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ABSTRACT
Introduction Chronic obstructive pulmonary disease
(COPD) is a major cause of morbidity and mortality
worldwide. Emphysema is a component of COPD
characterised by hyperinflation resulting in reduced gas
exchange and interference with breathing mechanics.
Endoscopic lung volume reduction using one-way valves
to induce atelectasis of the hyperinflated lobe has been
developed and studied in clinical trials over the last
decade.
Methods Searches for appropriate studies were
undertaken on PubMed and Clinical Trials Databases
using the search terms COPD, emphysema, lung volume
reduction and endobronchial valves.
Results The evidence from the randomised clinical
trials suggests that complete lobar occlusion in the
absence of collateral ventilation or where there is an
intact lobar fissure are the key predictors for clinical
success. Other indicators are greater heterogeneity in
disease distribution between upper and lower lobes. The
proportion of patients that respond to treatment
improves from 20% in the unselected population to
75% with appropriate patient selection. The safety
profile for endobronchial valves in this severely affected
group of patients with emphysema was acceptable and
the main adverse events observed were an excess of
pneumothoraces.
Conclusion Selected patients have the potential of
significant benefit in terms of lung function, exercise
capacity and possibly even survival. These considerations
are essential in-order to maximise patient benefit in a
resource-limited environment and also to ensure that
beneficial treatments are available for the appropriate
patient.

INTRODUCTION
The World Health Organization estimates that
chronic obstructive pulmonary disease (COPD) is
the fourth commonest cause of death, and in 2000,
2.74 million people died worldwide from COPD.1

Although the statistics for emphysema are less clear,
the corresponding estimate for emphysema was
over 45 000 deaths. Pharmacological therapy is
aimed at improving the airway component of
COPD and has little effect in patients with a pre-
dominantly emphysema phenotype.
Emphysema is abnormal, permanent enlargement

of air spaces distal to the terminal bronchioles and
the destruction of their walls associated with loss of
the elastic connective tissue but without obvious
fibrosis. This results in a reduced area for gas
exchange and a reduction in the elastic recoil of the
lungs. There is airway collapse on expiration,
causing increased airflow resistance, which leads to
dynamic hyperinflation. The effect is exaggerated

during exercise, decreasing the compliance of the
chest wall and reducing the functioning of the
respiratory muscles. The increased work of breath-
ing results in breathlessness, reduced exercise cap-
acity and reduced quality of life.2–6

In addition to the effect on respiratory
mechanics, there is evidence to suggest that hyper-
inflation may also negatively impact cardiac per-
formance. Watz et al7 demonstrated a stronger
inverse relationship between cardiac chamber size
(measured by echocardiography) and static lung
hyperinflation measurements compared with mea-
surements of airway obstruction or diffusion cap-
acity. Hyperinflation also increases intrathoracic
pressures and thus reduces venous return, ventricu-
lar volumes, and hence left ventricular stroke
volume.8

Patients with severe emphysema have limited
treatment options apart from lung transplantation,
which is a very limited resource and in selected
patients lung volume reduction surgery (LVRS).
The technique of resizing the lung to reduce
volume in patients with emphysema was first pro-
posed by Brantigan in 1956.9 By resection of
emphysematous tissue, the residual volume (RV) is
reduced, thereby improving the RV:total lung cap-
acity (TLC) ratio and so allowing the distended
chest cavity to become more compliant.
The National Emphysema Treatment Trial was a

prospective randomised controlled trial comparing
optimal medical treatment with optimal medical
treatment plus LVRS.10 The results from this study
suggested that improvements in functional capacity
and survival were limited to a small subgroup of
patients with upper lobe predominant disease and
low baseline exercise tolerance. These results and
the high hospital costs of this procedure fuelled the
development of bronchoscopic techniques to
induce volume reduction.
The progress of interventional bronchoscopy for

emphysema has been far more creative than origin-
ally predicted in an editorial by Toma et al.11

Techniques such as airway bypass, endoscopic
sealant, steam and lung volume reduction coils
have been developed.12–19 This review focuses on
endobronchial valves. This technique has the most
extensive evidence base and has been developed
over the last decade.20–26

The endobronchial valves reduce the flow of air
into the treated lobe during inspiration but allow
secretions and air to be expelled from that region
during expiration. If the valves are able to effect-
ively isolate the lobe then the volume of the lobe
would shrink with progressive expiration and even-
tually completely collapse. The effectiveness of the
valves is variable and dependent on operator and
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patient characteristics: correct sizing of the valve, correct place-
ment, pattern of emphysema, presence or absence of accessory
ventilatory pathways. In the absence of atelectasis there may be
some clinical benefit due to redirection of airflow away from
more damaged bullous lung to less damaged areas of lung. In
contrast with surgical volume reduction there is actual resection
of lung tissue. The reduction in lung volumes improves the
elastic recoil of the lung and chest wall dynamics. This in turn
improves lung function, quality of life and exercise capacity.

PROCEDURE
Zephyr valves
The delivery catheter for the Zephyr valves (Pulmonx,
California, USA) has two flanges measuring 5.5 mm and
8.5 mm. There is also a marker on the catheter tip which indi-
cates the length of the valve in contact with the airway wall
(landing zone). The first step is to use these markers on the
delivery catheter to determine the size of the valves required in
the segments to be occluded and also that there is an adequate
‘landing zone’ for the valve to sit on.27 Incorrectly placed valves
are either unlikely to adequately occlude the segment or more
likely to be expectorated.

Once the valve size is determined the Zephyr valve is loaded
into the catheter and then guided into the desired lobar
segment. The valve should be slightly protruded from the deliv-
ery catheter and wedged onto the first carina within the
segment and then deployed. This ensures that the whole
segment is occluded and that the valve has not been inadvert-
ently pushed into a subsegment allowing air into the adjacent
segment. However, in the presence of an adequate landing zone,
the valve can be placed just distal to the ostium to ensure that
all side branches are distal to the valve.

Figure 1A–C shows an example of a correctly and incorrectly
placed valve.

Intrabronchial valve
The intrabronchial valve (IBV) (Spiration/Olympus America,
Seattle, Washington, USA) is available in three sizes (5, 6 and
7 mm) and airway sizing is a crucial initial step. A calibrated
saline-filled balloon is inserted into the target segment. The
balloon is inflated with saline from a calibrated precision syringe
(500 mL) and the volume required to optimally inflate the
balloon to fit the airway segment estimates the size of the
segment. The balloon should be moved back and forth in the
segment so that the optimal inflation can be gauged. Ideally
there should not be excessive impingement to movement and
yet the balloon should not slide easily back and forth. Each of
the target segments are measured first.28

The appropriate size IBV is loaded into the delivery catheter.
The catheter is guided into the target segment and the marker,
which estimates the position of the valve leaflets aligned with
the rim of the airway segment. The valve is deployed into the
position. The valve should be checked for optimal sizing and
placement. A valve that is too big for the segment may not open
fully and may appear ruffled at the edges, whereas a valve that is
too small for the airway will migrate distally over time (this may
leave an adjacent sub-segmental airway branch patent).

Safety
The morbidity and mortality associated with LVRS was the main
factor that promoted the development of bronchoscopic techni-
ques for volume reduction. Surgery even in the most experi-
enced hands was associated with a 4% 90-day mortality.29 The
morbidity was also significant with mean inpatient hospital stay

of 13.5 days. Complications were significant as 46% of patients
had a persistent air leak requiring intercostal drainage for more
than 7 days, 11% of patients had pneumonia, 7% of patients
required intubation and mechanical ventilation and 6% of
patients required further surgery.

In contrast, the safety profile for endobronchial valves in this
severely affected group of patients with emphysema is consider-
ably more acceptable. In the randomised trials there were four
deaths (1.1%) in patients treated with endobronchial valves
(overall treatment group n=362). In the control group there was
one death within the first 90 days (n=183, 0.5%).24–26 28 30 The
randomised controlled trials with Zephyr valves24 25 reported on
a composite event rate of major side effects, which comprise
death, respiratory failure, pneumonia distal to the valves, massive
haemoptysis, pneumothorax or prolonged air leak for more than
7 days or emphysema. This composite complication rate at
12 months was 10.3% for patients treated with valves compared
with 4.6% in the control group (p=0.17). As expected, COPD
exacerbations were the most common adverse event. The cumula-
tive rates are tabulated for the first 90 days in table 1.

Pneumothoraces are the main complication directly related to
insertion of the valves. The strategy originally used for IBV was
complete bilateral treatment of upper lobes and this was asso-
ciated with a high risk of pneumothoraces and there were three
early deaths. The bilateral treatment with complete occlusion
was a concern and they then altered their strategy to bilateral
incomplete treatment with a subsegment on the right side and
the lingual on the left untreated.26 28 30 There was a significant
reduction of pneumothoraces with this technique but also a
lower incidence of atelectasis. The clinical implications of this
are discussed later. Evolving data suggest that a post-procedure
pneumothorax is more likely in patients who develop atelectasis.
Conformational changes in the lung with collapse of the treat-
ment lobe and expansion of other areas of the lung may lead to
tears in any adherent area of the lung leading to a pneumo-
thorax. An alternative mechanism may be rapid change in elastic
recoil altering the tension in any bullous areas of lung, leading
to rupture of the bulla and a pneumothorax. These patients
derive the greatest benefit in the longer term.31 Hence, the main
adverse event and clinical benefit appear to be inextricably
linked. Pneumothoraces or the development of surgical emphy-
sema following endobronchial valve insertion should be
managed by the insertion of a large bore (20–28 gauge) inter-
costal drain with an underwater seal. A persistent air leak or a
high flow leak with respiratory compromise may require the
removal of at least one of the endobronchial valves. If this fails
to control the air leak in selected patients, video-assisted thora-
coscopy and surgery may need to be considered.

Clinical efficacy
Indiscriminate treatment of patients with severe emphysema
with endobronchial valves only results in small clinically insig-
nificant benefits. In the North American cohort of the VENT
Study which randomised 321 patients (220 had treatment with
valves and 101 were controls), the primary outcome of forced
expiratory volume in 1 s (FEV1) only improved by 4.3% (95%
CI 1.4 to 7.2).24 This equated to a change in FEV1 of a mere
34.5 mL. Other parameters including clinical value also showed
minor improvement which would not be considered clinically
meaningful; St George’s Respiratory Questionnaire (SGRQ,
mean decrease of −2.8, CI −4.7 to 1.0) and 6 min walk test
(6MWT, mean change of 9.3 m, CI 0.5 to 19.1. Data from the
randomised study in Europe, which is identical in design to the
North America VENT Study, were similar.25 The change in

2 Shah PL, et al. Thorax 2013;0:1–7. doi:10.1136/thoraxjnl-2013-203743

Review

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2013-203743 on 5 S

eptem
ber 2013. D

ow
nloaded from

 

http://thorax.bmj.com/


FEV1 (7±20 absolute % change) with SGRQ reduction of
−5 (±1.4) and 6MWT improvement of 15 m (±91). Although,
the overall benefits are small there were subgroups of patients
who showed remarkable responses with improvements in FEV1

of over 20%. In this subgroup of patients there were corre-
sponding clinically significant improvements in exercise capacity
and quality of life.

The early case series yielded similar results with some patients
developing a marked benefit with improvements in exercise cap-
acity and pulmonary function. These improvements were generally

observed in patients who had developed lobe atelectasis. Potential
factors explaining why a significant proportion of patients do not
develop lobar atelectasis are technical, anatomical or related to
disease morphology. Technical factors are operator dependent
with incomplete occlusion of the lobe due to inadequate seal or a
side branch that has been left patent (figure 1). Of note, only 162
of 331 treated patients (48.9%) in both VENT cohorts achieved
lobar exclusion.

The presence of collateral ventilation due to interlobular
channels is another factor that determines success. The channels
vary from the pores of Kohn to alveolar ducts described by
Lambert and accessory communication between terminal
bronchioles described by Martin.32–35 These alternative path-
ways allow backfilling of the lobe and ensure that ventilation of
the lobe is maintained albeit at a lower extent despite occlusion
of the lobe with endobronchial valves. Furthermore, the destruc-
tive process of emphysema also breaks down the barriers
between the lobes of the lung. This latter mechanism is likely to
be a dominant factor as the pores and channels are likely to be
low flow channels. Hence in an individual patient the integrity
of the inter-lobar fissure is likely to be a predictor for success of
endobronchial valve therapy. Figure 2 is an example of a patient
with an incomplete major fissure on the right side and an intact
fissure on the left side.

The two randomised studies with the Zephyr endobronchial
valves also evaluated outcome based on the integrity of the
interlobar fissures.24 25 The results indicated that patients with
an intact fissure (more than 90% intact as judged by thin slice
CT scans) were more likely to benefit from endobronchial

Figure 1 (A) Axial CT scan and (B) coronal section demonstrating Zephyr valve in a good position in the right upper lobe and (C) Zephyr valve
poorly positioned in posterior segment of the right upper lobe where a patent adjacent segment is visible on the axial CT scan.

Table 1 Percentage of patients experiencing adverse events at
90 days in the randomised clinical trials

Treatment Control

Death 0.8 0.6
COPD exacerbation with hospitalisation 9.2 4.8
COPD exacerbation without hospitalisation 10.5 15.7
Infection 1.2 0
Respiratory failure 2.2 0.7
Pneumonia distal to valve 1.9 –

Pneumonia other lobe 2.8 2.0
Haemoptysis: massive 0.6 0
Pneumothorax: >7 days 2.2 0
Emphysema 0 0

Data derived from Sciurba et al24 Herth et al25 and Ninane et al.26

COPD, chronic obstructive pulmonary disease.
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valves. Only 123 of 331 treated patients in both VENT cohorts
had complete fissures (37.1%).

In the European study only a third of patients were judged as
having an intact inter-lobar fissure. At 6 months the mean
percent change in FEV1 was 16±21 (n=44) in patients with a
complete fissure who had valves inserted compared with 1±18
(n=67) in treated patients with an incomplete fissure. Changes
in the respective control groups were 2±14 and −1±21.
Furthermore, patients with an intact fissure who had correctly
placed valves with complete occlusion derived an even greater
benefit at 6 months (mean percent change in FEV1 was 26±24
(n=20) table 2.

The importance of complete occlusion has been further
demonstrated by the lack of benefit in a randomised study in
which patients were randomised to either incomplete bilateral
occlusion with the IBV or to a sham bronchoscopy.26 Although
there was measurable volume reduction in the treated lobe there
was no difference in the changes to quality of life, lung function
or exercise capacity in comparison to the sham group. There
was also no appreciable difference in these measurements in
comparison to the baseline measurements.

A small randomised study with the IBV where patients were
randomised to either complete or incomplete lobar occlusion
provided further evidence that the differences were due to treat-
ment strategy and not valve choice.36 Seven of the 11 patients
who were treated by complete occlusion had radiological evi-
dence of atelectasis whereas none of the patients (0 of 11)
treated by incomplete bilateral occlusion had any atelectasis.
The group with unilateral complete treatment also had improve-
ments in FEV1 of 21.4%, increase in 6MWT by 48.9 m and a
reduction in SGRQ by 11.8 points, whereas patients with
incomplete occlusion had the following respective results:
change from baseline in FEV1 of −24%, decline in 6MWT by
52.3 m and a worsening in SGRQ by 2.1 points.

Measurement of collateral ventilation
One of the major limitations of evaluating fissures on CT scans
by the human eye is its subjective nature and inconsistency in
quantifying the degree of integrity. In a recent published paper
CT scans from a cohort of patients with emphysema were evalu-
ated by a respiratory physician, experienced chest radiologist
and a general radiologist with a poor correlation of the
results.37

Vida Diagnostics has developed semi-automated software
which evaluates the integrity of the fissure on a thin slice CT
scan (figure 3). This system may be more accurate than simply
visually determining the integrity of the fissure but does require
some specialist input to check that the automated software has
identified the correct structures. Furthermore, the lobar volumes
can be accurately estimated and change in lobar volumes follow-
ing treatment measured. However, at this time, the quantifica-
tion of the completeness of the fissure as determined by the
software and its accuracy in predicting volume reduction has
not been prospectively validated.

The Chartis system (Pulmonx) is a commercially available
system, which allows collateral ventilation to be measured
during bronchoscopy. It consists of a balloon catheter and
console which houses the flow and pressure sensors. The cath-
eter is inserted into the origin of the target lobe and the balloon
inflated so as to completely isolate that lobe. Airflow is mea-
sured through the sensors in the console. Gradual decline in
expiratory flow after balloon occlusion suggests that there is an
absence of collateral ventilation (figure 4A) whereas the persist-
ence of flow after 5 min of balloon inflation particularly where
more than a litre of air has been expelled suggests the presence
of significant collateral ventilation (figure 4B). There are some

Table 2 Changes in outcome measurements from baseline
according to fissure integrity and correct valve placement to achieve
complete occlusion

FEV1 SGRQ
Cycle
ergometry (W)

Valves (%) Control (%) Valves Control Valves Control

Overall 7±20 0.5±19 −5±14 0.3±13 2±14 −3±10
Intact
fissures

16±21 2±14 −6±15 3±15 4±1 −3±7

Intact fissure
and correct
placement

26±24 3±14 −10±15 3±15 8±15 −3±7

Data derived from Herth et al.25

FEV1, forced expiratory volume in 1 s; SGRQ, St George’s Respiratory Questionnaire.

Figure 2 (A) Axial and (B) coronal CT scans with arrow
demonstrating a disrupted fissure in the right lung.
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situations when there may be low flow collateral channels where
the flow is diminished but maintained well over 5 min.

The value of the Chartis system has been studied prospectively
in a large case series involving seven centres in Europe.37 38

Patients were classified into two groups according to the presence
or absence of collateral ventilation in a treatment lobe. The
Chartis system was used to determine collateral ventilation status
prior to insertion of endobronchial valves in the target lobe.
Fifty-one patients were determined as having no collateral venti-
lation and 29 had evidence of collateral ventilation in the treat-
ment lobe. There was a much greater volume reduction, a
median of 753 mL and a mean percentage increase in FEV1 of
16% in the group without collateral ventilation. However, the
group with collateral ventilation had a minimal change in lung
volume (median of 99 mL) and an increase in FEV1 of only 1%.
In a subgroup from this case series the patients were classified
according to the integrity of the lobar fissure and separately clas-
sified according to the collateral ventilation status as determined
by the Chartis system.39 The accuracy in predicting a responder
was similar irrespective of the method used to classify collateral
ventilation status (74%). The two analyses matched in 48 out of
70 patients and in this scenario the response rate was 88%.

Heterogeneity was another parameter that was associated
with a greater likelihood to increase benefit. The subgroup ana-
lysis from the two studies with Zephyr valves suggests that
patients with greater heterogeneity as measured on the CT scans
(ratio of destruction between the target and ipsilateral lobe) had a
greater benefit than those with a lower heterogeneity index.24 25

This would be logical as in patients with heterogeneous emphy-
sema there is some better quality lung pulmonary tissue to
benefit from the improved respiratory dynamics following atelec-
tasis of the more damaged areas. However, more research is
required in this area since there are limited options for patients
with homogeneous emphysema.12 In the VENT trial the percent-
age improvement in FEV1 in the 6–15% heterogeneity subgroup
was the same as the 15–25% subgroup24 and the threshold of
15%, chosen for defining high heterogeneity, was purely based
on the median heterogeneity of the treatment group.
Furthermore, in the Chartis study, of the 20 collateral ventilation
negative patients with a low heterogeneity score, 14 (70%)
achieved a TLVR of ≥350 mL, which might suggest that the
mechanical aspects of volume reduction may be dependent on
CV and complete lobar exclusion rather than heterogeneity. This
is consistent with previous LVRS results,40 which concluded that

Figure 4 (A) Chartis output demonstrating a reduction in expiratory airflow but maintenance of inspiratory pressure following balloon occlusion of
the treatment lobe indicating the absence of collateral ventilation. (B) Chartis output demonstrating maintenance in expiratory airflow following
balloon occlusion of the treatment lobe, indicating the presence of collateral ventilation.

Figure 3 Software analysis of fissure integrity and lobar lung volumes (courtesy of VIDA Diagnostics).
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patients with homogeneous emphysema should not unvaryingly
be excluded from surgery.

The results for longer-term follow-up patients who had been
treated over 5 years ago suggest some survival benefit in patients
who achieve atelectasis. The five patients from the Royal
Brompton cohort (n=19) who developed atelectasis were still
alive 6 years after treatment with endobronchial valves whereas
8 of 14 patients without atelectasis had died.41 Similar results
were published by Venuta et al42 for 33 patients with longer
follow-up in whom the survival differences between groups
with complete and incomplete fissures were significant.

Endobronchial valves have also been used with some success
to induce lung volume reduction in specific patient groups.
A case series of six patients with α-1 antitrypsin deficiency with
the ZZ phenotype who were referred for lung transplantation
assessment showed an improvement in median FEV1 of
0.58 –0.91 L/s, an improvement in RV/TLC ratio (from 0.74 to
0.58) and a statistically significant improvement in the lung allo-
cation score following endobronchial valve treatment.43 In fact,
three patients improved to a degree that they did not fulfil the
criteria for active transplant listing. Similarly, another case

series44 of four patients awaiting lung transplantation reported
objective improvements which allowed three out of the four
patients to successfully survive until surgery. Given the shortage
of organs and waiting times for transplantation, this therapy
may be considered a bridging option to transplantation in the
future.

Valves have also been successfully used to treat acute and
chronic hyperinflation in the native lung following single lung
transplantation. These patients on immunosuppressants and
anti-rejection medications have limited surgical options and the
use of endobronchial valves to collapse the hyperinflated native
lung enables the continued practice of single lung transplant-
ation, which is key in increasing the availability of limited donor
lungs.45–47

The baseline characteristics of successfully treated patients from
the current evidence base for lung volume reduction (table 3)
suggest patients should be selected using the following criteria: sig-
nificant hyperinflation, RV of 200% predicted, FEV1 less than
45% predicted on maximal medical treatment including previous
treatment with pulmonary rehabilitation. Determination of the
emphysema phenotype from the CT scans is also important.

Table 3 Baseline characteristics of the patients enrolled in the various trials

Inclusion criteria NETT NETT responder VENT2 IBV RESET Sealant Steam

Age (years) 40–74 67 63.4 65 62 64 63
Emphysema distribution All UL UL UL All UL UL
FEV1% 20–45 25 30 31 27 31 31
RV% >150 223 216 221 236 238 237
paO2 (kPa) >6 8.5 9.2 9.1 – 8.7 8.5
paCO2 (kPa) <6.7 5.7 5.5 5.5 – 5.1 5.3
6MWD
(m)

>140 328 333 337 293 293 300

6MWD, 6 min walking distance in metres; FEV1%, forced expiratory volume in 1 s percent predicted; IBV, intrabronchial valve; LL, lower lobe predominant emphysema; LVRC, lung
volume reduction coil; NETT, National Emphysema Treatment Trial; paCO2, partial pressure of carbon dioxide in kilopascals; paO2, partial pressure of oxygen in kilopascals; RV,
residual volume percent predicted; UL, upper lobe predominant emphysema.

Figure 5 Algorithm for bronchoscopic lung volume reduction in patients with severe emphysema. BLVR, biological lung volume reduction;
FEV1, forced expiratory volume in 1 s; HRCT, high-resolution CT; LVRC, lung volume reduction coil; RV, residual volume.
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Patients with predominantly paraseptal emphysema or with a
pattern where there is fine permeative disease with a significant
small airway component are unlikely to respond. Those with het-
erogeneous disease and an intact interlobar fissure (over 90%
intact) may be considered for treatment (figure 5) However, at this
time, the quantification of the completeness of the fissure as deter-
mined by the software and its accuracy in predicting volume reduc-
tion or rejecting candidates who might potentially benefit after
endobronchial valve therapy has not been prospectively validated.
We would also recommend restricting treatment to selected
regional or national centres to concentrate expertise, maximise
knowledge on patient selection and procedural expertise. This will
facilitate further research and development.

In essence, the current evidence does not support indiscrimin-
ate treatment of patients with severe emphysema with endo-
bronchial valves. Nevertheless selected patients have the
potential of significant benefit in terms of lung function, exer-
cise capacity and possibly even survival. A number of rando-
mised controlled trials are currently underway in North
America, Europe and the UK evaluating treatment in a more
selected group of patients with emphysema who have heteroge-
neous disease and an intact lobar fissure.
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