
© Pioneer Bioscience Publishing Company. All rights reserved. J Thorac Dis 2014;6(11):1640-1653www.jthoracdis.com

Introduction

Chronic obstructive pulmonary disease (COPD) is the 
4th leading cause of mortality also conferring significant 
adverse impact on the quality of life for millions of people 
world wide (1). Goals of treatment are avoidance of disease 
progression by cessation of noxious particulate exposure, 
improving exercise capacity by participation in pulmonary 
rehabilitation, prescription of pharmacotherapy and 
reducing exacerbation rate (2). Despite these measures 
a large proportion of patients continue to experience 
functional impairment and diminished quality of life with 
consequential economic and social burden (3). This article 
will explore advanced therapies and surgical interventions 
for patients who remain impaired despite optimal medical 

care. The mainstay of treatment options are:
(I)	 Lung volume reduction surgery (LVRS);
(II)	 Lung transplantation.
Although yet to be integrated into widespread clinical 

practise, bronchoscopic methods of lung volume reduction 
(LVR) are currently being developed. These potentially 
represent a less invasive, more accessible treatment option 
for advanced emphysema. 

Lung volume reduction (LVR) practises

Physiological basis for LVR

Airway  obs t ruc t ion  and  emphysema  both  cause 
hyperinflation leading to alterations in both lung and 
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chest wall mechanics (4). The combination of impaired gas 
exchange, unfavourable lung mechanics at high volume 
and respiratory muscle inefficiency (due to the respiratory 
muscles being placed at a mechanical disadvantage) lead 
to a substantial (and unsustainable) increased work of 
breathing. Loss of elastic recoil and dynamic airway closure 
during expiration cause increases in intrinsic PEEP and 
gas trapping. In these circumstances greater respiratory 
effort is required to overcome these loads to achieve 
similar alveolar ventilation. The resulting hyperinflation 
further exacerbates the problem by reducing respiratory 
muscle efficiency through diaphragmatic flattening. These 
physiological alterations result in symptoms of dyspnoea 
and reduction in exercise capacity. LVR techniques aim 
to improve respiratory mechanics by resecting, collapsing 
or obliterating areas of diseased lung making a poor 
contribution to gaseous exchange. The remaining lung fills 
the space restoring elastic recoil, reducing dynamic airway 
closure and gas trapping. The resulting decrease in residual 
volume returns the diaphragm to a favourable position for 
efficient ventilation (5).

Lung volume reduction (LVR) surgery

The National Emphysema Treatment Trial (NETT) 
continues to be the sentinel research underpinning current 
LVRS practise, defining patient populations for which the 
intervention confers benefit (6). Prior to this, case series and 
small randomised trials had suggested benefit (7,8) although 
patient numbers were modest. Wider concern was voiced 
about unacceptable mortality and morbidity associated with 
the procedure (9). The study was designed in response to 
these uncertainties (10). 

The NETT trial randomly assigned 1,218 patients 
to either LVRS or best medical treatment using exercise 
capacity and mortality as primary outcome measures. 
Inclusion criterion included the presence of severe airway 
obstruction (FEV1 <45%), gas trapping (RV >150%) and 
hyperinflation (TLC >100%). All patients underwent 
pulmonary rehabilitation prior to trial entry.

The early results from the trial defined a patient 
population (n=140) at high risk of mortality, reaching 16% 
at 30 days P<0.001 (11). 
	FEV1 <20% predicted and;
	DLCO <20% or homogeneous emphysema pattern.
The presence of these features continues to be an absolute 

contraindication to LVRS. Such patients randomised to 
the control group also had poorer prognosis; these clinical 

characteristics are therefore used within the current 
transplant guidelines for selection of appropriate patients. 

Even after exclusion of high risk patients, NETT did not 
demonstrate a survival advantage between patients managed 
medically and surgically. Mortality results for “non-high 
risk” patients were dependent on post-hoc subgroup 
analysis stratified by the pattern of emphysema and patient’s 
exercise capacity. Maximal workload at cycle ergometry was 
used to define exercise capacity-low exercise capacity being 
less than 40 Watts for males and 25 Watts for females based 
on sex specific normal values. 

The sub-groups were:
(I)	 Upper-lobe predominance, low base-line exercise 

capacity (n=290);
(II)	 Upper-lobe predominance, high base-line 

exercise capacity (n=419);
(III)	 Non-upper-lobe predominance, low base-line 

exercise capacity (n=149);
(IV)	Non-upper-lobe predominance, high base-line 

exercise capacity (n=220).
Of the four subgroups, only group 1 characteristics 

conferred a survival benefit during initial follow-up. Over 
an initial mean follow-up of 29.2 months, these patients 
undergoing LVRS had a significantly reduced risk of death 
(P<0.005). No benefit in survival was observed for those 
patients with non upper lobe emphysema regardless of their 
exercise capacity. The second primary endpoint of exercise 
capacity, did favour patients undergoing the procedure. A 
total of 52% of surgical patients improved exercise capacity 
defined as any improvement in cycle ergometry from 
baseline at 6 months compared to 20% of controls (P<0.001). 
This benefit extended to 24 months although the effect did 
diminished over time (31% in the surgical group compared 
to 10% controls had sustained improvement at 24 months).

Long term follow-up of the patient cohorts (12) confirmed 
the survival benefit to 5 years in the patients with upper-
lobe emphysema and low exercise capacity (relative risk 0.67, 
P<0.003). Again, no survival advantage was demonstrated in 
the remainder of patients groups. The additional suggestion 
from this longer term data is the consideration of patients 
with upper lobe disease and high baseline exercise capacity as 
a palliative procedure. Significant improvements in quality of 
life as assessed by the St George’s Respiratory Questionnaire 
(SGRQ) were seen to 5 years. 

The long term benefit in the selected patients above must 
be tempered with shorter term risk of surgery. The original 
study reported a 90 day mortality of 5.2% in non-high risk 
patients compared to 1.5% of those patients undergoing 
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medical therapy. This higher mortality was not seen in the 
upper lobe predominant low exercise capacity patients for 
whom the procedure should be considered (2.9 % 90 day 
mortality vs. 3.3% within the control group). Airleak 
occurred in 90% of patients (median duration 7 days) with 
12% persistence at 30 days. Of patients undergoing LVRS, 
28.1% remained hospitalised at 30 days. Airleak was universal 
in those patients not surviving 30 days although the low 
mortality rate at this time point (3.6%) meant a statistical 
association was not observed. Nevertheless, higher rates of 
adverse outcomes (pneumonia, ICU readmission, longer 
length of stay) were seen in patients with airleak (13). These 
peri-operative risks and the associated cost implications have 
contributed to the quest for less invasive bronchoscopic 
techniques for achieving LVR. 

Surgical technique and considerations

The large numbers of patients enrolled in NETT provided 
an opportunity to compare techniques and outcomes (13,14). 
Individual centres had the option of using either video 
assisted thoracoscopic surgery (VATS), median sternotomy 
or internally randomising patients to either. Of the  
552 patients randomised patients who underwent surgery, 
69% underwent median sternotomy, with the remainder 
mostly undergoing a VATS procedure. Choice of operation 
did not affect mortality outcomes although VATS was 
associated with shorter ICU and hospital stay with 
consequential reduced cost (14). 

The technique is usually a non-anatomical wedge 
resection aiming for LVR of 20-30% rather than an 
anatomical lobectomy (15). Staple lines are a common source 
of airleak. Prior small non-randomised and randomised 
studies had suggested that buttressing-reinforcement of 
stable lines with bovine pericardium or PTFE reduces length 
of stay (16) and airleak duration (17) with the practise widely 
applied amongst NETT patients. Patient factors rather 
than operative technique seemed to have a larger influence 
on outcome in the NETT cohort. There was no difference 
in proportion of patients with airleak or its duration when 
comparing procedure type or buttress material. Longer 
duration of airleak was associated with lower DLCO and 
FEV1, Caucasian ethnicity, use of inhaled steroids, pleural 
adhesions and upper lobe disease (13). 

Non surgical methods for LVR

A number of bronchoscopic interventions have been 

proposed for non-surgical LVR (18-22). Facilitating LVR 
bronchoscopically may negate some of the risk associated 
with surgery, reduce inpatient stay for the procedure 
and potentially reduce the associated costs. Trial data 
comparable to the NETT study is not currently available 
for the majority of these interventions.

For the majority of these techniques, the NETT results 
have been extrapolated so that patients most likely to 
benefit can be targeted. Patients identified as ‘high risk’ 
by NETT criterion are usually excluded. Likewise most 
of the existing studies focus on heterogeneous emphysema 
distribution, usually in the upper lobes. Homogenous 
emphysema has been addressed with interventions such as 
airway bypass-endobronchial fenestrations with stenting 
and LVR coils (LVRCs). The aim of airway bypass is to 
reduce hyperinflation and gas trapping by creating extra-
anatomical airways bypassing expiratory flow limitation 
utilising stents to maintain patency of the airway created. 
LVRCs aim to improve these parameters by improving 
small airway patency by applying traction forces across lung 
parenchyma thus reducing expiratory airway collapse. 

Bronchoscopic interventions can be broadly divided into: 
(I)	 Reversible airway interventions. These include 

endobronchial valves; LVRCs and transbronchial 
stents. These may potentially be retrieved if 
complications occur;

(II)	 Irreversible interventions inciting an inflammatory/
fibrotic response or irreversibly plugging distal 
airways. These include bronchoscopic thermal 
vapour ablation (BTVA) and biological LVR 
(BioLVR). 

Of these interventions the largest body of evidence is 
currently available for endobronchial valves, although as 
we will see collateral ventilation has limited its overall 
efficacy and translation to clinical practice. The current 
focus is on identifying and selecting patients without 
collateral ventilation for whom the technique may be of 
benefit. BTVA and LVRCs show promise although large 
scale randomised trials required to support their widespread 
use are currently pending or not available. The majority 
of these techniques rely on analysis of HRCT images via 
software packages to facilitate precise targeting of the most 
diseased lung parenchyma.

Endobronchial valves

Endobronchial valves allow unidirectional airflow. When 
sited in bronchi leading to hyper-expanded, emphysematous 



1643Journal of Thoracic Disease, Vol 6, No 11 November 2014

© Pioneer Bioscience Publishing Company. All rights reserved. J Thorac Dis 2014;6(11):1640-1653www.jthoracdis.com

lung parenchyma, air is permitted to escape on expiration 
with no corresponding inspiratory flow. Lung distal to the 
stent, assuming no collateral ventilation, will collapse and 
become atelectatic. Resultant reduction in lung volume 
should have the same physiological effect to surgical LVR. 
At present two valve products are marketed (Zephr™ and 
IBV); despite differences in valve design the physiological 
principles for action are similar. 

Results of the initial large randomised trial (VENT 
study) (23) were not as encouraging as the preliminary 
studies (24). A total of 321 patients were randomised to 
Zephr™ endobronchial valve placement or best medical 
care with a 2:1 ratio. A sham procedure was not undertaken 
in this study. Patients all had severe airflow obstruction 
and radiologically heterogeneous emphysema quantified 
on HRCT chest. Although the study showed statistically 
significant improvement in the primary outcomes 
at 6 months (FEV1 4.3% increase; 6MWT 9 meters 
improvement) the magnitude of these changes was deemed 
unlikely to be clinically meaningful (25). Pre-defined major 
complications were seen in 4.2% of patients undergoing 
valve therapy. Although not pre-defined as major 
complications, 7.9% and 5.6% of patients experienced 
an exacerbation of COPD requiring hospitalisation or 
haemoptysis respectively. 

The European arm of the VENT trial (n=171) was 
commenced to support slow recruitment in the American 
study (26). Target recruitment was eventually achieved 
hence the European cohort being reported separately. Study 
design was similar to the American arm. When looking at 
the study population as a whole, a statistically significant 
improvement at 6 months was seen in only cycle ergometry 
(5 watts mean improvement compared to controls; P<0.05) 
and SGRQ. The change in SGRQ (5 points) was again 
below the threshold considered clinically meaningful. 
The reported focus on this second paper from the VENT 
group was the effect of collateral ventilation and complete 
lobar isolation. Subjects in the treatment arm underwent 
further evaluation with HRCT 6 months post procedure 
to assess degree of airway occlusion and volume reduction 
of the targeted lobe. Forty-four subjects in the treatment 
group of 111 had a complete fissure suggesting the absence 
of collateral ventilation. A complete fissure conferred 
reduction in lobar volume by 55% compared with 13% 
where the fissure was incomplete. Lobar isolation was 
seen in 48% of patients at 6 months (assessed by HRCT) 
indicating most patients continued to ventilate the targeted 
lobe despite the procedure. Combining these two variables 

(no collateral ventilation; successful technical isolation) 
yielded the most encouraging results. Improvements in 
FEV1, 6MWT and St George’s questionnaire were all 
clinically and statistically significant in this instance. 

Ninane et al. tested IBV valves in a sham procedure 
controlled study (n=73) (27). Upper lobes were targeted 
although the study design was such that complete lobar 
occlusion was deliberately avoided to prevent lobar 
atelectasis which the study author hypothesised may cause 
adverse events. The primary outcome was proportion of 
patients responding to treatment by reaching a composite 
endpoint of change in SGRQ and lobar volume (defined 
as a 4-point increase in SRGQ, reduction in target 
lobe volume and 7.5% increase in lower lobe volume at 
HRCT assessment at 3 months). Although significantly 
more patients in the treatment group responded (8/33 vs. 
0/35, P=0.002), the majority of patients did not respond 
to the treatment. The study design and avoidance of 
lobar atelectasis may account for the low proportion of 
responders.

The success of endobronchial valves is therefore highly 
dependent on lobar isolation and collateral ventilation 
which, as described above, occurs in a significant number of 
patients. Further techniques have been developed to assess 
CV (28). The Chartis system allows the targeted lobe to be 
occluded with an endobronchial balloon with measurement 
of expiratory airflow and pressure distal to the occlusion. 
Presence of flow distal to the balloon occlusion is suggestive 
of CV. This system can be used to determine which patients 
are more likely to respond to the insertion of endobronchial 
valves based on the measurement of CV (29). In this cohort 
of 96 patients undergoing endobronchial valve insertion 
35% were assessed as having collateral ventilation present 
at bronchoscopy utilising Chartis. The system predicted 
response to insertion of endobronchial valves. Absence of 
CV conferred mean lobar volume reduction of 751 mLs 
compared to 98 mLs where CV was present (P<0.0001). 
These figures are clinically relevant as volume reduction in 
target lobe has been correlated with reduction in BODE 
index (body mass index, obstruction, dyspnoea and exercise 
tolerance) at 6 months (30). 

The main limitation for using Chartis to assess collateral 
ventilation and predict which patients stand to benefit is 
the requirement for bronchoscopy. Patients with CV found 
at bronchoscopy precluding (or predicting poor response) 
to endobronchial valve placement would have undergone a 
procedure with limited potential for therapeutic benefit. At 
present this must be factored into the risk benefit analysis. 
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Limiting Chartis assessment for CV to patients with 
complete fissures identified at radiology may improve the 
yield of bronchoscopic assessment identifying subject most 
likely to benefit from valve therapy. A trial addressing this 
question is currently recruiting (31). An alternative strategy 
might be to use an alternative irreversible CV independent 
technique in patients where CV is identified as described 
below. 

Bronchoscopic thermal vapour ablation (BTVA)

This technique causes a thermal injury via heated water 
vapour to emphysematous lung to induce an inflammatory 
response. The resulting atelectasis and fibrosis reduces 
the volume within the targeted lung segment potentially 
conferring similar physiological effect to conventional 
LVRS. Unlike endobronchial valves, the technique is not 
dependent on collateral ventilation. 

Snell et al. published a case series of 44 patients 

undergoing unilateral BTVA (32). Patients with severe airway 
obstruction (FEV1 15-45% predicted) were included if 
heterogeneous upper lobe emphysema was present as defined 
by lower lobe: upper lobe tissue to air ratios of >1.2 on 
baseline HRCT scan. This scan was used to plan treatment 
location and dose using predefined algorithms. In the above 
trial the 10 cal/gram dose of steam vapour was directed to 
the most diseased lung parenchyma. The targeted segments 
are intubated using a catheter directed through the 
bronchoscope working channel. A balloon is then fed over 
the guide catheter and inflated to protect the non-treated 
lung and airways prior to the predefined vapour dose being 
delivered (Figure 1). Follow-up to 6 months demonstrated 
encouraging results. Significant volume loss was seen in the 
targeted lobe (mean reduction 715 mL; P<0.001), FEV1 

improved (141 mLs, P<0.001) as did 6MWT distance  
(46.5 metres, P<0.001). Symptomatic improvement was 
reported although these improvements must be interpreted 
with caution given the absence of a control group. 

Figure 1 Technical aspects of BTVA-courtesy of uptake medical corporation. BTVA, bronchoscopic thermal vapour ablation.

IP3 identifies diseased region for treatment Bronchoscope is positioned into airway of diseased region 

Vapor catheter placed via bronchoscope in airway Vapor delivered for 3 to 10 seconds based on mass of region

1 2

3 4
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Given the mechanism of LVR-thermally induced lung 
injury and inflammation-it is unsurprising that respiratory 
complications were reported. A total of 25 of 29 adverse 
events were of a respiratory aetiology (43% of patients). 
COPD exacerbations and pneumonia were recorded in the 
3 months following the procedure. A single death due to ‘end 
stage COPD’ was reported at 67 days. Follow-up analysis 
demonstrates that patients who experienced symptoms 
attributable to the localised inflammatory response derived 
greater benefit from the procedure in terms of volume 
reduction (33). A randomised phase III “Step-Up” trial 
is currently underway (34), recruiting 69 patients with 
heterogeneous bilateral upper lobe emphysema randomised 
2:1 to either sequential bilateral upper lobe BTVA 3 months 
apart or best medical therapy. The treatment will clarify the 
role of this therapy and provide important safety data. 

Lung volume reduction coils (LVRCs) 

By applying traction forces to lung parenchyma, LVRCs 
aim to improve hyperinflation and gas trapping by reducing 
dynamic airway collapse (22). The mechanism of action 
is again independent of CV and could be applied to 
emphysema that is homogeneous or heterogeneous (in 
contrast to BTVA where heterogeneous disease is currently 
being targeted). The early published data shows promise 

with larger studies underway (35,36). The technique 
involves catheterising target lung segments with a guide 
wire to a distance 3.5 mm to the pleural edge (Figure 2). 
The coil sits within a loading sheath, straightening it prior 
to deployment. As the sheath and guide wire are withdrawn 
the LVRC reverts to its prior coiled shape applying traction 
to the surrounding lung parenchyma. Dynamic expiratory 
small airway collapse is reduced by application of radial 
traction thus improving gas trapping and hyperinflation. 
Up to ten LVRCs can be sited during a procedure initially 
unilaterally with further scope for a contra-lateral procedure 
at a later date if tolerated. 

The most comprehensive evaluation of LVRCs was 
published as the RESET trial (35). Forty-seven patients 
were randomised to either LVRCs or usual care (1:1) with 
follow up to 90 days. Inclusion criterion included severe 
airflow obstruction (FEV1 <45%), emphysema on HRCT, 
TLC >100% and dyspnoea (MMRC score >2). Primary 
outcome was SGRQ with secondary outcomes including 
6MWT, FEV1 and MMRC dyspnoea score. Although 
baseline characteristics were not matched, clinically and 
statistically meaningful improvements were seen in SGRQ  
(8.36 between group improvement P=0.04) and 6MWT 
distance (63.55 metre between group improvement, P<0.001). 
No improvement in TLC was seen at 90 days. Further studies 
are required and are currently recruiting to further evaluate 
this technique in larger cohorts of patients (35).

Biologic lung volume reduction (Bio-LVR)

The principle of bio-LVR is similar to that of bronchoscopic 
thermal ablation. A fibrinogen based biopharmaceutical 
suspension containing thrombin polymerises when instilled 
into targeted airways (20). The resulting biodegradable matrix 
induces a localised inflammatory response inducing fibrosis 
and collapse of the targeted segment. Nonrandomised phase 
II studies evaluating optimal dose and safety demonstrated 
significantly improved FEV1, RV/TLC ratio and RV in  
22 patients undergoing higher dose (37). The treatment was 
associated with transient fevers, leukocytosis and COPD 
exacerbations. Despite promise, phase III trials were not 
further pursued, presumably due to the development of the 
alternative preparation Aeriseal® by the study sponsor.

In contrast to bioLVR, the Aeriseal® preparation aims 
to induce LVR acting at bronchiolar and alveolar levels by 
sealing airways inducing absorption atelectasis thus leading 
to reduction in lung volume. The proposed mechanism may 
also obscure collateral ventilation pathways. Non-randomised 

Figure 2 Fluoroscopic appearance of endobronchial coils at 
bronchoscopy. Seven coils have been sited with the 8th coil 
remaining within the guide sheath just prior to deployment. 
Courtesy of PneumoRx Inc.

 LVRC within loading sheath 
prior to deployment

ECG monitoring 
(extra-thoracic)

Bronchoscope

Deployed LVRCs
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case series have examined the safety of this intervention (38). 
Magnussen et al.’s later case series is the most comprehensive 
evaluation of the intervention (39). Fifty-four patients with 
Global Initiative for Obstructive Lung Disease (GOLD) 
stage III or IV COPD, gas trapping RV >135% (mean 242%) 
and hyperinflation were evaluated with HRCT to assess for 
upper lobe emphysema. All included patient were treated 
with Aeriseal at 2-4 subsegemental sites and followed to 
12 weeks. The authors further divided the cohort into 
patients for whom data with regard to fissure integrity was 
available. In this subset of 28 patients TLC reduced by  
214 and 261 mLs in patients with and without complete 
fissures respectively. There was no significant difference 
between the magnitude of change when assessing for the 
presence of radiologically intact fissures suggesting the 
treatment is independent of CV. Six-minute walk distance 
improved by a mean of 31.9 metres with 31% of patients 
achieving a clinically meaningful improvement of 54 metres. 
Despite promise the phase III trial was terminated by the 
study sponsor in November 2013 prior to publication (40). 
At present the only registered trial recruiting is a phase II 
study evaluating the role of autologous blood as a biological 
irritant to induce LVR (41). Given the absence of phase 
III trials actively recruiting, it is unlikely that biological 
methods of LVR will implemented into routine clinical 
practise in the near future. 

Endobronchial and extra-pulmonary bypass procedures

Airway bypass procedures have been proposed to reduce gas 
trapping by directly relieving trapped air in emphysematous 
lung by creating extra-anatomical airways. Bronchoscopic 
fenestrations between large airways and diseased lung 
parenchyma are created to improve expiratory flow. Drug 
eluting stents are then sited in an attempt to maintain ongoing 
patency of the novel tracts. The procedure was proposed 
for those patients with homogenous (diffuse) emphysema. 
Unfortunately the large (n=315), randomised, sham 
procedure controlled study evaluating the technique showed 
disappointing results (42). Improved FVC immediately post 
procedure was not sustained past 1 month. There was no 
difference in MMRC dyspnoea scale. Adverse events occurred 
at higher frequency in the treatment group although serious 
adverse events were rare. The authors hypothesised that lack of 
sustained response likely related to occlusion of the stent with 
mucus or granulation tissue. At present there is no role for the 
technique-whether changes to stent design might improve 
long term efficacy remains unevaluated.

An alternative extra-anatomical approach has been 
suggested and is in early developmental stages (43,44). 
Expiratory flow rates may be augmented by surgically 
creating a fistula between the diseased hyper-inflated 
lung parenchyma and the chest wall thus reducing 
hyperinflation. The larger calibre bypass airway created 
is likely to be less prone to occlusion than transbronchial 
airway stents. The initial case series (six patients) utilised an 
improvised endotracheal tube to maintain airway patency. 
Custom designed pneumonectomy catheters-the ‘portaero 
pneumostoma’ have subsequently been developed and 
are under evaluation (45). The risk benefit profile for this 
method of LVR will require careful evaluation (Figure 3).

Lung transplantation

Indications for lung transplantation in COPD

Despite significant symptoms and functional limitation 
patients with advanced COPD have survival which is 
variable due, generally, to slow chronic disease progression 
over years. Median survival of patients with GOLD stage III 
and IV disease is 6 years (46). After transplantation, patients 
with COPD have median survival of 5.4 years with 30% of 
transplanted patients surviving to 10 years (47). Given that 
goals of transplantation are improvement of symptoms and 
survival, patient selection and identification of subgroups 
of patients with poor prognosis is critical. The presence of 
severe airway obstruction alone is insufficient to predict 
who might benefit. Whether lung transplantation should 
be offered to palliate symptoms without improvement in 
survival benefit is contentious, especially given limited 
availability of donor organs (48). In general terms, lung 
transplantation is indicated where predicted survival is less 
than 2 years in patients with NYHA III or IV symptoms and 
associated poor quality of life. The presence of absolute or 
relative contraindications must be considered and factored 
into clinical decision making when proceeding to transplant 
(Tables 1,2) (48). 

Patients should ideally be referred to a transplant centre 
before they are established in the “transplant window”-
the time period for which the patient is likely to confer 
benefit from transplantation prior to becoming too frail 
to undertake the peri operative rigours and recovery after 
transplantation. This allows adequate time for assessment, 
consideration of alternative options (i.e., LVRS as discussed 
above) and addressing reversible relative contraindications 
or issues that may impact on the transplant process. Factors 
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Figure 3 Suggested pathway for management of advanced COPD. *, in selected centres trial may be available for patient with homogenous 
disease. #, patient active on transplant waiting list require ongoing evaluation. COPD, chronic obstructive pulmonary disease; LVRS, lung 
volume reduction surgery; LVR, lung volume reduction.

which should prompt referral to a transplant unit in patients 
considered appropriate are outlined in Table 3. 

Acute COPD exacerbations with associated hypercapnia 
(PCO2 >50 mmHg) confer a poorer prognosis with 
associated 2-year median survival of 49% (49). This 

study was performed prior to NIV becoming routine for 
exacerbations associated with hypercapnia. A total of 89% 
of the study cohort survived the index admission which 
suggests that such exacerbations may be a marker for 
progressive disease and death.

Severe symptomatic COPD with dyspnoea and exercise limitation

Optimal medical management including medical therapy, 

pulmonary rehabilitation and exposure exclusion

Assess for potential LVR candidacy

(V/Q scan HRCT chest)
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Patient factors indicating poor 
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• DLCO and FEV1 <20%
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anatomy available trials and 

patient preference
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transplantation
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(Factors outlined in Boxes 1-4)
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inappropriate timing

Ongoing best medical/

supportive care

Persistent symptoms

Active listing for 

transplant#

Transplantation  

contraindicated

Early liaison/discussion with 
LVRS transplantation centre

LVR target absentLVR target present

Present

Absent

Upper lobe disease
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Scoring systems may also have a role in identifying 
patients with poor prognosis (50). The BODE score 
further uses body mass index (B), degree of obstruction (O), 
dyspnoea (D)-MMRC dyspnoea scale, and exercise capacity 
(E)-6 minute walk test (6MWT) to stratify which patients 
have poorer prognosis. Scores of 7-10 confer median 
survival of 3 years indicating patients are symptomatic, 
functionally limited and are likely to have a survival benefit 
from transplantation. The NETT trial also identified a 
subgroup of patients with poor prognosis. Subjects who 
did not undergo LVRS (control group) with low FEV1 

(<20%), and either low DLCO (<20%) or homogenous 
emphysema survived for a median of 3 years although this 
was significantly better than similar patients undergoing 

LVRS. Patients with refractory pulmonary hypertension 
despite oxygen therapy should also be considered given high 
waiting list mortality (51). 

In appropriately selected patients, lung transplant is 
associated with significant improvements in quality of life 
and exercise capacity (52,53). Despite COPD being the 
leading indication for lung transplantation accounting for 
33.5% of procedures worldwide, it remains a highly limited 
resource. The 12,602 procedures have been performed for 
this indication worldwide between 1995 and 2012. In the 
United States the lung allocation score (LAS) was introduced 
to objective prioritise patients on the transplant waiting lists 
at highest risk of mortality (54). Whilst this intervention 
has improved waiting time and mortality for patients with 
idiopathic pulmonary fibrosis, conversely COPD patients 
can expect to wait longer for lung allocation (55). The main 
barriers limiting transplantation to a minority of patients are 
donor organ availability and cost. Increasing the numbers of 
organs available for transplant can be achieved either by:

(I)	 Increasing the percentage of eligible donors identified 
or consenting to transplant. Large variation in 
organ donation rates worldwide reflect legal, 
cultural and organisation differences and has been 
comprehensively reviewed elsewhere (56);

(II)	 Changing retrieval techniques and practises. The 
emerging practise of donation after circulatory 
death (DCD), in addition to the more conventional 
brainstem death donors;

(III)	Improving utilisation rates of organs offered for 
transplantation using novel technologies such as ex vivo 
lung perfusion (EVLP). 

Donation after circulatory death (DCD)

DCD is not a new concept, reintroduced clinically in 
1995 (57), but not widely practised due to concerns 
about prolonged warm ischaemic time and inferior organ 
assessment opportunity. Donation after brain stem death 
(DBD) has been the traditional source of donor lungs. Over 
the last decade, DCD has emerged as a significant pool of 
donor organs enabling an increase in transplant volume. Since 
the 2006 introduction of lung DCD programmes in Australia, 
12.4% of organs have been acquired from DCD (58).  
By 2010 this represented an extra 28% of donors being 
utilised. The Maastrict classification established in 1995 
describes the different circumstances whereby DCD organ 
donors may be procured (59). Briefly, Maastrict categories 
I and II refer to uncontrolled deaths in patients deceased 

Table 3 Factors indicating deterioration which should prompt 
referral to transplant centre
Progressive disease despite optimisation of pharmacotherapy, 

pulmonary rehabilitation and exposure cessation

FEV1 <30% predicted

BODE index >5

No suitable target for LVRS

Acute exacerbation with associated hypercapnia

Pulmonary hypertension despite oxygen therapy

LVRS, lung volume reduction surgery.

Table 2 Relative contraindications to lung transplant
Age >65

Critically unwell (i.e., mechanical ventilation or extra-corporeal 

membrane oxygenation)

Limited functional status

Obesity (BMI ≥30)

Osteoporosis (particular caution with history of low impact 

fractures)

Colonization with resistant organisms

Presence of medical conditions which may impact on post 

transplant course 

Table 1 Absolute contraindication to lung transplant
Malignancy within last 2 years

Advanced untreatable disease of another major organ system

Non-curable extra-pulmonary infection

Chest wall deformity

Non-adherence with existing medical therapy 

Lack of reliable social support

Substance addiction or abuse
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on arrival at hospital or with unsuccessful resuscitations 
attempts respectively. Category III-death after controlled 
withdrawal of supportive treatment (usually in an intensive 
care unit) describes the majority of DCDs in Australia, USA 
and Europe (excluding France and Spain where category II 
donors are more common) (60). Categories IV and V refer 
to circulatory collapse after brainstem death and inpatient 
cardiac arrests respectively-these are not common modes of 
organ procurement. 

Clinical outcomes of patients receiving DCD lungs are 
comparable to that of conventional lung donors (58,61,62). 
The Australian DCD collaborative is the largest reported 
series of exclusively Maastrict III donors (58). Short and 
long term DCD outcomes are similar to that of DBD 
patients over the same time period. Among 72 patients 
receiving DCD lungs, 1 and 5 year survival was reported at 
97% and 90% respectively (90% and 60% for 503 patients 
undergoing DBD during the same time period). Incidence 
of primary graft dysfunction (PGD) and bronchiolitis 
obliterans syndrome was similar between groups. This 
supports the notion that group III DCD donors which 
otherwise meet conventional acceptance criterion (Table 4) 
should not be considered ‘marginal’. This is in contrast to 
practise in other centres where EVLP has been routinely 
employed for all DCD lungs (63). 

Ex vivo lung perfusion (EVLP)

Lung transplantation is dependent on the availability of 
organs from suitable donors. Respiratory complications 
in potential lung donors contribute to a low proportion 
of organs proceeding to transplantation. Common 
donor mechanisms of death-chest trauma, aspiration, 
ventilator associated pneumonia, barotrauma and systemic 
inflammatory response syndrome all impact on organ 
utility. Transplant physicians exercise caution when 
assessing potential donor lungs to minimise the risk of 

morbidity and mortality from PGD-a condition associated 
with inferior short and long term outcomes (64). It is seen 
more frequently in patients where there is deviation from 
traditional donor acceptance criterion (Table 4) (65). These 
parameters will minimise the risk of PGD but lead to a low 
proportion of potential donors converting to transplant. 
Of organs offered for transplant a low proportion—15% 
to 20%—are utilised (66). Strategies to safely increase the 
number of “marginal” donors-those organs with clinical 
features/parameters deviating from traditional acceptance-
will have an impact on numbers of patients able to undergo 
transplantation. Reported results from some larger 
transplant centres suggest those traditional acceptance 
criterions are overly stringent (67) with transplantation 
being safely undertaken where the donor does not fully 
adhere to this criteria. Recognition that these criteria are 
not absolute may be contributing to recovery of a higher 
proportion of organs (68). EVLP is a further tool that has 
potential to further improve this trend. 

EVLP is used in the assessment and reconditioning of 
donor lungs. The technique was first introduced by Steen et al.  
in 2001 for graft assessment after Maastrict II DCD (69).  
The Toronto group recognised the potential of the 
technique for addressing donor respiratory complications. 
Refinement to the process means that lungs previously 
discarded can be reconditioned, re-assessed and if suitable 
transplanted (70). Potential indications for the use of EVLP 
although not standardised reflect deviation from traditional 
acceptance criterion (63,71): 

(I)	 PaO2/ FiO2 <300 mmHg with PEEP 5 cm H2O;
(II)	 Infiltrates on CXR (pulmonary oedema/pneumonic 

consolidation);
(III)	 Poor lung compliance or PEEP dependent donor 

lungs;
(IV)	 Questionable aspiration history;
(V)	 Logistical difficulties resulting in anticipated 

prolonged cold ischaemic time. 
As outlined above, procurement of DCD donors has 

been used as an indication for EVLP (63) although other 
centres have demonstrates satisfactory DCD outcomes 
without this additional assessment (58). Controversy exists 
with regard to EVLP in where it should be employed. As 
mentioned above, a proportion of marginal donors can be 
utilised without EVLP assessment without compromising 
outcomes (67); given this more work is required to redefine 
the boundaries of donor conventional donor acceptability. 
Such studies may define where marginal lungs could be 
utilised without EVLP-without this information there is a 

Table 4 Conventional criterion for acceptance of lung donors

Age <55

PaO2 >300 mmHg (5 mmHg PEEP FiO2 100%)

Clear chest X-ray

Less than 20 pack years smoking

Absence of chest trauma

Absence of prior thoracic surgery

Absence of aspiration or sepsis
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risk that the technique could become standard of care prior 
to these limits being clarified. 

The EVLP circuit consists of a sterile chamber housing 
the donor lungs, centrifugal pump circulating the perfusate, 
leucocyte filter and membrane de-oxygenator (Figure 4). 
Two differing protocols are currently used and referred to 
as Lund protocol (72) and Toronto protocol (64), although 
the general principles are common to the two methods. The 
perfusate provides above normal oncotic pressure and inhibits 
endothelial leucocyte interaction, generation of reactive 
oxygen species and thrombogenesis. Gradual warming of 
the solution occurs to 37 ℃ allowing restoration of cellular 
metabolic pathways permitting return to physiological 

conditions at normothermia. Antibiotics can be administered 
and interstitial oedema improved via hyperosmolar 
perfusate mediated fluid shifts. Lungs are connected at an 
initial perfusate temperature of 15 ℃; at a temperature of 
32 ℃ gentle ventilation is commenced with recruitment 
manoeuvres enabling re-expansion of lobar or segmental 
collapse. Bronchoscopy may also be performed to assess for 
and remove secretions from the tracheo-bronchial tree. 

Initial data suggests that outcomes with EVLP are 
similar to conventional lung transplants (63,71,73,74). The 
HELP study prospectively assessed the role of EVLP in a  
non-randomised clinic trial (63). A total of 306 donor offers 
were assessed; 111 donors proceeded directly to transplant 
whilst 23 underwent EVLP management having met pre-
defined high risk criterion. Of these EVLP conditioned 
donor lungs 20 were successfully transplanted (3 EVLP 
assessments were deemed unsatisfactory for transplant).  
No significant differences in PGD or mortality were seen to 
30 days compared with control subjects undergoing standard 
transplantation procedure. The same group report later 
reported EVLP conditioned lungs accounting for 20% of 
their transplant activity-significant given these organs would 
otherwise not be utilised (71). Larger multicentre trials are 
currently underway aiming to confirm these preliminary 
findings—that EVLP can be safely used to increase donor 
number (75). 

Conclusions

Despite the high prevalence of advanced COPD, current 
therapeutic options in medically optimised patients 
are available to a minority. For LVRS, the NETT trial 
showed that patient selection is critical to outcome and 
limits the availability to those patients with heterogeneous 
upper lobe disease. The procedure comes with a risk of 
morbidity and mortality which has led to the development 
of less invasive methods of LVR. With time, these may 
improve accessibility for patients. At present the evidence 
is insufficient to firmly recommend bronchoscopic LVR 
methods. Endobronchial valves, the most comprehensively 
evaluated technique, require lobar isolation and CV to be 
absent. Work is currently underway to further develop 
patient selection pathways to prospectively predict who 
may benefit. Non CV dependent techniques (BTVA and 
LVRCs) are promising, but require larger randomised trials 
to confirm efficacy and their safety. In patients for whom 
LVR is not an option due to absence of an LVR target or 
contraindications, lung transplantation may be considered. 

Figure 4 Summary diagram of the EVLP circuit: (A) steen 
solution™ and blood are circulated via a centrifugal pump; (B) a 
membrane de-oxygenator allows assumption and regulation of gas 
pressures equivalent to mixed venous blood. The leukocyte filter 
minimised leukocyte mediated tissue injury; (C) the pulmonary 
artery is cannulated. Pulmonary arterial pressure is monitored 
and flow rate regulated to prevent oedema; (D) left atrial outflow 
is sampled allowing graft assessment; (E) gentle ventilation 
commences at a temperature of 32 ℃ full ventilation at 37 ℃ prior 
to graft assessment. EVLP, ex vivo lung perfusion.

E) Ventilator

C) Pulmonary 

arterial inflow

B) Membrane 

deoxygenator and 

leukocyte filter

A) Reservoir/

centrifgal 

pump

D) Left atrial 

outflow
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Its widespread application is limited by cost, rigorous 
selection criterion and organ availability. Work is underway to 
improve the accessibility of this limited resource. EVLP is an 
emerging technique which may assist with this by increasing 
the proportion of potential donors utilised with early data 
suggesting such transplants comparable to conventional 
procedures. Further work is required to define indications 
for EVLP and conversely circumstances where conventional 
organ acceptance criterion can be confidently extended. 
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