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INTRODUCTION
COPD is a progressive disease characterized by flow limitation, perceived most commonly as dyspnea1. Whilst bronchodilators, still the cornerstone of the end stages treatment, quite often found inadequate to obliviate patients from their symptoms, new procedures developped. Surgical techniques such as lung volume reduction surgery (LVRS) targeted to reduce resting hyperinflation and its static and dynamic components2. The procedure improved elastic recoil, enhanced the radial traction of the airways and finally increased conductance and expiratory flows3. Bronchoscopic lung volume reduction methods are emerging as a viable alternative to LVRS 4-9. Endobronchial valves are most effective when they result in significant lung volume reduction by inducing atelectasis4. Previous studies highlighted the safety and efficacy profile of the lung volume reduction coils (LVRC)5-9. In contrast, the mechanism of action of the procedure remains unclear. Recently the RESET trial concluded that there were no changes in total lung capacity5 and supported that the radial traction exerted by the LVRC created volume reduction to the targeted lung areas and tethered open the small airways5,9. To examine further the effects of LVRC, we have performed a more detailed analysis of the pulmonary function data obtained from a large subset of the patients in the RESET (ClinicalTrials.gov NCT01334307) study and correlated them to changes in lobar lung volumes and emphysema scores obtained from computerized tomography (CT) scans.


METHODS
The design, methods and primary data of the RESET study have been published previously5. This further analysis is based on the sub-group of patients enrolled only at the Royal Brompton and Harefield NHS Hospital Trust in a one-to-one ratio to either LVRC treatment (18 patients) or best medical care (18 patients). All patients were on optimal medication according to the current guidelines1 and have completed a rehabilitation program within 6 months. The two groups were well matched. Lung function tests were conducted according to the American Thoracic Society guidelines10. Imaging data were obtained from high-resolution CT scans with the patients in full inspiration (SOMATOM Definition AS and Sensation 64; Siemens Medical, Erlangen, Germany) (Table 1) Data was reconstructed to provide overlapping 6 mm-thick slices every 3 mm for in-depth analysis. We used a customized image processing program written in the matrix laboratory (MATLAB) for computing CT lung volumes and emphysema scores ie the percentage of voxels below -950 (HU).  The program was developed by The Hamlyn Centre for Robotic Surgery at Imperial College, London, and could segment automatically the lungs and the airways. The program also automatically discarded the coils from any density measurements. The lobar segmentation was semi-automatically performed11-14.
The lobar volume and the percentage of emphysema scoring was performed on 14 patients in each group. All assessments were performed at baseline and three months after the final treatment (Table 1).
STATISTICS
Statistical significance of the change in lung function, CT lung volumes and emphysema scores at baseline and 3 months following the procedures was computed with the paired t-test. Pearsons correlation coefficient, and regression analyses used to assess relationships between variables. All statistical analyses were performed with SigmaStatR and SigmaPlotR v.10, and p<0.05 was considered statistically significant.
RESULTS
There was a reduction in volume by  360 ml in the treatment lobes. In contrast there were no improvements in the target lobe in the control group. The emphysema scores were significantly improved in the treatment lobes by  16.3 HU but remained unchanged in the control group (Table 1).
Significant improvements observed in Forced Expiratory volume in the first second(FEV1), Forced Vital Capacity (FVC), and Residual Volume (RV) in the LVRC treatment group. The results suggested similar improvements in Functional Residual Capacity (FRC), Inspiratory Capacity (IC), Residual Volume to Total Lung Capacity ratio (RV/TLC) and Inspiratory Capacity to Total Lung Capacity ratio (IC/TLC) in the LVRC group (Table 1). Of greater interest were the improvements in specific Airway Conductance (sGaw) in the treatment group. In contrast there was a deterioration in the control group. Although there was no appreciable change in Airway Rsistance (Raw) in the treatment group the between group differences were statistically significant (Table 1).
Further analysis revealed that the volume change in the treatment lobes correlated  with  the (Δ)RV (r:0.564, p:0.0358) and  (Δ)FRC (r:0,578, p:0.0305) (Figure 1A) . Change in emphysema score (Δ) also correlated with (Δ)FRC(r:0.616, p:0.0190), and (Δ)IC/TLC (r:-0.554, p:0.0398) (Figure 1B). Conversely any correlations were not obtained with the change in the unteated lobes and emphysema scores and lung function indices (Figures 1A and 1B).  Backward stepwise regression finally revealed  significant correlations between the change in the treatment volume  with   (Δ) sGaw (p:0.042) and (Δ) RV (p:0.006).
DISCUSSION
The novel findings of this randomized trial confirm that treatment with LVRC reduced the volume and the emphysema score at the treatment lobes. Finally the sGaw improved after the procedure and correlated with the change of the volume in the treatment lobes (Table 1).
Physiological techniques can only measure whole lung volumes, thus considering the lungs as a single unit10.  However this may not be appropriate in diseases where the lungs are affected in a heterogeneous distribution or where targeted treatment is available. This study observed for the first time through CT analysis, a 360 ml reduction in treatment lobe volume with endobronchial coils in relation to controls. Conversely, the total lung volume with CT assessments and the TLC by plethysmography were matched without changing significantly after the therapy. The reason for this discrepancy was that the volume of the non-treatment lobes increased over the course of follow-up. This functional volume reduction correlated closely with the FRC and RV reduction signaling possibly a restriction of inflation and thus a drop in hyperinflation15,16 of the emphysema damaged lung areas. Furthermore the volume reduction of the emphysematous treated areas, could improve lung compliance by placing the lung in a sharper part of the pressure volume curve, put the diaphragm in a better condition of function with, by consequence, increase in driving pressure of the expiratory flows17,18. 
Previous studies have established the value of high resolution CT to objectively quantify emphysema severity11-14. The present study showed significant reductions of the emphysema score in the treatment group. The reduction of the emphysema score was closely correlated with the FRC and IC/TLC  which propably represents less inflation of the already diseased areas. The implanted coils  could compress the diseased lung parenchyma by winding it up arround the site of  their insertion. These winded up, whilst still diseased parenchymal sites, are identified in the CT scan as reduced emphysema score areas. The compressed areas are possibly less hyperinflated, and simoultaneously  transmit better the elastic recoil pressure  thus improve airway tethering and interdependance14. 
  In addition to the loss of the lung compliance, elastic recoil and airway radial traction, emphysematous airflow limitation is finally determined by the increased airway resistance17,18. The data in this study (Table 1) confirmed a decrease in airway resistance and increase in the specific airway conductance which was correlated with the volume reduction change (Δ) in the treated lobes. Since sGaw mainly depends on the lungs elastic properties, these findings could support the hypothesis that there is an increase in the diameter of the obstructed airways and a “holding the airways open”  mechanism that can even fascilitate lung emptying19-21. 
A major limitation of our study is the sample size which is small to redraw safe conclusions concerning the exact mechanism of the procedure.The lack of direct measurements of the lungs elastic properties, and the absence of regional measurements concerning airway resistance and specific airway conductance of the treatment lobes is another limitation A deterioration that observed in the control group spirometry and CT features can be attributed to the disease progression since these patients were all suffering from end stage COPD.
Concluding, LVRC is a promising technique that reduces reatment lobar volumes, emphysema score and improves lung function.The findings are suggestive of a reduction in static hyperinflation and improvements in the lung elastic recoil and small airway tethering. Further investigations needed to fully elucidate the mechanism of action of the procedure.
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	TABLE 1. TREATMENT AND CONTROL GROUPS LUNG FUNCTION  AND IMAGING DATA 
PRE AND 3 MONTHS POST LVRC

	
	ΤRΕΑΤΜΕΝΤ
(n=14)
	CONTROL
(n=14)
	BETWEEN
GROUPS

	
	PRE
	PRE TESTP
	POST
	Δ

	PAIRED t-TEST
	PRE
	PRE TESTP
	POST
	Δ
	PAIRED t-TEST
	t-TEST

	FEV1,(L)
	0.69±
0.1
	0,686
	0.77±0.1
	0,09±
0.1
	0.003
	0.75±0.2
	0,192
	0.75±0.2
	-0,003±0.1
	0.8
	0.01

	FVC,(L)
	2.67±0.5
	0,631
	2.86±0.5
	0,25±
0,3
	0.01
	2.89±0.7
	0,399
	2.89±0.7
	0,003±0,3
	0.9
	0.02

	TLC,(L)
	8.06±1.5
	0,035
	7.94±1.3
	-0,06±0,4
	0.5
	7.95±1.3
	0,680
	8.01±1.5
	0,05±
0,2
	0.2
	0.5

	RV,
(L)
	5.28±1.4
	0,032
	4.86±1.2
	-0,41±0,7
	0.03
	5.01±1.0
	0,116
	4.99±0.9
	-0,02±0,3
	0.8
	0.05

	FRC,(L)
	6.27±1.4
	0,042
	6.01±1.2
	-0,25±0,6
	0.09
	6.11±1.2
	0,339
	6.10±1.2
	-0,004±0,44
	0.8
	0.1

	RV/TLC
	64.93±6.5
	0,261
	60.63±7.1
	-4,50
±4,9
	0.002
	62.82±7.7
	0,007
	62.15±6.1
	-0,67±3,74
	0.4
	0.001

	IC,
(L)
	1.79±0.3
	0,159
	1.94±0.3
	0,19±
0,2
	0.007
	1.84±0.6
	0,001
	1.90±0.4
	0,06±
0,41
	0.5
	0.038

	IC/TLC
	0.23±0.04
	0,124
	0.25±0.04
	0,25±
0,04
	0.01
	0.23±0.1
	0,005
	0.24±0.1
	0,007±0,05
	0.5
	0.04

	Raw In
(KPa/Lsec-1)
	0.58±0.2
	0,064
	0.56±0.2
	-0,03±0,1
	0.2
	0.54±0.2
	0,515
	0.58±0.2
	0,04±
0,05
	0.008
	0.018

	Raw Ex
(KPa/Lsec-1)
	1.38±0.8
	0,799
	1.22±1.0
	-0,2±
0,5
	0.1
	0.91±0.4
	0,889
	1.07±0.4
	0,15±
0,1
	<0.001
	0.003

	sGaw In
(Lsec-1/KPa)
	0.37±0.2
	0,043
	0.41±0.3
	0,05±
0,1
	0.05
	0.35±0.1
	0,852
	0.32±0.1
	-0,04±0,05
	0.011
	0.022

	sGaw Ex
(Lsec-1/KPa)
	0.15±0.1
	0,462
	0.19±0.1
	0,05±
0,07
	0.005
	0.22±0.1
	0,029
	0.19±0.1
	-0,03±0,03
	<0.001
	<0.001

	V TARGET
(L)
	6.98±2.6
	0,198
	6.62±2.4
	-0,36±0,7
	0.05
	6.51±3.1
	0,439
	6.65±3.0
	0,13±
0,5
	0.5
	0.05

	V
NON
TARGET
(L)
	5.25±1.8
	0,052
	5.50±1.6
	0,26±
0,5
	0.1
	5.39±2.7
	0,640
	5.51±2.7
	0,13±
0,1
	0.02
	0.002

	EMPH
TARGET
(HU)
	88.16±25.8
	0,797
	71.91±27.5
	-16,24±11,6
	<0.001
	77.32±38.4
	0,675
	78.74±38.1
	1,42±
5,1
	0.3
	<0.001

	EMPH
NON TARGET
(HU)
	65.7±
44.1
	0,303
	60.7±
41.9
	-5,03±15,3
	0.5
	54.67±29.6
	0,833
	61.09±31.2
	4,00±
6,4
	0.007
	0.021

	V
TOTAL
(L)
	11.84±2.8
	0,146
	11.73±2.6
	-0,11±1,2
	0.7
	11.86±2.4
	0,126
	12.29±2.1
	0,44±
0,7
	0.05
	0.02

	Values are mean ± SD unless otherwise specified. LVRC: lung volume reduction coil. N: number of patients subjected to lung function tests. Δ (means): in between groups mean value difference. Δ : difference of pre minus post test. Pre Test P: Covariate of linear regression for pre test and control groups %PRED: % predicted value. L: liters. KPa: Kilopascals. HU: Hounsfied Units. FEV1: Forced expiratory Volume in 1 sec. RV: Residual Volume. FRC: Functional residual capacity. TLC: Total lung capacity. IC: inspiratory capacity. Raw In: Inspiratory resistance. Raw Ex: Expiratory Resistance. sGaw In: Inspiratory special conductance. sGaw Ex: Expiratory special conductance. V TARGET: volume at the lobes targeted with the LVRC. V NON TARGET: volume at the non targeted lobes with LVRC, left without treatment.. EMPH TARGET: emphysema score after masking at the targeted lobes with LVRC. EMPH NON TARGET: emphysema score after masking at the non targeted scores with the LVRC. V TOTAL: total volume of both lungs. 








	Figure 1A. Linear regression and multiple scatter plots of Volume change at the treatment areas in respect to the changes of major lung function indices.
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	Black dots: treatment group. White dots: control group.

	Linear regression and multiple scatter plots of Volume change at the untreated areas in respect to the changes of major lung function indices.
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	Black dots: treatment group - untreated lobes. White dots: control group.



	Figure 1B. Linear regression and multiple scatter plots of Emphysema change at the treatment areas in respect to the changes of major lung function indices.
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	Black dots: treatment group. White dots: control group.

	Figure 1B. Linear regression and multiple scatter plots of Emphysema change at the treatment areas in respect to the changes of major lung function indices.
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	Black dots: treatment group. White dots: control group.



Summary
Background Lung volume reduction coils (LVRC's) improve quality of life, exercise tolerance and
forced expiratory volume in one second (FEV1) in patients with severe emphysema but their mechanism of action remains unclear.
Methods We evaluated a subset of patients from a randomised cohort of subjects recruited for the
RESET study. The patients were randomised on a one to one basis to either LVRC treatment or to
usual care. The primary end-point of this aspect of the study was difference in target lobar volume
between treatment and usual care groups. We evaluated the correlations between the change in target lobe volume and more detailed pulmonary function parameters to gain an insight into possible
mechanisms of action. The trial is registered with ClinicalTrials.gov NCT01334307.
Findings Between Jan 27, 2010 to Oct 25, 2011 we randomly allocated 36 patients at our centre: 18
to treatment and 18 to usual care. There was a significant reduction in the volume of the target lobe
(mean difference 360 ml, p<0.05). There were improvements in functional residual capacity (FRC)
and airway conductance. There were consistent correlations between change in target lobe volume
change and multiple pulmonary function parameters.
Interpretation Our findings suggest that LVRC's mediate clinical improvement by reducing hyperinflationof the treated lobes owing to improvements in airway conductance and elastic recoil.
Funding: Current Study: No formal funding & RESET Study aspects by PneumRx.



Panel: Research in Context

Evidence before this study
We searched Pubmed Embase for all studies (up to June 1, 2015) to identify case series and all clinical trials on lung volume reduction with endobronchial coils. Search terms used were "emphysema", "chronic obstructive pulmonary disease", lung volume reduction", "bronchoscopic lung volume reduction", "lung volume reduction coils", "endobronchial coils" and "RePneu coils", "computed tomographic lung volume analysis". We identified 3 case series and three randomised controlled studies. The clinical trials suggested that treatment with endobronchial coils in emphysema subjects with significant hyperinflation improved pulmonary function, quality of life and exercise capacity. Treatment appeared to benefit a wider group of patients than alternative approaches such as surgery or endobronchial valves and was independent of collateral ventilation. However, there were no significant changes in total lung volumes and the mechanism of action of endobronchial coils was  unclear.
Added value of this study
This study has utilised quantitative HRCT to determine lung volumes and degree of emphysematous destruction at a lobar level in a subjects with emphysema at baseline and following randomly allocated treatment with LVRC or best usual care (control). This is the first study to correlate changes in lung volumes to both clinical outcomes and detailed physiological parameters in a randomised cohort of subjects.
Implications of all available evidence
The findings suggest that LVRC improve functional outcomes by reducing hyperinflation in the treated lobes. The effects may be mediated by improvements in airway conductance and elastic recoil of the lung.
Declaration of interests
No formal funding & RESET Study aspects by PneumRx. PLS, SVK, WM, ZZ, have been investigators in trials of endobronchial valves, coils, thermal ablation and the airway bypass procedure, and the authors’ institution have been reimbursed for trial expenses by the respective device manufacturers. PLS has consulted for Broncus, CSA Medical, Medtronic, Olympus, PneumRx, and Pulmonx
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