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Abstract
COPD is a highly prevalent, chronic and irreversible obstructive airway disease without curative treatment.
Standard therapeutic strategies, both non-pharmacological and pharmacological, have only limited effects
on lung function parameters of patients with severe disease. Despite optimal pharmacological treatment,
many patients with severe COPD still have a high burden of dyspnoea and a poor quality of life. If these
patients have severe lung emphysema, with hyperinflation as the driver of symptoms and exercise
intolerance, lung volume reduction may be an effective treatment with a significant impact on lung
function, exercise capacity and quality of life. Currently, different lung volume reduction approaches, both
surgical and bronchoscopic, have shown encouraging results and have been implemented in COPD
treatment recommendations. Nevertheless, choosing the optimal lung volume reduction strategy for an
individual patient remains challenging. Moreover, there is still room for improving durability of effect and
safety in all available procedures. Ongoing and innovative research is essential to push this field forwards.
This review provides an overview of results and limitations of the current lung volume reduction options
for patients with severe lung emphysema and hyperinflation.

Introduction
In COPD, an environmental insult such as tobacco smoke induces a complex chronic inflammatory
reaction in a susceptible host. This inflammation can affect (small) airways (chronic bronchitis) and lung
parenchyma (emphysema), leading to chronic irreversible airflow limitation. COPD now affects more than
300 million people worldwide with a huge burden on both the patient’s quality of life (QoL) and
healthcare systems [1, 2].

Because COPD is a very heterogeneous disease, recognising the patient’s phenotype is crucial in allowing
the right treatment to be offered to the right patient. In clinical practice, most patients present with
characteristics of both lung emphysema and (small) airway disease, in combination with interfering
comorbidities. These patients deserve a thorough assessment by the pulmonologist to recognise the
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treatable traits by which they are most limited. Despite proven beneficial effects of well-known
pharmacological and non-pharmacological treatments in COPD, patients remain symptomatic with a high
burden of dyspnoea, which impacts exercise capacity and QoL. COPD cannot be cured and the effect of
pharmacological treatment on pulmonary function is rather limited. Although current survival after lung
transplantation (LTX) in COPD is encouraging [3], the prevalence of severe COPD far exceeds the scarce
availability of suitable donor lungs. Furthermore, many patients are not eligible for major surgery or
lifelong immunosuppressants owing to advanced age or comorbidities. Therefore, in the emphysematous
COPD patient population, the quest for bronchoscopic and surgical techniques that could improve lung
function is very relevant. The first surgical interventions were being performed on patients with lung
emphysema by the 1950s [4]. In the last decades, an evolution in surgical techniques and the development
of innovative bronchoscopic interventions has brought us new, and often successful, treatment options for
patients with COPD.

The aim of this review is to discuss all relevant aspects of both surgical and bronchoscopic strategies for
emphysema patients with hyperinflation. We performed a search for studies on lung volume reduction
surgery (LVRS) and bronchoscopic lung volume reduction (BLVR) in PubMed. Articles with “lung
volume reduction”, “lung volume reduction surgery” or “bronchoscopic lung volume reduction” in the title
or abstract were screened, if published in English. Clinical trials, observational studies and retrospective
analyses were included. Relevant references cited in those articles were reviewed.

Lung volume reduction
In emphysema patients, airway obstruction and loss of elastic recoil cause expiratory airflow limitation,
leading to an increase in end-expiratory volumes (so called air trapping), resulting in a reduced inspiratory
capacity. This phenomenon is called hyperinflation and is aggravated during exercise, when expiration time
shortens. Hyperinflation increases dyspnoea and affects the mechanics of the respiratory muscles. Severe
hyperinflation is also associated with worse survival in COPD [5].

Lung volume reduction (LVR) may be an efficacious treatment for patients with hyperinflation due to
emphysema. The rationale of this treatment is to reduce residual volume (RV), thereby increasing
inspiratory capacity, elastic recoil, airway tethering and expiratory airflow [6]. Moreover, reduction of lung
volume improves the mechanics of respiratory muscles, particularly the diaphragm [7, 8]. LVRS was
introduced in 1957, with the aim of mitigating hyperinflation by resecting the most destroyed area of the
lung [4]. From the early 2000s, different BLVR techniques have been studied to obtain comparable effects.
Subsequent improvements in technique and patient selection have led to LVR becoming a valuable
treatment with significant improvements in lung function, exercise capacity and QoL [9–12]. A
meta-analysis of different LVR strategies showed a mean increase in forced expiratory volume in 1 s
(FEV1) of 16%, a mean reduction in RV of −580 mL, an improvement of 6-min walk distance
(6MWD) of 43 m and a reduction in St George’s Respiratory Questionnaire (SGRQ) (a measure of QoL)
of 9 points [13]. These effects, on top of maximal COPD treatment, are revolutionary compared to the
pharmacological treatment of COPD. Moreover, LVR treatment shows a significant survival benefit in
patients with heterogeneous emphysema who have low exercise capacity (LVRS compared to standard of
care) [12]. In comparisons of responders with non-responders of endobronchial valve (EBV) treatment,
responders showed better survival in several publications [14, 15]. Furthermore, the median survival of
patients treated with EBV or coils is significantly longer when compared to untreated patients [16].
Nevertheless, these are results from observational and retrospective analyses; no randomised controlled trial
(RCT) on BLVR has investigated survival as an outcome measure.

Lung volume reduction surgery
History and results
Before BRANTIGAN et al. [4] introduced the new therapeutic option of LVRS in 1957, various surgical
procedures had been proposed to treat emphysema. Costochondrectomy was proposed when emphysema
was thought to be a consequence of a primary skeletal deformity [17]. Thoracoplasty, phrenic paralysis and
pulmonary denervation were undertaken to reduce the volume of the enlarged lung [18–20]. The outcomes
were poor, with very infrequent success. BRANTIGAN et al. [4] suggested that lowering the volume of an
emphysematous lung by removing functionally worthless areas would enhance respiratory mechanics and
the lung’s outward traction to keep the small airways open. Staged bilateral thoracotomy was performed,
but because of a perioperative mortality of 16% and the lack of data demonstrating subjective improvement
in survivors, his work was abandoned. In the early 1990s, COOPER et al. [21] introduced the dawn of a new
era when they proposed a modification of the technique described by BRANTIGAN et al. [4], using median
sternotomy (bilateral LVRS) in 20 patients with heterogeneous non-bullous emphysema. They reported no
perioperative mortality and an FEV1 improvement of 82% at 6 months, associated with marked relief of
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dyspnoea and improvement in QoL [21]. Re-evaluation of this modified technique by COOPER et al. [21] in
150 consecutive patients demonstrated an increase in FEV1 of 51%, perioperative mortality in six patients
(4%) and continuing improvement in QoL [22]. A smaller Canadian case series on bilateral LVRS via
median sternotomy was also promising [23]. Unilateral video-assisted thoracic surgery (VATS) with
stapled resection to treat heterogenous emphysema was described in 1996 in Pittsburgh, PA, USA, by
KEENAN et al. [24]. In Zürich, Switzerland, Weder started a bilateral LVRS VATS programme in 1993 and
his group reported the initial results from 1994 to 1995 with no perioperative mortality, a 41%
improvement of FEV1, an increase in walking distance (12 min: 495 m to 688 m, p<0.001) and a
substantial relief of dyspnoea at 3 months [25].

These results inspired many centres to implement their own LVRS programme and called for a randomised
trial, the National Emphysema Treatment Trial (NETT), performed in North America evaluating the
efficacy of LVRS on QoL and survival benefit in comparison to medical treatment [26]. The results were
published in 2003, reporting significantly higher 90-day mortality for the surgical group compared to
medical treatment (7.9% versus 1.3%, p<0.001). A sub-analysis of the surgical cohort defined a high-risk
population. This patient group, with FEV1 <20% and either a diffusing capacity of the lung for carbon
monoxide (DLCO) <20% or homogenous morphology on computed tomography (CT), experienced high
mortality (16%) [27]. Further analysis of the NETT data for LVRS patients with heterogeneous
emphysema (predominantly upper lobe) and low baseline exercise capacity demonstrated significant
improvements in survival (up to 5 years), exercise capacity (up to 3 years) and QoL (up to 5 years) [12].
Out of the 1218 patients included in the NETT, VATS was used in only 30% of cases. This large
multicentre and RCT proved on a high evidence-based level that LVRS is very effective in selected
patients, but unfortunately led to misconceptions and misinterpretations about the safety and efficacy of the
procedure. The major shortcoming was the lack of multidisciplinary evaluation to select the right patients.

Apart from in hospitals with extensive expertise, confidence in this intervention was generally lost and
LVRS is still nowadays underperformed. However, results from high-volume centres that continue to
perform SLVR demonstrate a low mortality rate (ranging from 0% at 6 months to 4% in-hospital) and
significant and maximal functional improvement (spirometry, dyspnoea scores and QoL) from 3 months up
to 5 years after LVRS [28–30].

Over the last years, several single-centre trials in expert centres have investigated expanding indications in
patients with a suitable morphology or hyperinflation. In a retrospective analysis of prospectively collected,
single-centre data from Zürich, 138 out of 250 patients had a more homogenous morphology of
emphysema. In this subgroup, similar to heterogenous patients, significant improvement of FEV1 (+35%)
and 6MWD (+79 m) at 3 months were shown, with no differences in perioperative and 1-year mortality
[29, 31]. Additionally, in experienced centres, LVRS can cautiously be considered in a subgroup of highly
selected patients with severely impaired diffusion capacity (DLCO <20%) and the presence of major
hyperinflation and heterogeneous emphysema. In a retrospective analysis of 33 patients, good results were
achieved at 3 months with a significant increase in FEV1 (23% to 29%) and DLCO (15% to 20%) and no
mortality at 3 months [32]. Subgroups of patients presenting with mild to moderate pulmonary
hypertension (systolic pulmonary arterial pressure (sPAP) >35 mmHg, median sPAP 41 mmHg) could also
potentially benefit from LVRS, and it should no longer be considered an absolute contraindication [33].
Given that endothelial function and blood pressure have been found to improve 3 months after LVRS, the
procedure may have a positive impact on cardiovascular outcomes as well [34].

Patient selection
Patient selection is crucial to prevent mortality and morbidity and to achieve long-term benefits from LVR.
A case-by-case evaluation by a multidisciplinary team is mandatory [35]. Eligibility criteria are similar for
bronchoscopic and surgical LVR and, like the contraindications, are generally based on expert
recommendations rather than hard scientific evidence. Candidates should have severe emphysema with
severe hyperinflation, have quit smoking and be under optimal pharmacological and non-pharmacological
treatment. Comorbidities and contraindications should be checked for (figure 1, table 1). Neither age nor
body mass index (BMI) are absolute contraindications, but patients should be fit enough for surgery and
these variables should be taken into consideration because they are risk factors for developing
postoperative complications. Specifically for LVRS, cardiac assessment should be performed to exclude
coronary disease, pulmonary hypertension and right ventricular dysfunction (to be confirmed by right heart
catheterisation if cardiac ultrasound is considered unreliable). Patients are expected to be sufficiently
motivated to undergo surgical treatment and be willing to join a pulmonary and physical rehabilitation
programme and understand the risks associated with LVRS. Therefore, patients should be informed of the
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pathophysiology of emphysema to understand the purpose of the reduction surgery as well as the expected
changes postoperatively.

Surgical technique
Surgery offers a unique volume-oriented strategy because the resection has the intrinsic advantage of
resecting several target zones while leaving the better-preserved lung parenchyma unaltered and the shape
of the lung intact (figure 2). Identifying the target zones is a primary objective in conducting LVRS
because the hyperinflation morphology of every patient is unique.

Several techniques have been described for LVRS and the choice of technique currently still depends on
the experience of the institution and the surgeon. Nowadays it is preferably performed by minimally
invasive VATS and consists of unilateral or bilateral LVRS by stapling (figure 2). In patients with bilateral
target zones, bilateral LVRS is preferred over unilateral LVRS because the functional benefits achieved are
of a greater dimension than those achieved with the unilateral procedure [41]. Moreover, a staged bilateral
procedure can lower postoperative morbidity and can improve functional results for up to 6 years [42–44].
A series of wedge excisions in regions with the most pronounced emphysematous alterations is performed.

HRCT + quantification

(emphysema score (≥30% at –950 HU) + % fissure integrity)

Arterial blood gas

6MWD (<450 m)

Perfusion study#

Cardiac ultrasound¶

Multidisciplinary board

Consider all results, comorbidities and contraindications

Confirm target(s)

Patient with COPD

Standard-of-care treatment, pharmacological and 

non-pharmacological

Dyspnoea (mMRC ≥2/CAT >18)

 and exercise limitation

Complete pulmonary function

Obstructive (FEV1 <50%) with hyperinflation (RV >175% and RV/TLC >55)

Decision

BLVR

LVRS

Interventional study

LTX evaluation

Respiratory rehabilitation

Treat untreated traits

Re-evaluation

Advanced care planning

FIGURE 1 Clinical decision flow in selecting patients for lung volume reduction. mMRC: modified Medical
Research Council dyspnoea scale; CAT: COPD Assessment Test; FEV1: forced expiratory volume in 1 s;
RV: residual volume; TLC: total lung capacity; HRCT: high-resolution computed tomography; HU: Hounsfield
units; 6MWD: 6-min walk distance; BLVR: bronchoscopic lung volume reduction; LVRS: lung volume reduction
surgery; LTX: lung transplantation. #: perfusion study is recommended in homogeneous emphysema or difficult
target selection; ¶: consider cardiac ultrasound if history of cardiac disease, clinical suspicion of heart failure or
pulmonary hypertension and in candidates for LVRS.
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If the tissue is severely destroyed, buttressed staplers are recommended (polyglycolic acid) (figure 2) [45, 46].
Usually, between 20% and 35% of each lung (2–3 L in total) is removed, depending on the volume excess
in total lung capacity.

a) b)

c) d)

FIGURE 2 Intraoperative images visualising the crucial steps of lung volume reduction surgery through
video-assisted thoracic surgery. a) Release of all adhesions by preserving the visceral pleura. b) Minimal touch
shaping of the volume intended to be resected, based on the preoperative computed tomography assessment,
preserving the shape of the lung. c) Buttressed stapling of the voluminous target area. d) Underwater test to
rule out air leak post-intervention.

TABLE 1 Contraindications for lung volume reduction

Recommended contraindications for lung volume reduction procedures
DLCO or FEV1 <20% predicted#

6MWD <100 m
PaCO2

>60 mmHg or PaO2
<45 mmHg at room air or >3 L·min−1 O2 supplementation

Frequent exacerbations and/or bronchiectasis or infection (Aspergillus fumigatus, NTM etc.)
Other pulmonary disease: ILD, ABPA, SAD or bronchiolitis without emphysema
Pulmonary hypertension with invasively measured sPAP >45 mmHg#

Immunosuppression or maintenance oral corticosteroids prednisolone >10 mg·day−1

Heart failure with left ventricle ejection fraction <40%
Therapeutic anticoagulation which cannot be interrupted
Active malignancy or need for follow-up of nodule
Life expectancy <3 months
Inability to increase physical activity
BMI <18 or >35 kg·m−2#

Specific for bronchoscopic lung volume reduction with endobronchial valves
History of pleurodesis, lobectomy or LVRS
Paraseptal emphysema, pleural adhesions

DLCO: diffusion capacity of the lung for carbon monoxide; FEV1: forced expiratory volume in 1 s; 6MWD: 6-min
walk distance; PaCO2

: arterial carbon dioxide tension; PaO2
: arterial oxygen tension; NTM: nontuberculous

mycobacteria; ILD: interstitial lung disease; ABPA: allergic bronchopulmonary aspergillosis; SAD: small airway
dysfunction; sPAP: systolic pulmonary arterial pressure; BMI: body mass index; LVRS: lung volume reduction
surgery. #: no absolute contraindication, case-by-case discussion depending on individual patient characteristics
and type of intervention. Reports on interventions in patients with poor lung function or hypercapnia have
been published [32, 36–40] and for endobronchial valves experts recommend a cut-off of 50 mmHg for sPAP.
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While resectional LVRS is still the gold standard for most thoracic surgeons, non-resectional LVR is also
described. The technique is performed by plicating the most emphysematous lung regions and using
non-cutting stapling [47, 48]. The main hypothesis is to minimise air leaks by avoiding discontinuation of
the pleura and buttressing the staple line, leaving the non-resected tissue as coverage over the manipulated
area. Surgery can be carried out through general or epidural anaesthesia. In a single-centre, randomised
trial, non-resectional (awake) LVRS was compared with resectional (non-awake) LVRS (32 versus
31 patients, respectively) and resulted in a significantly shorter hospital stay in the awake, non-resectional
patients (6 versus 7.5 days) with similar lung function improvements at 6 months [49]. However, the bias
of comparing two different techniques in different settings (awake/non-awake) must be recognised.
Additionally, when not resecting lung tissue, the risk of infection and resultant malignancies must be
considered. Other prospectively collected multicentre data are needed to confirm the potential benefits of
non-resectional and awake surgery. Experience with awake thoracic surgery is increasing worldwide, with
the primary objective of improving outcomes by avoiding side-effects associated with general anaesthesia
and one-lung ventilation (pneumonia, bronchospasm, lung injury related to ventilation) [48]. However,
non-awake LVRS can only be performed after thorough patient selection. Patients with radiological
evidence of extensive pleural adhesions, contraindications for epidural anaesthesia and who are
uncomfortable with the idea of being awake during surgery are prohibited. Technically demanding cases
are preferably performed under general anaesthesia because maintaining diaphragmatic motion and cough
reflexes can hinder surgical manipulation.

Some points of note when performing LVRS are the position of the thoracic ports in relation to the target
zones; uniportal and multiportal approaches are valid. Lung manipulation should be performed in a
“no-touch” fashion with maximal care to avoid air fistulas (figure 2). If in doubt of an air leak, the lung
can be submerged under water while restarting ventilation (figure 2). A polyglycolic acid sheet (Neoveil
sheet; Gunze Kyoto, Japan) or coverage with Progel Pleural Air Leak Sealant (Becton Dickinson and
Company, Franklin Lakes, NJ, USA) along the staple lines can be used to decrease the risk of
parenchymal tears in the remaining lung after re-expansion [46, 50, 51]. When restarting mechanical
ventilation, aggressive recruitment should be avoided [45].

The implementation of three-dimensional visualisation during surgery or robotic surgery could be a future
goal, given that LVRS targets the most destroyed areas identified on preoperative imaging [52].

An enhanced recovery programme (ERP) for LVRS is advised, with the main objective of returning the
patient to a normal functional status as quickly as possible. This could be adapted from other thoracic
ERPs, e.g. for VATS lobectomy. Good preoperative information on the patient, safe and short surgery
(avoiding air leaks), adequate pain management, fast recovery with early extubation and avoidance of
admission to the intensive care unit, and early ambulation and physiotherapy are all key elements of such
an ERP.

Complications
The NETT trial reported rates of pulmonary morbidity (tracheostomy, pneumonia, re-intubation, ventilator
use) of 30% and cardiovascular morbidity (arrhythmia requiring treatment, myocardial infarction,
pulmonary embolus) of 20% in the non-high-risk population (511 patients) [53].

The main complication of LVRS remains air leak, which can be explained by tearing of the remaining
emphysematous non-resected lung. This was observed in the NETT in 90% of patients within 30 days of
LVRS, of which 3.3% required surgical re-intervention [54]. Identified risk factors for air leak are upper-lobe
disease (p=0.04), important pleural adhesions (p=0.007) and use of inhaled steroids (p=0.004) [54].

In a separate cohort of bilateral LVRS through median sternotomy (n=250), prolonged air leak (⩾7 days)
was present in 45.2% of cases, of which 3.2% required re-intervention [30]. Furthermore, pulmonary
infections and cardiac arrhythmias can occur. Surgical mortality was initially reported in the NETT to be
around 5% at 90 days (non-high-risk population) but has decreased to ⩽0.5% in experienced centres
including our own (UZ Leuven; January 2019–May 2023: 0.6% 30-day mortality) [30, 55, 56].

Mortality and morbidity have been compared between different LVRS approaches in a series of 104 LVRS
procedures (2000–2012; 81 unilateral, 23 bilateral) [57]. No deaths were reported in the unilateral cohort
versus 17.3% in the bilateral cohort. Major cardiovascular and pulmonary morbidity occurred in 13%
versus 6.3% (versus 20% in NETT) and 39.1% versus 11.4% (versus 29.8% in NETT) in unilateral versus
bilateral approaches, respectively. Similar functional results were attained. Although this single-centre
study suggests that unilateral LVRS can have benefits over bilateral procedures, the functional benefits of
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bilateral LVRS in patients with bilateral disease should not be underestimated. A retrospective comparison
is also sensitive to bias because there could be several reasons to convert a planned bilateral approach to a
unilateral procedure. A staged bilateral approach can therefore be considered, with the timing of the
contralateral procedure dependent on evidence of deterioration in improvement after the first procedure, to
reduce postoperative complications of a one-staged bilateral approach [43].

Bronchoscopic lung volume reduction
Airway bypass
Some of the first bronchoscopic experiments to reduce lung volume in patients with severe emphysema
were attempts to deflate the hyperinflated regions by transbronchial stents [58–60]. The EASE trial was a
randomised, double-blind, sham-controlled study which included patients with severe, homogeneous
emphysema and severe hyperinflation [61]. Drug-eluting (paclitaxel) stents (figure 3) were used to
maintain passageway. One to six stents were placed with a maximum of two stents per lobe based on
radiological emphysema assessment and anatomy [62]. At day 1, a significant difference in forced vital
capacity, RV and FEV1 was measured in treated versus sham patients; unfortunately, the effect was not
maintained at 1 month. The trial failed to show improvement of lung function and modified Medical
Research Council dyspnoea score at a 6-month follow-up (table 2). This was mainly attributed to a failure
to maintain stent patency. Safety was acceptable, and we learned from this trial that complex
bronchoscopic interventions under general anaesthesia are safe, even in these vulnerable patients. Along
with transbronchial artificial airways, transthoracic approaches have also been explored [76, 77].
Unfortunately, rapid occlusion of these artificial airways has impeded further clinical research. New
bronchial stents, called implantable artificial bronchus, are under clinical investigation (NCT05087641).

Endobronchial valves
LVR with EBVs is the most extensively investigated bronchoscopic method to improve hyperinflation.
One-way EBVs are designed to deflate the targeted lung lobe, inducing atelectasis and thereby reducing
lung volume and hyperinflation [78]. The history of EBVs goes back to the early 2000s, when animal and
experimental studies investigated the effects of blocking inward airflow to emphysematous lung segments
[79, 80]. Soon afterwards, the concept of one-way EBVs was introduced and several studies [81–83] and
RCTs using one-way EBVs followed. Since 2019, LVR with EBVs is mentioned as an evidence level A
treatment option for patients with severe lung emphysema and hyperinflation in the international Global
Initiative for Chronic Obstructive Lung Disease (GOLD) recommendations [84].

a) b) c)

d) e) f)

FIGURE 3 Overview of the bronchoscopic lung volume reduction devices used in randomised controlled trials.
a) A transbronchial airway stent (Exhale Drug-Eluting Stent; Broncus Technologies, Mountain View, CA, USA;
reproduced with permission from [62]), b) Zephyr Endobronchial Valve (reproduced with the permission of
Pulmonx Corporation, Redwood City, CA, USA), c) Spiration Valve System (reproduced with the permission of
Olympus, Redmond, WA, USA), d) AeriSeal Sealant (reproduced with the permission of Pulmonx Corporation,
Redwood City, CA, USA), e) lung volume reduction coil (RePneu; PneumRx Inc., Mountain View, CA, USA;
reproduced with permission from [63]), f ) InterVapor System for thermal vapour ablation (reproduced with the
permission of BTVA, Uptake Medical Technology Inc., Seattle, WA, USA).
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TABLE 2 Overview of randomised controlled trials on bronchoscopic lung volume reduction

Trial Design Treated
(n)

Emphysema
and CV

Follow-up
(months)

FEV1 RV 6MWD SGRQ Advantage Risk

% R (%) mL R (%) m R (%) Points R (%)

Drug-eluting transbronchial stent
EASE, 2011 [61] Multicentre

double-blind,
sham-controlled,

2:1

208 Homogeneous 6 −1.5# / −61# / −7# / −2# / Possible in CV+
Large

short-term
effect

Low stent patency
Severe respiratory
adverse events

EBV: Pulmonx
VENT, 2010 [64] Multicentre, 2:1 220 Heterogeneous

No fissure or CV
assessment

6 +7¶ 24 / / +19¶ 25 −3.4¶ /

FDA approved
Reversible

Pneumothorax
Granulation tissue

BeLieVer-HiFi, 2015 [65] Single-centre
double-blind,

sham-controlled,
1:1

25 Heterogeneous
Visual fissure

intact

3 +9#,¶ 39 −260# 48 +25#,¶ 52 −4.4# 48

STELVIO, 2015 [66] Single-centre, 1:1 34 Hetero- and
homogeneous
Chartis CV−

6 +18¶ 72 −831¶ 71 +74¶ 87 −14.7¶ 79

IMPACT, 2016 [67] Multicentre, 1:1 43 Homogeneous
Chartis CV−

3 +17¶ 42 −480¶ 44 +40¶ 48 −9.64¶ 68

TRANSFORM, 2017 [10] Multicentre, 2:1 65 Heterogeneous
Chartis CV−

6 +29¶ 66 −670¶ 68 +79¶ 65 −6.5¶ 66

LIBERATE, 2018 [11] Multicentre, 2:1 128 Heterogeneous
Chartis CV−

12 +18¶ 56 −522¶ 62 +39¶ 42 −7,05¶ 56

EBV: Spiration Valve System
REACH, 2018 [68] Multicentre, 2:1 66 Heterogeneous

Visual fissure
intact

6 +91 mL#,¶ 41 −420# 66 +21#,¶ / −8.4#,¶ /

FDA approved
Reversible

Severe respiratory
adverse events:
exacerbations,
pneumothorax

Granulation tissue

EMPROVE, 2019 [69] Multicentre, 2:1 113 Heterogeneous
Visual fissure

intact

6 +101 mL¶ 37 −361¶ 51 +7 32 −13¶ 54

AeriSeal sealant
ASPIRE, 2015 [70] Multicentre, 3:2 34 Heterogeneous

upper
lobe-predominant

6 +19#,¶ 52 / / +31#,¶ 52 −12#,¶ 76 Possible in CV+
Low

pneumothorax
risk

No foreign body

Severe respiratory
adverse events:

acute inflammatory
response,

exacerbations,
pneumonia

Continued
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TABLE 2 Continued

Trial Design Treated
(n)

Emphysema
and CV

Follow-up
(months)

FEV1 RV 6MWD SGRQ Advantage Risk

% R (%) mL R (%) m R (%) Points R (%)

Endobronchial coils
RESET, 2013 [71] Multicentre, 1:1 23 Heterogeneous

and homogeneous
3 +11¶ 57 −310¶ 57 +64¶ 74 −8.4¶ 65

Possible in CV+
and/or

homogeneous
emphysema

Low
pneumothorax

risk

Staged treatment
Not in clinical
airway disease

Severe respiratory
adverse events:
coil-associated

opacity,
exacerbations,
pneumonia

Granulation tissue

REVOLENS, 2016 [72] Multicentre, 1:1 50 Heterogeneous
and homogeneous

6 +11¶ / −370¶ / +21 36 −13.4¶ /

RENEW, 2016 [73] Multicentre, 1:1 158 Heterogeneous
and homogeneous

12 +7¶ / −310¶ / +15¶ 40 −8.9¶ 61

ELEVATE, 2021 [74] Multicentre, 2:1 57 Heterogeneous
and homogeneous

6 +10¶ 42 −460¶ 50 / / −10.6¶ 57

Thermal vapour ablation
STEP-UP, 2016 [75] Multicentre, 2:1 46 Heterogeneous

upper
lobe-predominant

6 +15¶ 50 −303¶ / +31 42 −9.7¶ 70 Possible in CV+
Low

pneumothorax
risk

No foreign body

Staged treatment
Severe respiratory
adverse events:
exacerbations,
pneumonia,
pneumonitis

Outcome results (FEV1, RV, 6MWD and SGRQ) are presented as between-group difference in change from baseline (treated versus standard of care). The reported response rate (R) is shown as %
in the per protocol population, unless only the response rate of the intention-to-treat population was reported (in RESET, REVOLENS and RENEW). For the minimal clinically important differences
used, we refer to the specific study reports. FEV1: forced expiratory volume in 1 s; RV: residual volume; 6MWD: 6-min walk distance; SGRQ: St George’s Respiratory Questionnaire; CV: collateral
ventilation; CV−: absence of CV; CV+: presence of CV; EBV: endobronchial valve; FDA: US Food and Drug Administration. #: results presented as change from baseline in the treated group; ¶:
significant between-group difference or significant difference between treated and standard of care group, p<0.05.
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Two different devices are commercially available, the Zephyr EBV (Pulmonx, Redwood City, CA, USA)
and the Spiration Valve System (Olympus, Redmond, WA, USA) (figure 3). These are made of a nitinol
frame with a silicone (Zephyr) or polyurethane (Spiration) membrane. Both the Zephyr and Spiration have
four different sizes available, and have unique sizing and delivery systems. The compressed valves are
delivered via the instrument channel of a flexible bronchoscope through a catheter in all the (sub)segmental
bronchi of the target lobe. The frame expands against the airway wall, and the valve allows outward flow
of air and mucus while preventing inward airflow. The Zephyr and Spiration valves are removable by
forceps using a flexible bronchoscope and, in case of dislocation, they may be coughed up safely.

The first RCT with the Zephyr EBV in heterogeneous emphysema with hyperinflation was published in
2010, but the effects on FEV1, 6MWD and SGRQ did not reach minimal clinically important differences
(MCIDs) (table 2) [64]. It was from post hoc data analyses that the importance of intact fissures, as a
surrogate of absent interlobar collateral ventilation, became clear [85]. Interlobar collateral ventilation
through incomplete fissures prevents the desired atelectasis of the target lobe. Subsequent studies did select
patients based on fissure completeness [9, 65] and visual scoring of fissure completeness and emphysema
improved results significantly [65]. Outcomes continued to improve after implementing quantitative CT
analysis for emphysema and fissures and invasive measurement of collateral ventilation by Chartis
(Pulmonx) [9, 65, 86]. The Chartis assessment system comprises a balloon catheter, inserted via the
working channel of the flexible bronchoscope, and a console. Inflating the balloon occludes the bronchus
to the targeted lobe and a sensor at the distal end of the balloon measures air flowing out through the
central lumen of the catheter. Meanwhile the console displays the flow and pressure in real time. In the
absence of collateral ventilation, outward airflow from the target lobe will gradually decline. The
STELVIO trial [9] was the first RCT to use quantitative software and Chartis measurement to select
patients for EBV treatment. The trial showed highly significant improvement in FEV1, RV, 6MWD and
SGRQ in treated compared to control patients, all reaching their respective MCIDs (table 2). The following
large multicentre trials confirmed these results (table 2) [10, 11]. One RCT with Zephyr valves has been
performed in homogeneous emphysema; treatment effects were less pronounced but significantly better
compared to standard of care (table 2) [87].

In the first trials with the Spiration Valve System, a bilateral, but incomplete, lobar occlusion was
performed, and failed to show meaningful results in patients with heterogeneous upper lobe-predominant
emphysema [88, 89]. Two more recent RCTs with Spiration Valve System aimed for unilateral but
complete lobar occlusion in patients with heterogeneous emphysema and intact fissures based on CT
assessment. Results showed significant improvement compared to standard of care in some but not all
outcomes (table 2) [68, 69].

The long-term safety profile of this intervention is good, but pneumothorax occurs in 4–34% of treated
patients [90]. This variability is at least partly explained by the increasing awareness of the importance of
fissure completeness for successful treatment, given that the pneumothorax rates went up from 4.2% in the
first RCT to 34.4% in the more recent LIBERATE trial [11]. By inducing atelectasis of the target lobe, the
ipsilateral lobe will expand to fill the created space in the thoracic cavity. This expansion of destructed
lung tissue or presence of pleural adhesions may cause a pneumothorax. The majority of pneumothoraces
(>85%) occur within the first 72 h after treatment [91, 92]. A distinction has to be made between a
clinically important, symptomatic pneumothorax with air leak versus a clinically well-tolerated
pneumothorax ex vacuo, which results from increased negative intrapleural pressure and will resolve
spontaneously [93]. Risk factors and a clear management scheme have been proposed by an expert
statement but research on this topic is sparse [93]. The outcome and BLVR results after pneumothorax are
good, but prolonged air leak with need for additional interventions is common [94]. With 0.75% of
799 patients treated in RCTs dying from pneumothorax, the fatality rate of pneumothorax is low [93].
Other complications are less common, less severe, temporary or reversible by extraction of valves [91].
However, despite careful patient selection, the high rate of revision bronchoscopy (19–41%) and the lack
of effect in some patients is still an unresolved concern in EBV treatment [95]. Regarding foreign bodies
in the airway, granulation tissue may cause loss of effect and is currently an issue we are not able to
prevent [96]. However, the ability to undo the treatment in case of complications or lack of effect is a
major advantage of EBVs.

In clinical practice, the durability of treatment effect seems variable and few reports have been published
on long-term efficacy. Post hoc analyses of some RCTs showed comparable response rates at 6
and 12 months [66, 67]. The LIBERATE trial is the only RCT investigating treatment effect of EBV at
12 months as a primary outcome. Lung function, exercise capacity and QoL were significantly improved
at 12 months, compared to standard of care (table 2) [11, 97]. This trial is ongoing to collect 5-year
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follow-up data. Other prospective, randomised controlled long-term follow-up studies are lacking. A
German retrospective analysis of 256 treated patients reported on 1-, 2- and 3-year real-world follow-up
data and showed a sustained effect on FEV1, RV and 6MWD at 1 year, whereafter the clinical benefit
declined, especially for FEV1 [98]. At 3 years, the response rate was 71% for RV and 46% for 6MWD.
These rates were higher in patients with successful lobar atelectasis, except for FEV1 (10%), probably
reflecting general disease progression. A recent real-world analysis on 280 treated patients from The
Netherlands confirmed a gradual decline, but showed better durability of effect on FEV1 and RV at 3-year
follow-up, and added a persistent significant effect on QoL [99]. At 3 years, the response rate was 33% for
FEV1, 50% for RV, 49% for 6MWD and 46% for SGRQ. One should be aware of selection bias and the
presence of sustained target lobe volume reduction while interpreting long-term outcome data.

The experience and results of all these RCTs has led to better and comprehensive selection of patients and
target lobes in clinical practice, which is invaluable in achieving good treatment results [100–102]. Based
on the inclusion criteria of RCTs and expert opinion, cut-offs of hyperinflation parameters and destruction
scores have been suggested to select patients. In summary, candidates should have severe emphysema with
severe hyperinflation (recommended RV >175% in heterogeneous and RV >200% in homogeneous
emphysema) and comorbidities and contraindications should be checked for (figure 1, table 1). The
preferred target lobe has the highest level of emphysema heterogeneity, with at least 30% emphysematous
destruction at ⩽−950 Hounsfield units (HU) recommended, no collateral ventilation based on fissure
completeness and/or Chartis measurement, the lowest perfusion, balanced lung volumes and no local
contraindications such as pleural adhesions or paraseptal emphysema in the adjacent lobe. A detailed
description of patient assessment for BLVR has previously been published [100, 101].

Sealant
Biological LVR has been studied for over a decade with promising results [103–106]. Nevertheless, the
administration of a synthetic, two-component foam (polyvinylalcohol and glutaraldehyde, AeriSeal System
(currently Pulmonx)) to provoke atelectasis by absorption, inflammation and scar formation has only been
investigated in one RCT [70]. Patients with upper lobe-predominant emphysema, airflow limitation and
hyperinflation were treated bilaterally in two subsegments per upper lobe. Unfortunately, this trial ended
prematurely owing to funding problems. Although significant improvements in FEV1, 6MWD and SGRQ
at 6 months were reported, no data on LVR have been published (table 2). Moreover, a significantly larger
group of treated patients experienced respiratory-related serious adverse events with a hospitalisation rate
>40%, despite a steroid and antibiotic course to prevent post-treatment acute inflammatory response [70].
An attempt to reduce inflammatory side-effects by a staged approach, with lower doses of sealant, was not
successful and could not show clinically significant volume reduction [107]. The development of
bio-adhesives capable of reducing static and dynamic hyperinflation, without inducing a pronounced
inflammatory reaction, is challenging but worth exploring because it may induce durable LVR effects
without the concern of interlobar collateral ventilation [108]. Furthermore, reversing collateral ventilation
by using low doses of AeriSeal, thereby making patients eligible for EBV treatment, is attractive and under
investigation (NCT04256408, NCT04559464) [109].

Lung volume reduction coils
Although placement of EBVs is currently the most effective BLVR option, placement of coils may be an
alternative treatment in symptomatic patients with homogeneous emphysema and/or collateral ventilation.
Endobronchial coils do not induce lobar atelectasis because they do not completely block inspiratory
airflow. Therefore, the presence of collateral ventilation between the target and ipsilateral lobe is irrelevant
for this device. The working mechanism is explained as follows: compression of the lung parenchyma
reduces the lobar RV and increases airflow to untreated regions; thereby, hyperinflation may be reduced
and diaphragm function may improve. By pulling together the most destroyed segments, the elastic recoil
of the lung improves, ameliorating expiratory flow and air trapping [110, 111]. This is also reflected by the
beneficial effect of coil-associated opacities [73, 112].

Endobronchial coils (PneumRx/BTG, Mountain View, CA, USA) are shape-memory nitinol devices which
are placed in the subsegmental bronchi under fluoroscopic guidance by a skilled interventional
bronchoscopist (figure 1). The intention is to treat the most destroyed lobes bilaterally, in two stages with
an interval of 4–8 weeks [113]. Depending on airway length, the interventionist can choose from three
different sizes of coils (100 mm, 125 mm and 150 mm) and a median of 10 coils per procedure is
used [114]. Production of the PneumRx endobronchial coil system was terminated in 2020, when the then
manufacturer was acquired by Boston Scientific. Nevertheless, we discuss results and experience with this
device, because some aspects are promising. It is mentioned with level B evidence in the current GOLD
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recommendations [115] and new LVR-coil devices have been produced and are under investigation in
clinical trials (NCT04520152, NCT03685526).

So far, several studies [63, 111, 116–118], four RCTs [71–74] and three meta-analyses [13, 114, 119] have
been published on LVR with coils. No sham-controlled trial has been performed. The first RCT showed
significantly better outcomes in coil-treated patients versus standard of care after 3 months [71]. Subsequent,
larger trials confirmed the significant improvement in treated patients, but mean values did not reach the
MCID for lung function and exercise capacity [72, 73]. One may assume that these rather poor results were a
consequence of a large variability in response and the lack of quantitative CT analysis [112]. The latest trial,
in which the target lobe was identified by quantitative CT analysis, was terminated prematurely by the study
sponsor, but showed significantly better outcomes in coil-treated patients, for whom the decrease in RV and
SGRQ score reached the MCID at 6 months (table 2) [74]. The most recent meta-analysis used individual
participant data from both single-arm and randomised trials (n=680) [114]. Based on this analysis, LVR-coil
treatment resulted in a significant increase in FEV1 at 3- and 6-month follow-up (+90 mL and +70 mL), a
significant reduction in RV and SGRQ score at 3-, 6- and 12-month follow-up (−450 mL, −330 mL and
−380 mL, and −12.3 points, −10.1 points and −9.8 points, respectively) and a significant increase in
6MWD at 3 months (+38 m).

Longer-term data have been published and show a preserved clinically meaningful effect on SGRQ score,
6MWD and RV in the treated patients at 12 months [120] and 24 months [121]. 3-year follow-up data
from 22 treated patients demonstrated that the change from baseline gradually declined to nonsignificant
differences [122]. However, at 5 years, a survival advantage became apparent in patients with 10% RV
reduction at 3 months [123].

Severe adverse events were reported in up to 52% of coil-treated patients [72–74]. Pneumonia was the most
frequent severe adverse event, with a 15% excess incidence in the patients treated with coils [72, 73, 122].
However, pneumonia may be over-diagnosed owing to a coil-associated opacity that occurs in up to 50%
of treated patients, and is in fact an inflammatory reaction behaving as pneumonia. Experts recommend the
use of corticosteroids and antibiotics in the presence of opacities and/or suspicion of pneumonia after coil
treatment [113]. Unfortunately, cases of fatal pneumonia, major hemoptysis (1%) and rare cases of
peri-procedural deaths have been reported [73, 124]. Lifelong need for systemic anticoagulants is
considered a contraindication for coil LVR. The treating physician should be aware of these and other rare
but severe procedure-related adverse events [125]. Pneumothorax does occur in relation to this procedure,
but seems uncommon in experienced sites (1–4%) [73, 74].

Severe hyperinflation (RV ⩾225%), more pronounced emphysema in the target lobes (⩾20% below
−950 HU), a lower physical activity level and bilateral treatment of the upper lobes have been put forward
as predictors of response to coil treatment. Patients with both heterogeneous and homogeneous disease
have been successfully treated in trials, although treatment of the most destroyed lobes seems essential.
The presence of clinically relevant airway disease or frequent infectious exacerbations are unfavourable for
this treatment [111–113].

Thermal vapour ablation
The use of thermal energy has been investigated to induce LVR in patients with severe heterogeneous lung
emphysema. The required energy is calculated based on the quantitative CT-estimated weight of the
segment to be treated. An inflammatory reaction is triggered by the application of heated water vapour via
a catheter (InterVapor System, Uptake Medical Technology, Inc., Seattle, WA, USA) to the most destroyed
segment of the emphysematous upper lobes. An inflatable balloon at the distal end of the catheter isolates
the target segment during the delivery of vapour. The provoked inflammation gives rise to fibrotic
remodelling and subsequent LVR. Early studies, treating large lobar volumes of lung, suffered from
respiratory severe adverse events [126–128]. By reducing the volumes to segmental level and staged
treatment (3-month interval), the safety profile improved [129]. One multicentre randomised trial has been
published on segmental bronchoscopic thermal vapour ablation (BTVA), showing a significant relative
increase in FEV1, decrease in SGRQ for COPD patients score and reduction of RV in treated patients
compared to controls at 6 months [75]. These effects were maintained at 12 months [130]. No significant
improvement in exercise capacity was measured (table 2). Moreover, the inflammatory response can be
very pronounced in some patients with pneumonitis, pneumonia (18% versus 8%) and exacerbations (24%
versus 4%), whereas the rate of pneumothorax was only 2%. An analysis of data from two single-arm
studies showed better long-term results in patients who experienced respiratory adverse events in the first
30 days [126].
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Selection criteria and contraindications are comparable to other LVR strategies (figure 1, table 1), except
that only patients with heterogeneous upper lobe-predominant emphysema should be treated by BTVA.
Results of a study on homogeneous emphysema (NCT03670121) have not been published so far. A
detailed recommendation on selection and procedure has been previously published [129]. BTVA is
mentioned in the GOLD recommendations with level B evidence [115]. Although BTVA has several
advantages, such as targeted treatment within a lobe, not leaving any devices behind and independency of
fissure completeness, the rate of severe respiratory events is an important issue. Together with low
availability and expertise, widespread clinical use is hampered and more RCTs on this technique and its
safety are needed for further implementation.

Discussion
COPD is a very heterogeneous disease, with clinically and radiologically divergent presentations,
complicated by exacerbations and the presence of several comorbidities. As in all chronic diseases, there is
no one-size-fits-all treatment and the importance of phenotyping patients and recognising treatable traits
cannot be overemphasised when selecting these patients for surgical or bronchoscopic interventions. The
implementation of a dedicated multidisciplinary team with at least a pulmonologist, interventional
pulmonologist, thoracic surgeon and radiologist should be mandatory to discuss all facets of the patient
and thoroughly consider risks and benefits on the individual level. The importance of multidisciplinary
case selection and work-up has been acknowledged in several reports on LVR [131–133]. Involvement of
a LTX expert, respiratory rehabilitation coordinator or physiotherapist and nurse specialist is a bonus. This
multidisciplinary expert team may also propose other therapeutic options (figure 1). Moreover, a nurse
coordinator may play a crucial role in the patients’ pathway from referral to follow-up [134].

LVR interventions require experienced surgeons and pulmonologists, capable of coping with and treating
procedure-related side-effects and complications, alongside organising a decent follow-up. That is why
these interventions are preferably carried out in expert referral centres. The downside to referral centres is
the underuse of the current LVR strategies, both bronchoscopic and surgical, which is prompted by limited
knowledge and awareness, along with a natural fear of exposing frail patients to treatments that could lead
to complications. Although there is high variability in response in most studies, the evidence for LVR is
clear at present, and it is a treatment with a proven beneficial effect on pulmonary function, exercise
capacity and QoL in well-selected patients. In addition to survival benefits, an impressive effect on cardiac
function has recently been demonstrated for patients treated with EBVs [135]. However, many patients
referred for LVR treatment will be disappointed because they do not fulfil the recommend criteria for
treatment, because devices or expertise are not available or because reimbursement is lacking. Zephyr and
Spiration EBV are the only US Food and Drug Administration-approved bronchoscopic interventions at the
time of writing. There is continued need for improvement and new developments in this field, especially
for other COPD phenotypes. Some promising interventional bronchoscopic procedures are currently under
development for COPD patients who mainly experience productive cough and/or exacerbations, as
reviewed in this journal before [136]. As recently stated in a Lancet Commission on the elimination of
COPD [137], we should look beyond smoking-induced COPD and take other causes and contributing
factors into account. Whether LVR works in nonsmoking-induced lung emphysema is not clear. In case of
ɑ1-antitrypsin deficiency, results of LVRS in older studies were poor [138, 139], but results of more recent
surgical approaches are not available. However, BLVR with EBV seems an efficient and safe treatment in
ɑ1-antitrypsin-deficient patients [140]. Patients with infection-related COPD will presumably present with
airway disease rather than emphysema. LVRS in congenital emphysema and/or bronchopulmonary
dysplasia has only been described in a few case reports [141–143]. In general, we assume that LVR will
work in all patients with severe emphysema and severe hyperinflation, regardless of the causing factors, as
long as no contraindications for the specific treatment are present.

Relation between LVR and lung transplantation
Techniques that affect (lung) functional status of patients with COPD have the potential to delay the need
for LTX. Although LTX is only available to a select group of patients, postponing this treatment may be
pertinent to prolong overall survival. Reports on LTX after LVRS have been contradictory. A study on
117 transplanted patients, 52 of whom had previous LVRS, showed no effect of LVRS on short- and
long-term outcomes after LTX [144]. Another single-centre report on BLVR before LTX reported no
significant difference in 12-month outcome, but found there were significantly more patients with
bronchiectasis and airway colonisation in the BLVR group compared to transplanted patients without
previous BLVR [145]. A recent multicentre matched retrospective study on both LVRS (n=26 versus
n=328 controls) and BLVR (n=60 versus n=270 controls) before LTX confirmed no effect on short- and
long-term survival. However, bacterial colonisation was also significantly more prevalent after any LVR
procedure prior to LTX. Patients with previous LVRS more often needed extracorporeal membrane
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oxygenation post lung transplantation, whereas wound infections were more often present in patients who
underwent BLVR before LTX [146]. In contrast, a propensity-matched multicentre analysis of 106 COPD
patients who underwent LVRS before LTX showed a significantly higher risk of graft failure and lower
median survival in this group [147]. The most obvious explanation is the technical challenge of
re-operation in the thoracic cavity, where adhesions after LVRS can complicate lung explantation or
phrenic nerve injury. This may increase the duration of the LTX procedure and the risk of bleeding, adding
the requirement of a blood transfusion, both of which are risk factors for primary graft dysfunction. In
summary, outcomes from LTX after prior LVR may not differ, but more perioperative complications and
bacterial colonisation mean that increased awareness is required when caring for these patients. On the
other hand, LVR offers the potential of bridging towards LTX, gaining additional QoL and improving
survival, which cannot be offered after failure of LTX.

Comparison between surgical and bronchoscopic lung volume reduction
A burning and unresolved question in this field is if bronchoscopic and surgical LVR are comparable.
Bronchoscopic interventions are less invasive and, in case of valves, reversible, although a complete lobe
is sacrificed. LVRS, by contrast, has the potential to reduce more targeted volumes bilaterally and a more
customised approach that may result in more favourable outcomes. Moreover, a thoracoscopic approach
and implementation of early recovery protocols can reduce the length of hospital stay after LVRS. If
BLVR fails, the patient could still be a candidate for a surgical approach. BLVR, however, is
contraindicated in a lung where LVRS has been performed. In clinical practice the durability of effect
seems comparable, but this has never been compared in a well-designed trial. Considering the advantages
and disadvantages of both strategies, it is not clear which is the best option for a patient that is eligible for
both BLVR and LVRS. Because EBVs are the most investigated and successful BLVR so far, there is an
urgent need for a head-to-head comparison with LVRS in terms of efficacy, safety and durability of effect.
One single-centre study on LVR reported results of patients treated with BLVR (n=20) or bilateral LVRS if
collateral ventilation was present or BLVR failed (n=16) [148]. Both groups showed significant
improvement in FEV1, RV, 6MWD and SGRQ at 3-month follow-up and a similar response rate of 70%
for the primary outcome measure (FEV1 increase of 100 mL). The first randomised study comparing
BLVR and unilateral LVRS in patients eligible for both procedures was a superiority trial comparing
outcomes at 12 months using the iBODE score, a composite disease severity measure (using BMI, airflow
obstruction, dyspnoea and exercise capacity) [149, 150]. The study included 88 patients (n=41 unilateral
LVRS and n=47 BLVR) and demonstrated that unilateral LVRS was not superior based on iBODE.
Nevertheless, it was a unilateral LVRS approach and analyses suffered from missing data. A randomised
multicentre study comparing BLVR and bilateral LVRS is currently recruiting (NCT04537182) and will
hopefully answer at least some of the remaining questions.

Questions for future research

• How can we reduce or prevent granulation tissue related to endobronchial devices?

• Can we reduce inflammatory reactions in biological lung volume reduction?

• How does pulmonary rehabilitation and physical activity relate to outcomes and durability of lung volume
reduction effect?

• What is the driver of the gradual decline after lung volume reduction treatment?

• What is the preferred surgical strategy: unilateral, bilateral or staged?

• When to bridge or when to transplant?

• Advantage of robotic lung volume reduction surgery?
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