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Abstract: Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death in the world
with the annual number of deaths increasing every year. Alterations in chest wall mechanics, respiratory
muscle mechanics, and impaired cardiac function that result from increased air-trapping are well known
sequelae of COPD and contribute to increased morbidity and mortality. A reduction in hyperinflation can
improve cardiopulmonary function. In selected patients with COPD and an emphysema phenotype, lung
volume reduction surgery (LVRS) has demonstrated improvements in symptom burden and mortality.
Minimally invasive bronchoscopic techniques that reduce end-expiratory lung volume have shown
improvements in lung function, dyspnea and quality of life. In this review, we review selection criteria, risks,
and benefits of surgical and bronchoscopic lung volume reduction (BLVR). Recommendations are provided

to guide treatment decisions based on the current literature.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a disease
with significant morbidity and mortality. Currently the
fourth leading cause of death, COPD has an increasing
number of deaths per year, and is projected to be the third
leading cause of death by 2020 (1,2). While symptomatic
treatment options for COPD have expanded, therapies that
impact mortality are still limited to smoking cessation (3),
supplemental oxygen (in those with significant hypoxemia)
(4,5), and lung volume reduction surgery (LVRS) in
appropriately selected patients (6).

The potential harms associated with hyperinflation,
both static and dynamic, have been recognized for
decades. Lung hyperinflation alters chest wall mechanics,
placing respiratory muscles at a mechanical disadvantage.
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Hyperinflation increases the sensation of dyspnea as well
as objectively decreasing exercise capacity. In addition to
pulmonary mechanics, research shows that cardiac function
is also impaired due to increased intrathoracic pressure and
decreased cardiac chamber filling.

Reduction in hyperinflation has been shown to
improve function of the cardiopulmonary unit, increase
exercise capacity, decrease dyspnea, and in a select patient
population, decrease mortality. This was never more evident
than in the National Emphysema Treatment Trial NETT),
one of the largest and most comprehensive randomized
controlled trials (RCTS) in severe emphysema patients (6).
NETT was instrumental in highlighting the importance of
physiological and radiographic phenotyping of COPD, and
using these subgroups to predict mortality and response to
treatment.
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Table 1 Key inclusion and exclusion criteria from NETT

Inclusion criteria Exclusion criteria

FEV, =45% (FEV, 215% FEV, <20% and homogenous
if age >70 years) emphysema or DLCO <20%

TLC =100% Prior sternotomy, LVRS, or lobectomy

RV >150% Bulla = 1/3rd of lung

Completion of
pulmonary rehab
program

LVEF <45% or MI within the prior
6 months

Nonsmoker for >
4 months

Prednisone =20 mg/day; pulmonary
hypertension; 6-MWD <140 meters

NETT, National Emphysema Treatment Trial; DLCO, diffusion
capacity for the lungs using carbon monoxide; FEV,, forced
expiratory volume in one second; LVEF, left ventricular ejection
fraction; LVRS, lung volume reduction surgery; Ml, myocardial
infarction; RV, residual volume; TLC, total lung capacity; 6-MWD,
6-minute walk distance.

Despite a clear mortality benefit and durable
improvement in symptom scores following LVRS, the
number of LVRS surgeries performed has declined
significantly (7). It remains unclear whether this decline is
due to the increased mortality noted in certain subgroups,
perioperative morbidity, or costs (7).

Following the NETT study that clearly demonstrated
improvements in symptoms and mortality, multiple
minimally invasive techniques have emerged. These
include the use of one-way endobronchial valves (EBVs),
endobronchial nitinol coils, foam sealant, and thermal
ablation. These bronchoscopic techniques all attempt
to provide comparable improvements in function via
lung reduction but with reduced perioperative morbidity
and mortality that is associated with traditional surgical
approaches.

Despite advances in medical and interventional
techniques, COPD remains a complex, heterogeneous
disease with significant morbidity and mortality. As we enter
the age of personalized medicine, interventional techniques
need to be refined and tailored to specific patients with
clearly defined pathophysiologic processes and specific

phenotypes.

Historical background of LVR

Early surgical interventions that attempted to treat
hyperinflation focused on altering the size and shape of
the thoracic cavity to accommodate hyper-inflated lungs.
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Lung volume reduction was attempted as early as the 1950s,
with Brantigan often credited with the first attempts at
surgical lung volume reduction (8). However, this approach
was not widely adopted due to an increased operative
mortality of 18% and a lack of documented post-operative
improvements. Interest in LVRS was reinvigorated in
1995, when Cooper published a case series of 20 patients
that showed significant improvement in lung function and
6-minute walk distance (6-MWD) (9). This series was
followed by a larger, 150 patient series by the same group,
with the benefits of LVRS confirmed by the first RCT in
1999 by Criner et a/. (10,11) This was quickly followed by a
second RCT with similar outcomes (12).

Following widespread adoption of LVRS, clinical
outcomes were significantly worse than previously published
research outcomes, with a reported mortality rate of 26%.
This discordance resulted in the NET'T trial, a prospective,
multicenter, RCT that compared optimal medical therapy
to optimal medical therapy plus LVRS (6).

The NETT study enrolled a highly select,
comprehensively characterized group of patients, screening
3,777 patients and randomizing 1,218 (Table I). Primary
endpoints included mortality and changes in exercise
capacity (>10 W), with secondary endpoints that included
changes in lung function, symptom scores, and quality
of life assessments. Importantly, all patients underwent
rigorous medical optimization prior to enrollment,
including mandatory pulmonary rehabilitation. Patients
with significant cardiac comorbidities that would preclude
surgery were excluded from the study.

Surgical lung volume reduction
LVRS

Patient selection

When considering invasive interventions for patients
with advanced COPD, detailed characterization is
paramount. Pulmonary function testing (PFT), maximal
cardiopulmonary exercise tests (CPETs), high resolution
computerized tomography (HRCT), as well as perfusion
scintigraphy are necessary to quantify operative risk and
anticipated benefit (Table 2). Preoperative testing should
be undertaken after medical optimization, including
pulmonary rehabilitation. Forced expiratory volume of one
second (FEV)) and diffusion capacity of carbon monoxide
(DLCO) are key inclusion and exclusion parameters used
to determine eligibility for surgery and/or bronchoscopic
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Table 2 Outcomes of NET'T study based on distribution of emphysema and exercise capacity

Homogeneous emphysema Upper-lobe emphysema

Parameter

High exercise capacity = Low exercise capacity High exercise capacity Low exercise capacity
Mortality Increased No change No change* Decreased
Exercise capacity No change No change Increased Increased
Symptoms No change Short term improvement Improved Improved

FEV, <20% and DLCO <20% or
homogeneous emphysema

Increased mortality

High exercise capacity is defined as >25 W for women and >40 W for men, as measured on post-pulmonary rehab CPET. Exercise
capacity defined as a 10 W improvement on CPET. Symptom improvement defined as 8+ change in SGRQ. *, patients with a decreased
diffusion capacity in the upper lobes may have a mortality benefit. NETT, National Emphysema Treatment Trial; FEV,, forced expiratory
volume in one second; DLCO, diffusion capacity for the lungs using carbon monoxide; SGRQ, St. George’s respiratory questionnaire;

CPET, cardiopulmonary exercise test.

reduction. With regard to surgical classification, exercise
capacity differs by sex, following the predefined criteria
from the NETT study. High exercise capacity is defined
as >25 W for women and >40 W for men, as measured on

post-pulmonary rehab CPET.

Surgical patients at increased risk of death

Patients with a FEV, <20% and either a DLCO <20%
or homogeneous emphysema noted on HRCT carry an
excessive operative risk compared to medical treatment
alone. In the NETT study, 30-day mortality in this group
of patients was 16%, compared to 0% in the medical arm.
Patients in this group who survived surgery were unlikely
to have a significant change in either exercise capacity or
quality of life. Alternatives to lung volume reduction such
as lung transplantation or medical therapy alone should be
considered in this patient population.

Among patients with a high exercise tolerance and a
non-upper lobe distribution of emphysema, LVRS is also
associated with an increase in mortality when compared to
medical therapy alone. These patients should not be offered
LVRS. Given high exercise capacity, optimal medical
therapy in conjunction with assessment for bronchoscopic
lung volume reduction (BLVR) should be undertaken.

Surgical patients without durable improvement

Patients with non-upper lobe predominant disease and a
low exercise capacity who underwent LVRS experienced
a significant decrease in their symptoms. However,
when compared to medically treated patients, there
was no statistically significant change in symptom score
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by year 3. There was no improvement in exercise capacity
or survival benefit in LVRS patients. Given the lack of
durable improvement in symptom scores and high exercise
capacity and mortality rates, patients in this subset of
patients should not undergo LVRS.

When viewed as a whole, patients with a homogeneous
distribution of emphysema receive minimal benefit, and in
some cases, increased risk of death. LVRS should not be
considered in patients without upper-lobe predominant
emphysema.

Surgical patients with durable improvement

Patients with upper-lobe predominant distribution of
disease as well as FEV; >20% and DLCO >20% should be
considered for LVRS. In this subset of patients, those with a
low exercise capacity experienced a significant improvement
in mortality (risk ration 0.47, P=0.005), a significant
increase in exercise capacity (30% vs. 0%, P<0.001), and
an improvement in symptoms. These improvements in
mortality, exercise capacity, and symptom score remained
significant in both short and long-term follow-up at 3 years.
Among all of the invasive procedures available to patients
with COPD, this is the only intervention with a clearly
proven mortality benefit. LVRS is strongly recommended
in this patient population, unless comorbidities preclude
surgical intervention.

When taken as group, high exercise capacity patients
with upper-lobe disease did not accrue a mortality benefit,
either short or long-term, when compared to those who
underwent conservative medical therapy. However, high
exercise capacity patients with decreased perfusion as
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measured by perfusion scintigraphy in the upper lobes did
have a decrease in mortality, similar to the low exercise
capacity group (13). This subset of high exercise capacity
patients should be considered for LVRS.

In addition to mortality benefits in a subset of high
exercise capacity patients, there was a statistically significant
increase in exercise capacity (15% vs. 3%, P<1.001) and
symptom score (41% vs. 11%, P<0.001) in those who
underwent LVRS. These improvements in symptoms and
exercise capacity persisted through all 3 years of follow-
up. Given the high cost and perioperative morbidity, LVRS
is not frequently recommended in this patient population.
However, in patients with pulmonary nodules undergoing
upper-lobe thoracic surgery, LVRS may be considered.
Pulmonary nodules requiring follow-up are a relative
contraindication to BLVR as atelectasis and parenchymal
changes limit CT follow-up.

Long-term benefits of LVRS

In addition to improved mortality in select patients and
an improvement in symptoms, patients with upper-
lobe predominant emphysema who undergo LVRS have
shown improvement in multiple cardiopulmonary metrics.
Surgical correction of hyperinflation leads to an increase
in tidal volume and minute ventilation (14), as well as
a reduction in dynamic hyperinflation (15,16). During
exercise, patients are able to obtain a higher maximal heart
rate, and increased workload. They are less likely to have
a respiratory limitation to exercise, and show decreased
breathlessness (14). Cardiac improvement following
reduction of hyperinflation has been noted, with post-
LVRS patients experiencing a decrease in end-expiratory
pulmonary capillary wedge pressure (17), increased cardiac
index (18), and increase O, pulse (15).

Improvements in cardiopulmonary mechanics also
result in a reduced need for supplemental oxygen (19),
as well as a 30% reduction in exacerbation rate (20).
In addition, there is a decrease in resting energy
expenditure, decreased respiratory muscle oxygen
consumption, and weight gain in patients with respiratory
cachexia (21,22).

Given the advanced level of lung disease, there is
concern that LVRS would preclude lung transplantation.
However, multiple studies have demonstrated the safety and
efficacy of lung transplantation following LVRS (23,24).
Sequential LVRS followed by lung transplantation has
shown an improvement in mortality when compared to lung
transplant alone (25).
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BLVR

LVRS has an established role in the care of COPD patients
with upper lobe emphysema associated with significant gas
trapping and hyperinflation. Despite surgical advances,
LVRS comes with considerable morbidity and mortality,
up to 5% in the NETT trial (26). As a result, multiple
bronchoscopic techniques have been developed in an
attempt to achieve a similar effect without the surgical
morbidity. BLVR has been studied using lung sealant, one-
way EBVs and endobronchial coils (26). To date, EBVs
and coils have proven to be most efficacious in therapeutic
trials. These interventions may offer considerable benefits
in patients who remain symptomatic on maximal medical
therapy but are unlikely to tolerate or benefit from surgical
lung volume reduction.

Patient selection: EBVs

The VENT study compared outcomes in 321 patients with
severe emphysema who were randomly assigned to EBV
placement or usual care (26). Inclusion criteria stipulated
severe heterogeneous emphysema (FEV, of 15-45%) with
hyperinflation [total lung capacity (TLC) >100%] and gas
trapping [residual volume (RV) >150%]. At 6 months, the
patients in the EBV group were found to have a statistically
significant improvement in FEV, (27). However, there was
only a 2% absolute change in FEV, which was deemed
clinically insignificant. Similarly, patients in the intervention
group had a statistical improvement in 6-MWD by an absolute
difference of 19m which was also not clinically significant.

However, subgroup analyses revealed that patients with
increasing heterogeneity in the distribution of emphysema
and intact fissures had a more profound improvement in
FEV, and 6-MWD. Review of adverse events revealed
that these patients had increased COPD exacerbations and
hemoptysis in the months following the procedure (27).

In their 2015 study, Davey et al. looked to refine the
patient population for EBV therapy (28). They enrolled 50
patients with heterogeneous emphysema and intact fissures
in the target lobe in an RCT. In this population, EBV
placement conferred a significant improvement in FEV,
(9% vs. 3%) and 6-MWD (25 vs. 3 m). There was an increase
in rate of pneumothorax in the intervention group (8% vs. 4%)
which was attributed to the improved response to therapy
leading to more rapid loss of volume in the targeted lobe and
more rapid expansion of the non-targeted ipsilateral lobe.

To further refine patient selection, Klooster et a/.
evaluated patients with severe emphysema and intact
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Table 3 Patient selection for endobronchial valves vs. endobronchial
coils

Imaging or lung volume Endobronchial  Endobronchial

parameter valves coils
TLC >100% N J
RV >150% J -
RV >175% J J
Heterogenous emphysema J J
Homogeneous emphysema J J
With collateral ventilation - J
Without collateral ventilation J J

RV, residual volume; TLC, total lung capacity.

fissures but compared homogeneous and heterogeneous
disease (29). Ultimately, the study randomized 68 patients
with severe emphysema and without collateral ventilation
to EBV placement or usual medical care. They found that
patients had clinically significant improvements in lung
function and exercise capacity in both heterogeneous
and homogeneous emphysema; however, the effect
was more pronounced in patients with heterogeneous
disease. Similar to the other trials, an increased rate of
pneumothorax was present in the patients who had EBV
placement.

In a study of purely homogenous emphysema in patients
without collateral ventilation as determined by complete
fissures, EBV treatment provided clinically significant benefits
in FEV}, 6-MWD, and symptom burden as assessed by SGRQ
(30). Additionally, the study showed a 97% lobar volume
reduction in the targeted lobe with a mean volume reduction
of over 1.1 L. Again, pneumothorax was noted in a significantly
higher proportion of patients undergoing the procedure.

Patient selection: endobronchial coils

In addition to one-way EBVs, researchers have studied
nitinol coils which can be placed via bronchoscopy. The
coils range in length from 10-15 cm and are designed to
regain their shape after deployment. The coils are designed
to compress emphysematous tissue to improve pulmonary
mechanics and elasticity in neighboring lung tissue (31).

In the RENEW trial, over 300 participants with severe
emphysema and gas trapping (TLC >100%, RV >175%)
were randomized to bilateral endobronchial coil placement
or usual care. Overall, patients in the intervention group had
a modest improvement in exercise tolerance and FEV, (7).
Upon subgroup analysis, patients with RV >225% were
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found to have a more profound improvement in 6-MWD,
lung function and quality of life. These results persisted
regardless of collateral ventilation or distribution of
emphysema (31).

Another multicenter study of 100 patients showed
improved exercise tolerance and modest improvement
in lung function in patients undergoing bilateral coil
placement as compared with usual care (32). In each of
these trials patients were found to have increased rates
of pneumonia, pneumothorax and acute exacerbation of
COPD in the intervention group (31,32).

Additional methods

One multicenter RCT evaluated thermal vapor ablation
as a means to improve lung function and quality of life in
patients with severe upper lobe predominant emphysema
at 6 and 12 months duration. The most common adverse
reaction was increase in acute exacerbation of COPD. This
technique has been used minimally in practice due to lack of
commercial availability (33).

Survival in BLVR

Though none of the large, RCTs were powered to show a
mortality benefit with BLVR, a few smaller retrospective
reviews have analyzed this outcome in patients undergoing
BLVR. In an analysis of 19 patients who underwent EBV
placement, patients who had significant atelectasis on CT
scan at 1-month post procedure had improved survival
at 10 years when compared with patients whose scans
did not demonstrate atelectasis (34). In a similar analysis
Gompelmann and colleagues found a survival benefit at
S years in patient with atelectasis after EBV placement (35).
Though small and lacking a control group these analyses
provide some evidence that successful BLVR may confer a
survival benefit (34,35).

Summary

In summary, EBV or coil placement has proven to be
effective in improving exercise tolerance and lung function
in patients with severe emphysema, gas trapping and
hyperinflation. For EBVs, studies have shown that these
benefits occur in a relatively broad patient population with
heterogeneous or homogeneous emphysema provided
patients do not have collateral ventilation. Endobronchial
coils have shown somewhat more modest improvements
but benefits persist despite the presence of collateral
ventilation (Table 3). However, when compared with usual
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Figure 1 Therapeutic pathway in advanced COPD. Adapted from 2017 report of Global Initiative for Chronic Obstructive Lung Disease

(GOLD) (36). COPD, chronic obstructive pulmonary disease; LAMA, long acting muscarinic antagonists; LABA, long acting beta agonists;

ICS, inhaled corticosteroids.

medical care, EBV or coil placement confers higher risk of
pneumothorax, hemoptysis and COPD exacerbation in the
peri-procedural period (27-33).

Conclusions

In patients with COPD, hyperinflation is associated
with significant cardiopulmonary impairment, increased
dyspnea, and reduced exercise tolerance. Reduction in
hyperinflation via lung volume reduction has shown
remarkable improvements in both mortality and
symptoms. However, these improvements are limited to a
carefully selected group of patients. For optimal outcomes,
phenotyping is necessary.

For patients who qualify for LVRS, this procedure
remains the only therapy with a proven mortality benefit
and durable improvement in symptoms, albeit at the cost
of increased peri-operative morbidity. In patients who
qualify, LVRS should be considered the Global Initiative
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for Chronic Obstructive Lung Disease (GOLD) standard.
In patients who do not meet the NETT criteria or are
unwilling to undergo surgery, minimally invasive techniques
should be considered. In patients with intact fissures and
upper lobe predominant disease, both EBVs and coils
have shown improvement in FEV, and 6-MWD. Further
phenotyping is necessary, as patients without collateral
ventilation have shown improvement with both coils and
valves, while those with collateral ventilation do not benefit
from EBV therapy (Figure 1) (36).
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