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Background and Objectives: Parasternal intercostal ultrasound morphology reflects spiro-
metric COPD severity. Whether this relates to the systemic nature of COPD or occurs in
response to hyperinflation is unknown. We aimed to assess changes in ultrasound parasternal
intercostal muscle quantity and quality (echogenicity) in response to relief of hyperinflation.
We hypothesised that reduction in hyperinflation following endobronchial valve (EBV)
insertion would increase ultrasound parasternal thickness and decrease echogenicity.
Methods: In this prospective cohort study, eight patients with severe COPD underwent
evaluation of health-related quality of life, lung function, and sonographic thickness of 2™
parasternal intercostal muscles and diaphragm thickness, both before and after EBV inser-
tion. Relationships between physiological and radiographic lung volumes, quality of life and
ultrasound parameters were determined.

Results: Bascline FEV; was 1.02L (SD 0.37) and residual volume (RV) was 202% predicted
(SD 41%). Median SGRQ was 63.26 (range 20-70.6). Change in RV (—0.51 + 0.9L)
following EBV-insertion showed a strong negative correlation with change in parasternal
thickness (r = —0.883) ipsilateral to EBV insertion, as did change in target lobe volume
(—0.89 £ 0.6L) (r = —0.771). Parasternal muscle echogenicity, diaphragm thickness and
diaphragm excursion did not significantly change.

Conclusions: Dynamic changes in intercostal muscle thickness on ultrasound measurement
occur in response to relief of hyperinflation. We demonstrate linear relationships between
intercostal thickness and change in hyperinflation following endobronchial valve insertion.
This demonstrates the deleterious effect of hyperinflation on intrinsic inspiratory muscles and
provides an additional mechanism for symptomatic response to EBVs.
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Plain Language Summary

Parasternal intercostal thickness negatively correlates with COPD severity although contribution
of hyperinflation is unclear. We demonstrate strong correlations between reduction in residual
volume, reduction in CT-target lobe volume and increased parasternal thickness following
endobronchial valve insertion, suggesting reduced parasternal thickness is related to hyperinfla-
tion. This provides a novel mechanism for symptomatic improvement post-EBV insertion.

Introduction
Chronic obstructive pulmonary disease (COPD) is characterised by non-reversible
airflow limitation," predisposing to lung hyperinflation with associated functional
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impairment. Hyperinflation has been shown to have sig-
nificant impacts on dyspnoea, related to inability to appro-
priately increase tidal volume®” and increased neural
respiratory muscle drive with exercise.” Reduction in the
degree of hyperinflation with heliox® and inhaled
bronchodilators’ during exercise has been shown to
improve exercise capacity and dyspnoea. Emphysema
and hyperinflation have additionally been shown to have
significant impacts on cardiovascular function.®

Additionally, systemic inflammation is prominent in
COPD, leading to reductions in peripheral and respiratory
(intercostal) muscle bulk and quality.”"' Such loss of
muscle mass in hospitalised patients with COPD indepen-
dently predicts increased mortality and risk of hospital
readmission.'?

The parasternal intercostal muscles are purely inspiratory
in nature, with contraction resulting in cranial and outward rib
displacement."* We have demonstrated that parasternal inter-
costal muscle thickness and quality in COPD have high intra-
and inter-rater reliability when measured with ultrasound and
that changes in these measures (decrease in thickness and
increase in echogenicity) correlate with spirometric disease
severity.'* The clinical significance of intercostal muscle func-
tion is an area of ongoing interest. Augmentation of intercostal
blood flow and oxygen delivery in COPD with heliox during
exercise results in reduced dyspnoea and respiratory muscle

21 independent of redistribution of blood flow.!”

work
Additionally, failure of EMG-parasternal intercostal muscle
drive to improve following COPD exacerbation is associated
with increased risk of hospital readmission,'® with elevated
EMG activity associated with increased mortality.'® Finally,
altered parasternal intercostal muscle morphology in critically
ill patients undergoing mechanical ventilation with decreased
intercostal and diaphragm thickness is associated with pro-
longed duration of ventilation and longer ICU stay.*
Parasternal intercostal thickening is increased in patients
with diaphragm dysfunction, and this thickening is indepen-
dently associated with failure of spontanecous breathing
trials.”!

A key finding in our previous study was that paraster-
nal muscle thickness was reduced in more severe COPD;
there are several potential reasons for this finding, which
require further exploration. Firstly, there is an established
relationship between muscle bulk and COPD severity
which reflects the underlying inflammatory nature of
COPD, along with general patient factors including
reduced physical activity, comorbid medical conditions

and medication use.?? Therefore, the reduction in muscle
thickness may indicate a more generally unwell patient.

Another potential explanation for diminished paraster-
nal intercostal muscle thickness in COPD is from muscle
stretch due to thoracic hyperinflation. This may impair
muscle length—tension relationships, and — in association
with changes in rib displacement during contraction —
reduce the capacity of parasternal intercostal muscles to
effectively generate pressure changes at the airway level.”

In COPD, relief of hyperinflation can be achieved in
selected patients via endobronchial valve (EBV) insertion.
These one-way valves allow expiratory but prevent
inspiratory flow, causing collapse of distal lung segments.
These anatomical changes are usually accompanied by
improvements in lung function, symptoms and exercise
capacity.>* %’

To establish — under clinical experimental conditions —
whether hyperinflation contributes significantly to dimin-
ished parasternal muscle thickness in COPD, we performed
ultrasound measurements before and after therapeutic uni-
lateral EBV insertion to reverse hyperinflation. We aimed to
assess whether there would be a demonstrable change in
parasternal thickness in patients undergoing this procedure
and to assess the relationship between physiological and
radiological measures of lung volume and ultrasound
indices.

We hypothesised that diminished parasternal intercos-
tal muscle thickness on ultrasound would be reversed
following EBV insertion, commensurate with the extent
to which hyperinflation was successfully relieved.

Methods

Participants

Respiratory muscle ultrasound was performed on consecu-
tive patients undergoing endobronchial valve placement at
the Royal Melbourne Hospital, a university referral centre,
prior to and following EBV insertion between 1 January
2017 and 30 June 2018. The baseline data of these patients
have been included in a previously published work in a
larger cohort.'

The decision to insert EBV was made on the basis of
consensus guidelines,”® with patients demonstrating a resi-
dual volume (RV) of greater than 150%, with CT-mea-
sured fissural completeness, and Chartis® (Pulmonx,
Redwood City, CA, USA) performed in the setting of
equivocal scans to exclude collateral ventilation. Patients
also underwent CT chest scanning post-procedure to assess
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changes in CT-measured total lung volume. No specific
nutritional or physical interventions were performed
between scans, of note pulmonary rehabilitation was not
undertaken routinely for logistical reasons.

Baseline St George Respiratory Questionnaire (SGRQ),*’
short-form 7-day recall International Physical Activity
Questionnaire  (IPAQ)***' and Charlson Comorbidity
Index*** were obtained, along with routine physiological
data (Table 1). Written informed consent was obtained from
all patients prior to initial ultrasound with baseline data
included in our previously published work,'* and this project
received institutional ethics approval (Melbourne Health
Human Research Ethics Committee: HREC 2015.296) and

was conducted in accordance with the Declaration of Helsinki.

Ultrasound Examination

Ultrasound was performed by a single operator (PW) with 8
years of ultrasound experience and qualifications in respiratory
ultrasound'*** Briefly, B-mode images were obtained utilising

Table | Baseline Demographics

Sex Male: 7 (88%)
Female: |
Age (years) 73.4 (5.6)
BMI (kg/m?) 21.8 (3.1)
Current smoker 0
FEV, (litres) 1.02 (0.37)
FEV, (% predicted) 36% (12.5)
Diffusion capacity (% predicted) 35 (5)
Residual volume (litres) 5.25 (1.23)
Residual volume (% predicted) 202 (41)
6-minute walk test distance (metres) 260 (69)
(n =6)
Age-adjusted Charlson Comorbidity Index* 4 (4,5)
International Physical Activity Questionnaire Low =4
(n=6)# Med =0
High = 2
Modified Medical Research Council Scale 334
(mMRC) n = 6*
St George Respiratory Questionnaire 63.5 (40.12, 70.16)
(Baseline) n =7

Notes: All data are mean (SD) unless specified. *(Median (range). #: Scored
according to IPAQ research committee protocol, accessed at https:/sites.google.
com/site/theipag/home.

a 6-14mHz linear array on a MindRay TE-5 machine
(Shenzhen MindRay Bio-Medical Electronics Co. Ltd.
Shenzen, China) with the participant at 45 degrees head-up
in supine position on bed with standardised depth and gain.
Two still images were taken of the 2™ parasternal inter-
costal muscle bilaterally in the sagittal plane at end-tidal
inspiration with a window visualising the 2"4/3™ ribs respec-
tively (Figure 1) with the mean thickness of 2 measurements
utilised for analysis; intercostal muscle echogenicity was
analysed using histogram analysis. Additional musculoske-
letal ultrasound measurements were taken, including right
diaphragm thickness at end inspiration and expiration using
B-mode and excursion measured with M-mode.*> The sec-
ond parasternal intercostal muscle was chosen as this was the
most reliable site in our previous work.'* Ultrasound was
performed prior to EBV insertion, and approximately eight
weeks following EBV insertion, at time of clinical review.
Measurements were performed on stored images using freely
available NIH ImageJ software (https://imagej.nih.gov/ij/index.
html NIH, Bethesda, MD, USA). Muscle thickness in milli-
metres was measured between the inner and outermost echogenic

layer of the muscle fascial borders for both intercostal and
diaphragm muscles. Muscle echogenicity was calculated utilising
the square method™ to define the region of interest for analysis
using Image] histogram function (Figure 1).

Statistical Analysis

Data were analysed using GraphPad Prism 7 (GraphPad
Software Inc., CA USA). Descriptive statistics were per-
formed utilising parametric tests after testing for normality
of distribution with D’Agostino and Pearson normality
test. Correlation was measured using Pearson correlation
coefficient. P-values were not reported for correlation data
given the limited number of subjects. Data are described
by mean and standard deviation unless otherwise specified,
depending on normality of distribution.

Reporting is in keeping with STROBE guidelines.®’

Results

Eight consecutive patients who underwent EBV placement
(Table 1) were included in this study. A ninth also under-
went EBV insertion during this period however valves
were removed prior to follow-up scanning due to progres-
sive dyspnoea with respiratory failure.

In keeping with published data, there was a range of
physiological responsiveness to EBV insertion in our
cohort, with regards to airflow obstruction (FEV), hyper-
inflation (RV) and quality of life (SGRQ) (Table 2).

International Journal of Chronic Obstructive Pulmonary Disease 2020:15
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Figure | Parasternal intercostal muscle ultrasound.

Count: 2254 Min: 76
Mean: 125.659
StdDev: 18.816

tax: 171
Mode: 136 (80)

Notes: (A) Ultrasound image of parasternal intercostal muscle; (B) Square method for measurement of parasternal intercostal echogenicity.
Abbreviations: R, ribs; PM, pectoralis major; Arrows, fascial border of parasternal intercostal muscle.

Overall there was a non-significant increase in FEV,
and fall in RV likely due to the small sample size, with
a magnitude of effect similar to published results.?
Unsurprisingly there was also no overall significant
improvement in SGRQ (Table 2). There was a signifi-
cant decrease in CT-measured volume of the treated
lung (—611.6mL (95% CI —1145 to —78.73) p = 0.03),
with a non-significant trend towards increased volume
on the non-treated side (+181.6mL (95% CI —50.66 to
413.8mL) p =
achieved in 3 patients, with significant decreases in
target lobe volume (—0.887mL (95% CI —1370 to
—404.2) p = 0.003).

0.107). Target lobe atelectasis was

Intercostal Muscle Changes

There was a strong negative correlation between change in
residual volume and parasternal intercostal muscle thick-
ness on the treated side in all participants (r = —0.883 p =
0.004). Additionally, there was a strong positive correla-
tion between change in RV and 2™ parasternal thickness

Table 2 Pre- and Post-Physiological and QoL Results

PRE-EBV POST-EBV
FEV, (L) 1.02 (0.37) 1.14 (0.37)
FEV,% predicted 36% (12.5) 42% (18.4)
Residual volume (L) 5.25 (1.23) 4.74 (1.09)

CT lung volume treated side (mL)** 3600 (650.9)
3282 (567.2)
2143 (426.4)

63.5 (60.6-64.5)

2988 (785.9)
3463 (575.2)
1256 (653.3)
48.1 (44.1-69.7)

CT lung volume non-treated side (mL)
CT target lobe volume (mL)***
SGRQ (median, IQR)#

Notes: Mean (SD) unless specified; Paired t-test unless specified; **Significant
difference (p = 0.03). ***Significant difference (p0.003); # Wilcoxon test.
Abbreviations: FEV,, forced expiratory volume in | second; CT, computed
tomography; SGRQ, St George’s Respiratory Questionnaire.

on the non-treated side (r = 0.840 p = 0.009) (Figure 2).
The strength of correlation appeared stronger in those
where there was target lobe atelectasis (r = —0.955 and r
= (0.945, respectively).

There was a strong negative correlation between
change in target lobe volume and change in parasternal
intercostal thickness on the treated (r = —0.771 p = 0.025)
side, with a strong positive correlation on the non-treated
side (r = 0.755 p = 0.03) (Figure 2).

There was a non-significant correlation between
change in overall CT-measured lung volume and para-
sternal intercostal thickness on the treated side (r =
—0.517 p = 0.189) and between change in CT-volume
and parasternal thickness on the non-treated side (r =
0.479 p 0.229), although the directionality of relation-
ships was preserved. In those achieving target atelecta-
sis, again there were strong correlation coefficients
noted between change in CT-volume and parasternal
thickness on the treated and non-treated sides (r =
—0.999 and r = 0.975, respectively).

Overall, there was no significant correlation identified
between change in parasternal thickness and change in
FEV, for either the treated or non-treated hemithorax
(treated side r = 0.42 p = 0.295 and non-treated side r =
—0.511 p = 0.195), and no significant relationship between
change in CT volume and change in parasternal thickness
for either side (treated side r = —0.599, p = 0.117 and non-
treated side r = 0.398 p = 0.329).

There was no significant correlation identified between
change in intercostal muscle echogenicity and change RV,
FEV,, ipsilateral CT or total CT volume.

By participant physiological and ultrasound data are
presented in Tables S1 and S2.
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Figure 2 Relationship between change in residual volume, CT-target lobe volume and change in parasternal thickness following endobronchial valve insertion.
Notes: Regression line of change in parasternal muscle thickness compared to change in residual volume (dotted lines = 95% confidence interval).
Abbreviations: RV, residual volume (litres); Target lobe vol, CT-measured target lobe volume (litres); IC2, 2nd intercostal muscle (parasternal).

Diaphragm Muscle and Physical Activity
Changes

There were non-significant moderate negative correlations
between change in diaphragm thickness and excursion and
change in RV (r = —0.662 p = 0.074 and —0.341 p = 0.409,
respectively), with a moderate non-significant positive corre-
lation between change in diaphragm thickness and change in
FEV; (r = 0.524 p = 0.183). There were similar results with
regards to change in target lobe volume on CT for thickness
(r=-0.659 p = 0.76), with no suggestion of a linear relation-
ship between diaphragm excursion and change in target lobe
volume (r = —0.067 p = 0.875).

There was no significant difference between pre-IPAQ
raw scores or calculated metabolic equivalents per week
and those following EBV insertion.

Discussion

Changes in Intercostal Muscle Thickness
We have demonstrated a significant linear relationship
between changes in intercostal muscle thickness and resi-
dual volume in patients who have undergone EBV. In the
hemithorax treated with EBV insertion, relief of hyperin-
flation was accompanied by an increase in parasternal
muscle thickness, exactly as we hypothesised.

Overall, these experimental results support the hypoth-
esis that diminished parasternal muscle thickness in COPD

is at least in significant part due to hyperinflation. This
does not exclude the possibility that systemic inflamma-
tion and general muscle factors may also play important
roles. Patients however had low levels of comorbidity as
reflected in age-adjusted Charlson Comorbidity Index
scores between 4 and 5, which reflected age and COPD
status with no other recorded significant comorbidity.

The mechanism of benefit of endobronchial lung
volume reduction is thought to be predominantly due to
improved FEV, following relief of hyperinflation.
Limited studies have suggested other factors, including
improved  cardiac  function,®®  ventilation-perfusion
matching®® and improved chest wall synchrony.*® Our
findings suggest for the first time that improved intercos-
tal muscle function may also contribute to symptomatic
improvements. Increased parasternal muscle thickness
following EBV insertion is likely accompanied by a
restoration of optimal length—tension relationships and
improved rib conformation.

It has previously been demonstrated that hyperinflation
reduces the ability of both the diaphragm and parasternal
intercostal muscles to alter airway opening pressure in a
volume-dependent fashion” with a relative increase in the
contribution to negative pressure generation by the inter-
costal muscles with progressive hyperinflation.*' Our

results provide a second mechanistic explanation for the

International Journal of Chronic Obstructive Pulmonary Disease 2020:15
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contribution of intercostal muscles toward clinical benefits
seen in lung volume reduction.

In the contralateral hemithorax (ie not treated with EBV
insertion), we found an unexpected reduction in intercostal
muscle thickness, possibly suggesting a reciprocal relation-
ship between changes in rib conformation in each hemi-
thorax in response to increased volume of the contralateral

1 chest wall

lung. Interestingly, in the study by Zoumot et a
synchrony was only significantly improved on the treated
hemithorax, which is also in keeping with our findings. This
lends further support towards the benefit of optimising
muscle length—tension relationships and alteration in the
direction of rib displacement related to the interaction
between rib displacement and lung volume to improve
function.”

The correlations identified between parasternal muscle
thickness and changes in RV and target lobe volume were
stronger than for changes in diaphragm indices; neverthe-
less, the relative contributions of each of these muscle
groups require further evaluation.

The demonstration of a strong linear relationship
between parasternal intercostal thickness and residual
volume suggests benefit for ultrasound measurement as a
simple, safe and repeatable bedside marker mirroring
changes in hyperinflation and gas trapping. Additionally,
the demonstration of strong relationships between target
lobe volume change and parasternal thickness may allow
rapid assessment of changes in response to EBV insertion
if replicated in larger cohorts. The greater strength of
correlation in those achieving target lobe atelectasis further
underlines these results.

Changes in CT Lung Volume

We have demonstrated significant correlations between
changes in parasternal thickness and changes in target
lobe volume, reflecting the responsiveness of this measure
to relief of hyperinflation.

CT-defined lung volume did not show the same
strength of correlation with ultrasound indices as physio-
logical measurement of residual volume or target lobe
volume changes, although the direction of correlations
was consistent. CT scans were performed at deep inspira-
tion which has previously been shown to underestimate
TLC by approximately 12%, with expiratory scans (not
performed on this occasion) significantly overestimating
RV.*> We hypothesise that the non-significant correlation
is related to the small sample size, as well as the inherent
variability of CT volume measurements related to the lack

of standardisation of inspiration. This is supported the fact
there was no significant correlation between change in
overall CT volume and change in either TLC (r = 0.344
p 0.404) or RV (r = 0.682 p = 0.062) in our dataset.

Changes in Intercostal Muscle
Echogenicity

We did not observe changes in muscle echogenicity,
though the study period is perhaps shorter than required
to observed changes in the composition of these small
muscles. It is worth noting that in the context of critical
illness,* there are demonstrable changes in echogenicity
within larger muscle groups within 10 days, although this
is a highly catabolic state. Studies repeating respiratory
muscle ultrasound assessment at more distant time points
will be required to assess the impact of EBV on muscle
quality.

Changes in Diaphragm Thickness and

Excursion

There was no significant difference between measurements
in either diaphragm thickness or excursion pre- and post-
EBYV insertion. There was a non-significant negative cor-
relation between changes in RV, target lobe volume and
diaphragm thickness. The direction of this relationship was
as anticipated based on the relationship between the dia-
phragm and hyperinflation, with previous studies showing
alterations in the diaphragm zone of apposition on US in
hyperinflation.***> A larger cohort may have identified a
significant relationship between these parameters.

Change in diaphragm excursion showed a non-signifi-
cant correlation with change in RV and target lobe
volumes, which is as would be anticipated given the
improvements given previous studies using MRI*® and
US*” showing reduced excursion with hyperinflation with
improvement following lung volume reduction surgery.**

Limitations

There are limitations to our data. Firstly, this is a small
study, with scans performed by a single operator. Whilst
we have previously shown excellent intra-observer agree-
ment including with these pre-EBV data in our
previously,' the reproducibility of these findings by
other sonographers is needed. Secondly, although endo-
bronchial valve insertion affords an experimental opportu-
nity to study parasternal muscles following a defined

physiological intervention — relief of hyperinflation — it
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remains to be shown whether such changes occur follow-
ing other therapeutic interventions. Finally, the addition of
a control group of patients with COPD who have not
undergone intervention would add further strength to
these findings.

Implications

These data raise a possible mechanism by which EBV
insertion may improve symptoms, via the alterations in
intercostal muscles, likely due to restoration of optimal
length—tension relationships. Measurements of intercostal
thickness may provide clinicians with information regards
to hyperinflation, particularly with regards to changes over
time, with increasing thickness strongly related to reducing
RV. This may provide clinicians with a non-invasive easily
performed marker at the bedside.

The emerging ICU data with regards to intercostal
muscle thickness/thickening and ventilation outcomes are
of interest,?' raising the possibility that adding intercostal
measurements to diaphragm US may help identify those
who are at risk of difficulties with ventilation weaning.
Our data further underline the value of ultrasound imaging
of the parasternal muscles.

Finally, a larger cohort study utilising controls who do not
undergo mechanical relief of hyperinflation would provide
further data with regards to the relationship between lung
volume and intercostal muscle thickness. A longer duration
of follow-up would allow further changes to be described,
including changes in echogenicity which were likely not iden-
tified in our study due to the limited time between scans. These
data would be further enriched by measurement of serum
inflammatory markers, parasternal muscle EMG and ideally
muscle biopsies to assess for remodelling, with previous
research suggesting that in severe COPD parasternal muscles
undergo fibre switching to fast to slow fibre and slow myosin
heavy chain types.* This would also help further elucidate the
relationship with diaphragm parameters, with our small sam-
ple size precluding any firm conclusions. Measurements of
respiratory muscle strength, particularly with regards to
inspiratory pressure generation would be of interest.

Conclusions

Dynamic changes in parasternal intercostal muscle thickness
can be observed on respiratory muscle ultrasound. In
patients with COPD undergoing EBV insertion, parasternal
intercostal muscle thickness increased in proportion to the
relief of hyperinflation, providing a mechanistic explanation
for the diminished muscle thickness observed in COPD.

These findings also provide a further mechanism of
symptomatic benefit following bronchoscopic lung volume
reduction with EBV insertion.

Abbreviations

COPD, chronic obstructive pulmonary disease; CT, com-
puted tomography; EBYV, endobronchial valve; IPAQ,
FEV,,
forced expiratory volume in 1 second; RV, residual

International Physical Activity Questionnaire;

volume; SGRQ, St George Respiratory Questionnaire;
TLC, total lung capacity.
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