Nevertheless, this surgical intervention leads to 
a reduction in chest wall compliance caused by distortion 
in the chest wall configuration (34,35). The respiratory 
function may additionally be impaired from subsequent 
chronic post-thoracotomy pain (36-38). Several objective 
measures have been utilized in measuring chest wall 
displacement following thoracotomy and all were able to 
detect changes in patients who had undergone surgery. 
These methods differed in practical use and invasive nature.

The reliability and accuracy of the simple tape measure 
has been evaluated in chronic obstructive pulmonary disease 

(COPD) patients and despite finding high reliability, a 
high inter-observer variability was observed at all chest 
wall levels (39). The use of reference tests in chest wall 
expansion is also subject to potential bias, as it was found 
that significant differences comparing variations in chest 
expansion using 2 alternative instructions (40). The use of 
an air-filled balloon catheter inserted into the pleural space 
has also been described, this allows assessment of breathing 
pattern by computing lung and chest wall compliance (25). 
Although this approach enables to compute lung and chest 
wall contributions to respiratory work separately, it is not a 
convenient procedure compared to other methods due to its 
invasive nature and demand for advanced skills.

Two articles described the implementation of RIP 
and calibrated the data by comparing measured values 
with the output obtained from spirometry. Using this 
method might however induce information bias. Another 
issue that could affect the validity of this system, is the 
variation of measurements occurring in different posture 
as a consequence of changes in ribcage to abdominal 
contribution (41). OEP is similar device but in contrast 
to RIP, this is a non-contact system using the position 
of reflective markers to compute chest wall volume of 
six different compartments (29). Calibration is obtained 
through performance of special manoeuvres and by use of 
spirometry. Other than breathing movements may however 
induce motion artefacts. Consequently, the same risks of bias 
apply as with RIP (42). Bastianini et al. [2009] demonstrated 
the feasibility of OEP to perform compartmental analysis 
of the TVs of the chest wall and abdomen, which is not 
possible to achieve using the conventional lung function 
tests (29). In addition, these authors proved the usability 
of the system to measure the FEV1 and FVC and found 
similar results to their first study (30). Hence, this 
equipment provides a more accurate quantification of the 
respiratory impairment. The clinical relevance has also 
been demonstrated by these authors as they assessed chest 
wall changes following pulmonary rehabilitation, showing 
partial recovery of the lung volumes. These findings might 
thus aid in the development of tailored chest physiotherapy 
following thoracotomy. Furthermore, compartmental 
analysis of breathing movements with the OEP allows to 
assess the effect of the amount of lung resected on chest 
wall movement (31) and the feasibility of this system to 
evaluate the impact of the surgical approach on respiratory 
impairment has been established by Lo Mauro et al. (31,32).

Some limitations are present in this review. Chest 
wall displacement was observed in patients following 



1039Journal of Thoracic Disease, Vol 12, No 3 March 2020

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2020;12(3):1031-1040 | http://dx.doi.org/10.21037/jtd.2019.12.93

thoracotomy without comparison to healthy subjects. 
Furthermore, the vast majority of the papers consisted of a 
small sample size which might have introduced bias as well. 
Two studies assessed chest wall movement at several months 
following surgery and only one study evaluated long-
term functional outcomes at 2 years postoperatively. The 
outcomes may therefore be influenced by pain, PPC and 
other components in the immediate postoperative phase. 
None of the studies implemented a measurement standard 
for chest wall movement as several studies measured the 
pulmonary function by means of a spirometry and used 
this as a reference method instead. Finally, six papers were 
excluded as they were not available in English.

In summary, several objective measures have demonstrated 
their usability for the assessment of changes in chest wall 
movement following thoracotomy. Implementation of the 
type of measuring device should be considered regarding their 
practical use and invasive nature. Compartmental analysis 
of the chest wall using the OEP provides a more accurate 
assessment compared to other systems, allowing evaluation of 
the impact of the type of surgery on respiratory impairment. 
Furthermore, this system might aid in the development of 
tailored physiotherapy following thoracotomy.
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Table S1 Search strategy

Database Search Query Results

Medline #1 Exp thoracotomy/thoracotomy*.mp./postthoracotomy.mp./exp pneumonectomy/lung resection*.
mp./lobectomy.pm./segmentectomy.mp./esophagectomy.mp./exp esophagectomy

72,529

#2 Chest wall.mp./exp thoracic wall/rib cage.mp./ribcage*.mp./respirat*.mp./exp breath holding/exp 
respiratory mechanics/exp respiratory rate/thora*.mp./breathing.mp.

942,880

#3 Movement*.mp./motion*.mp./expansion*.mp./biomechanic*.mp./motion capture.mp./magnetomet*.
mp./exp magnetometry/acceleromet*.mp./exp accelerometry/stereophotogrammetry.mp./exp 
photogrammetry/smart textile*.mp./exp biosensing techniques/inertial measurement unit*.mp./imu.
mp./respiratory mechanics.mp./kinematic*.mp./plethysmography.mp./exp plethysmography/exp 
plethysmography, impedance/

1,015,448

#4 #1 and #2 and #3 1,146

Embase #1 Exp thoracotomy/thoracotomy*.mp./postthoracotomy.mp./exp pneumonectomy/lung resection*.
mp./lobectomy.pm./segmentectomy.mp./esophagectomy.mp./exp esophagectomy/

127,567

#2 Chest wall.mp./exp thoracic wall/rib cage.mp./ribcage*.mp./respirat*.mp./exp breath holding/exp 
respiratory mechanics/exp respiratory rate/thora*.mp./breathing.mp.

1,655,945

#3 Movement*.mp./motion*.mp./expansion*.mp./biomechanic*.mp./motion capture.mp./magnetomet*.
mp./exp magnetometry/acceleromet*.mp./exp accelerometry/stereophotogrammetry.mp./exp 
photogrammetry/smart textile*.mp./exp biosensing techniques/inertial measurement unit*.mp./imu.
mp./respiratory mechanics.mp./kinematic*.mp./plethysmography.mp./exp plethysmography/exp 
plethysmography, impedance/

2,647,159

#4 #1 and #2 and #3 2,445

Cochrane #1 [MeSH descriptor: (pneumonectomy) explode all trees]/[MeSH descriptor: (thoracotomy) explode all 
trees]/[MeSH descriptor: (esophagectomy) explode all trees]/(thoracotomy*/postthoracotomy/post 
thoracotomy/lung resection/lobectomy/segmentectomy/*esophagectomy):ti,ab,kw

4,768

#2 [MeSH descriptor: (thoracic wall) explode all trees]/[MeSH descriptor: (respiratory mechanics) 
explode all trees]/[MeSH descriptor: (breath holding) explode all trees]/[MeSH descriptor: (respiratory 
rate) explode all trees]/(chest wall/ribcage*/thora*/breathing/respirat*):ti,ab,kw

79,099

#3 [MeSH descriptor: (manometry) explode all trees]/[MeSH descriptor: (accelerometry) explode 
all trees]/[MeSH descriptor: (photogrammetry) explode all trees]/[MeSH descriptor: (biosensing 
techniques) explode all trees]/[MeSH descriptor: (plethysmography) explode all trees]/
(movement*/motion*/expansion*/biomechanic*/motion capture/magnetomet*/acceleromet*/
stereophotogrammet*/smart textile*/inertial measurement unit*/IMU/plethysmography/kinematic*/
respiratory mechanics):ti,ab,kw

53,202

#4 #1 and #2 and #3 233

Scopus – (thora*/{thoracic wall}/rib and cage/respirat*/breathing/{chest wall}/respiratory AND mechanic*/
respiration) and (thoracotom*/post and thoracotomy/lung and resection/lobectomy/segmentectomy/
esophagectomy/pneumonectomy) and (movement/motion/Expansion/biomechanic*/{motion 
capture}/magnetomet*/accelomet*/stereophotogrammet*/{biosensing techn*}/plethysmograph*/
{smart textile}/{inertial measurement unit}/{imu}/respiratory and mechanic/kinematic)

990

Web of Science #1 TS = (thora*/thoracic wall/ribcage/breathing/chest wall/respiratory mechanic*/respiration); DocType 
= all document types; language = all languages

373,837

#2 TS = (thoracotom*/post thoracotomy/lung resection/lobectomy/segmentectomy/esophagectomy/
pneumonectomy); DocType = all document types; language = all languages

58,063

#3 TS = (movement*/motion*/expansion*/biomechanic*/motion capture/magnetomet*/acceleromet*/
stereophotogrammet*/biosensing techn*/plethysmograph*/smart textile*/inertial measurement unit*/
IMU or respiratory mechanic*/kinematic*); DocType = all document types; language = all languages

1,999,646

#4 #1 and #2 and #3; DocType = all document types; language = all languages 997

*, Asterisk used as truncation symbol to replace word ending; MeSH, medical subject headings; IMU, inertial measurement unit; TS, topic 
search, searches for topic terms in the following fields within a record: title, abstract, author keywords, keywords plus.
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