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KEY POINTS

� LVRS may enact clinical benefit through improvements in chest wall asynchrony, increased
maximum inspiratory pressure, and reduction in inflammatory mediators.

� Recent data demonstrate that LVRSmay be performed safely with 6-month mortality of 0% to 1.5%
and durable functional improvements.

� Initial investigation suggests LVRS may benefit an expanded patient population, including carefully
selected patients with homogenous emphysema and low DLCO.
INTRODUCTION: THE NATIONAL
EMPHYSEMA TREATMENT TRIAL

Initial publication of the National Emphysema
Treatment Trial (NETT) results in 2003 offered sig-
nificant level I evidence in support of surgical ther-
apy for the management of patients with severe
emphysema.1,2 This landmark prospective multi-
center trial randomized a total of 1218 patients to
either lung volume reduction surgery (LVRS) or
medical management, marking a notable depar-
ture from the small, heterogeneous, single-center
case series that comprised most of the existing
data.3–5 At the time of publication, NETT partici-
pants had a mean follow-up of 29 months and in-
vestigators reported on a range of outcomes
including short- and long-term survival, maximal
exercise performance, lung function, and quality
of life.

Key study findings facilitated risk stratification
and the ability to identify patients most likely to
benefit from surgery. Based on 30-day surgical
mortality, high-risk individuals were defined by
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forced expiratory volume in 1 second (FEV1) less
than or equal to 20% predicted and a diffusion ca-
pacity for carbon monoxide (DLCO) less than or
equal to 20% predicted, or a homogenous distri-
bution of emphysema.6 This subgroup was ulti-
mately excluded from undergoing LVRS because
they experienced an unacceptably high 30-day
mortality rate of 16%. After removing these pa-
tients, statistically significant improvements in 6-
minute-walk distance, FEV1% predicted, maximal
exercise capacity, and disease-specific and gen-
eral quality of life were found for non-high-risk pa-
tients who underwent LVRS as compared with
medical therapy. Furthermore, in the subset of pa-
tients with upper-lobe-predominant emphysema
and low exercise capacity, the surgery group had
lower total mortality and improved exercise ca-
pacity and health-related quality of life at 24-
month follow-up. Unfortunately, these benefits
failed to persist for all study participants. Although
patients with high exercise capacity did have a
statistically significant improvement in exercise
capacity and health-related quality of life, surgery
gery, University of Wisconsin-Madison, 600 Highland
racic Surgery, University of Colorado, Anschutz Med-
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did not offer a survival benefit in this group.
Furthermore, there was no surgical advantage in
survival, exercise capacity, or health-related
quality of life for patients with non-upper-lobe-
predominant disease. In addition, analysis of
postoperative outcomes suggested that only
non-upper-lobe-predominant emphysema was
predictive of increased operative mortality.
Aside from supplemental oxygen, LVRS is one

of few available therapies proven to improve sur-
vival in select patients with emphysema. Together
with updated results from 2006,7 findings from
NETT solidified surgery in the management algo-
rithm of patients suffering frommoderate to severe
emphysema. Applying NETT inclusion and exclu-
sion criteria to examine an academic medical cen-
ter’s pulmonary function laboratory database and
radiology archive, Akuthota and colleagues8 esti-
mated 15% of emphysema patients could benefit
from LVRS. Yet despite these data, widespread
adoption of LVRS remains meager.9 Although a
precise rationale remains elusive, the cause of
this marked underuse is likely multifactorial and in-
cludes limited access to approved surgical cen-
ters and pulmonary rehabilitation programs and
confusion on behalf of medical providers
regarding patient candidacy for surgery.10 LVRS
may also be falsely perceived as overly compli-
cated and costly. Because NETT was a single
payer (Centers for Medicare and Medicaid Ser-
vices) trial, cost-effective analyses were feasible
and enlightening. Using actual data from 3 and
5 years of clinical follow-up, NETT investigators
showed Incremental Cost Effective Ratios for the
upper-lobe-predominant emphysema patients
that were comparable with Incremental Cost
Effective Ratios used to support implantable defi-
brillators or heart transplantation. For example, the
cost-effectiveness ratio for LVRS as compared
with medical therapy for upper-lobe-predominant
disease was reported as $77,000 per quality-
adjusted life year gained at 5 years versus
$65,0000 for heart transplantation.11 More trou-
bling, perhaps, is a misconception that the prohib-
itive postoperative outcomes from the high-risk
group6 apply more broadly to all patients with
emphysema, creating a stigma of surgery as an
excessively risky endeavor.
These fears have spurred innovation; recent

years have seen development of less invasive
means of lung volume reduction and important ad-
vancements in the understanding of disease char-
acteristics and postoperative outcomes. In this
article we highlight some of the salient research
performed on LVRS published after the NETT in
2003, focusing on three important areas of investi-
gation: (1) physiologic implications of LVRS, (2)
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recent data regarding the safety and durability of
LVRS, and (3) patient selection and extension of
NETT criteria to other patient populations.
PHYSIOLOGIC IMPLICATIONS OF LUNG
VOLUME REDUCTION SURGERY

Lung volume reduction has proven effective in
promoting enhanced exercise capacity, lung
function, and quality of life for select patients
with emphysema.1,12 Although surgery was the
first available means of volume reduction, less
invasive strategies including endobronchial
valves, coils, and sclerosing agents are under
investigation.13–15 Regardless of the technical
execution, reducing lung volume is thought to
combat the primary physiologic derangements
of emphysema: airflow obstruction, asynchrony,
and hyperinflation.16 The primary mechanism
was believed to be via increased elastic recoil
pressure coupled with decreased airway resis-
tance resultant from surgical resection of
diseased lung.17,18 In addition, resection of heter-
ogenous lung parenchyma may counteract the
effect of hyperinflation, providing decreased
work of breathing and improved alveolar gas ex-
change.19 However, recent investigation offers
more sophisticated insight into the physiologic
implications of lung volume reduction.
Emphysema results in diaphragmatic flat-

tening, negatively impacting ventilatory me-
chanics through asynchronous chest movement
and recruitment of abdominal musculature.20

Furthermore, older studies suggest correlation
between chest wall asynchrony, airflow obstruc-
tion, and breathlessness.20,21 As such, Zoumot
and colleagues22 proposed improvements in
chest wall asynchrony as an advantageous
outcome of LVR. The authors conducted a
single-institution prospective trial and random-
ized 26 patients under evaluation for LVR to either
surgical or bronchoscopic LVR or sham treat-
ment, using novel optoelectronic plethysmog-
raphy generated three-dimensional volume
measurements to assess chest wall asynchrony.
Patients in the LVR group had statistically signifi-
cant improvement in exercise capacity, quality of
life, lung function, and radiographic evidence of
decreased lung volume. The authors report high
baseline levels of asynchrony in both groups.
However, LVR patients had significantly greater
improvement in asynchrony 3 months post-
treatment, suggesting that this may correlate
with symptomatic improvement.
Beyond asynchrony, recent investigation cor-

roborates a long-term impact of LVRS on respira-
tory musculature. Using prospectively collected
rsity from ClinicalKey.com by Elsevier on May 30, 
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data from the NETT, Criner and colleagues23 per-
formed a retrospective analysis comparing pre-
treatment maximum inspiratory pressure (MIP) in
patients who underwent LVRS versus medical
management with MIP up to 36 months post-
treatment. Patients in the LVRS group had signifi-
cantly greater increase in MIP (19.8% compared
with 3.2%) at 12 months. The improvement in
MIP for patients who underwent LVRS peaked at
12 months but remained statistically significant at
the 36-month follow-up. Male participants and
those age 65 to 70 years had greater increase in
MIP at all timepoints compared with their counter-
parts who received medical therapy. In accor-
dance with original NETT findings, patients with
upper-lobe-predominant disease and low exercise
capacity also demonstrated sustained improve-
ment in MIP at 24 months. The authors report an
inverse relationship between MIP and noninvasive
markers of dynamic hyperinflation, and propose
that LVRS may promote clinical improvement by
restoring optimal length-tension ratio of inspiratory
musculature. This work builds on prior smaller
studies suggesting a relationship between LVRS
and improvement in MIP.24,25

Distinct from mechanical changes, LVRS may
also impact inflammatory mediators associated
with emphysema. Low-grade chronic inflamma-
tion likely plays an important role in the pathophys-
iology of emphysema; preponderance of
leukocytes and deranged production of inflamma-
tory mediators including increased tumor necrosis
factor-a (TNF-a) and decreased a1-antitrypsin (a1-
AT) have been reported.26 With this in mind, Mineo
and colleagues27 proposed that LVRS reduced in-
flammatory mediators by removing emphysema-
tous parenchyma. In a case-control study, the
authors measured levels of inflammatory media-
tors and a1-AT from 54 patients with severe
emphysema (assigned to LVRS or standard respi-
ratory rehabilitation program) and 25 healthy
control subjects. Gene expression levels of
protease-antiprotease and inflammatory media-
tors were also assessed from specimens in surgi-
cal patients. After 12 months, patients assigned to
LVRS had significantly decreased levels of inflam-
matory mediators including TNF-a (�22.2%) and
increased a1-AT (127%) when compared with res-
piratory rehabilitation. Gene expression analysis
revealed protease hyperactivity and predominant
inflammation in diseased specimens, suggesting
that surgery reduced the inflammatory burden by
removing sites where these mediators were most
heavily produced. Furthermore, study findings
support a significant correlation between reduc-
tion in TNF-a, augmentation of a1-AT, and
decrease in residual volume (RV).
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Better understanding of the relationship be-
tween LVRS, respiratory mechanics, and distribu-
tion of disease may improve the ability to select
patients most likely to benefit from surgery. To
this effect, Washko and colleagues28 examined a
subset of the NETT study population who under-
went preoperative thoracic high-resolution
computed tomographic (CT) scanning. Physio-
logic measures of lung recoil and inspiratory resis-
tance were also measured but found not to be
significantly associated with improvement in surgi-
cal outcomes, namely FEV1 or maximal exercise
capacity after surgery. In contrast, preoperative
CT assessment of the emphysema burden and ra-
tio of upper to lower lobe disease demonstrated a
weak, albeit statistically significant, association
with improvement in FEV1 and exercise capacity
postoperatively. Building on this foundation,
recent radiographic advancements allow greater
sophistication in quantifying the emphysema
burden and distribution. An automated system
can calculate the upper to lower zone ratio of low
attenuation areas to facilitate selection of surgical
candidates and target areas of resection. Although
conventional CT remains themost commonly used
radiographic assessment of surgical candidacy,
dual-energy CT and dynamicMRI may offer impor-
tant functional information to facilitate optional pa-
tient selection.29,30
EXAMINING SURGICAL SAFETY AND
DURABILITY

Despite the NETT results demonstrating signifi-
cant postoperative benefits and survival advan-
tage for select patient populations, controversy
persists regarding use of LVRS. Much of the
debate stems from concern for unacceptably
high surgical morbidity and mortality. Indeed, the
2003 NETT publication reported a sobering 90-
day mortality of 5.5% for non-high-risk surgical
patients compared with 1.5% following medical
management.1 This trepidation undoubtedly
contributed to a marked decline in patients under-
going LVRS over the past decade in the United
States and internationally.31,32 However, long-
term results from the original NETT publication
and subsequent institutional data reinforce sur-
gery as a safe treatment option in the setting of
appropriate patient selection (Table 1).

In the wake of the initial NETT results, Naunheim
and colleagues7 published extended data in 2006,
which included 40% more patients and two addi-
tional years of follow-up. This intention-to-treat
study reinforced the overall survival benefit of sur-
gery whereby the 5-year relative risk ratio for death
was 0.86 (P5 .02), with sustained improvements in
 University from ClinicalKey.com by Elsevier on May 30, 
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Table 1
Summary of outcomes following lung volume reduction surgery

Authors, Year
of Publication Study Design

Study
Size

Procedural Morbidity
and Mortality Long-Term Outcomes

Naunheim
et al,7 2006

Updated results
from NETT
(randomized
controlled
trial)

1218 5.5% 90-d mortality1

60% developed
postoperative
complication
requiring
intervention38

Upper-lobe-
predominant low
exercise capacity:
0.67 risk ratio for
death at 5 y
(P 5 .003)

Symptom
improvement at
5 y (P 5 .01)

Exercise improvement
at 3 y (P<.001)

Agzarian
et al,34 2013

Retrospective
observational
analysis of
patients
randomized in
the Canadian
Lung Volume
Reduction
Surgery trial

62 0% 30-d surgical
mortality

Mortality at 2 y: 16%
(LVRS) vs 13% (best
medical care)34

Median survival 4.11 y
20% reduction in death
rate compared with
best medical care

Ginsburg
et al,36 2016

Retrospective,
single
institution

91 0% 6-mo mortality
90% discharge to home
Median length of

stay 8 d

11% mean absolute
increase in FEV1 at 5 y

4.1% increase in DLCO
at 5 y

9.1 y median survival

van Agteren
et al,40 2016

Meta-analysis 1760 Increased risk of
postoperative death
in short term
(OR, 6.16; 95% CI,
3.22–11.79)

Decreased long-term
mortality after
surgery compared
withmedical care (OR,
0.76; 95% CI, 0.61–
0.95)

Lim et al,35

2020
Re-evaluation
of NETT
data using
longitudinal
data
methodology

1218 80.9% living
independently 30 d
after VATS LVRS42

At 5 y:
4.12 improvement in
shortness of breath
score (P<.001)

1.4% improvement in
FEV1 (P<.001)

3.44% improvement
in FVC (P<.001)

Abbreviations: CI, confidence interval; FVC, forced vital capacity; OR, odds ratio; VATS, video-assisted thoracoscopic
surgery.

McCarthy et al122
survival and symptoms at 5 years and exercise ca-
pacity at 3 years for patients with upper-lobe-
predominant disease and low exercise capacity.
These significant survival comparisons reflect a to-
tal mortality rate of 0.10 versus 0.12 deaths per
person-year for patients treated surgically and
medically, respectively. Furthermore, although the
authors report no survival advantage for surgical
patients with upper-lobe-predominant disease
and high exercise capacity, these data support
increased exercise capacity at 3 years and health-
Downloaded for Anonymous User (n/a) at Michigan State Unive
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related quality of life at 4 years. Survival benefit
was reinforced years later by the Canadian Lung
VolumeReduction Surgery trial.33 Subsequent pub-
lication of long-term follow-up results of this multi-
center randomized controlled trial demonstrated
superior median survival of 63 months in the sur-
gery group compared with 47 months in patients
receiving medical management.34

Recent work by Lim and colleagues35 reinter-
preted NETT data, positing that unclear presenta-
tion of clinical outcomes in the 2003 publication
rsity from ClinicalKey.com by Elsevier on May 30, 
Copyright ©2021. Elsevier Inc. All rights reserved.
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contributed to underuse of LVRS. Using longitudi-
nal data analyses methodology, the authors aimed
to re-examine lung function variables over time to
provide conclusions on longer-term outcomes that
were more readily interpretable to clinicians and
patients. For surgical patients, FEV1 improved
immediately postoperatively compared with med-
ical therapy. The surgical advantage declined over
time but was sustained after 5 years, at which
point the residual difference was 11.47% of pre-
dicted (P<.001). Similarly, analysis of forced vital
capacity and RV showed a small but sustained
advantage in favor of LVRS at 5 years (13.44%,
�19.49%, respectively).

Impact on systemic physiologic function and
symptom measures echoed the trajectory of lung
function parameters. The authors report that pa-
tients randomized to LVRS had initial improvement
in maximum workload capacity that declined over
time but still favored surgery at 5 years. Similarly,
improvements in shortness of breath and overall
quality of well-being score for surgical patients
persisted throughout the study period. The au-
thors argue that patient-centered outcomes,
such as quality of life and dyspnea, are more
meaningful to patients and therefore may be
used by clinicians to counsel those who are surgi-
cal candidates.

Since the Centers for Medicare and Medicaid
Services approved the National Coverage Deter-
mination for LVRS in 2003, Ginsburg and col-
leagues36 collected data on postoperative
outcomes over a 10-year period. This single-
institution retrospective study examined 91 pa-
tients who underwent bilateral LVRS between
2004 and 2014. Eighty-six percent of these pa-
tients received a bilateral video-assisted thoraco-
scopic surgery approach. All participants
underwent comprehensive functional and radio-
graphic evaluation, preoperative pulmonary reha-
bilitation, optimal medical therapy according to
Global Initiative for Chronic Obstructive Lung Dis-
ease guidelines,37 and were discussed at an inter-
disciplinary LVRS meeting to determine surgical
candidacy before study enrollment. Selected
patients met NETT criteria of having either upper-
lobe-predominant disease and low exercise ca-
pacity or upper-lobe disease with high exercise
capacity.

The authors report a 0% surgical mortality rate
at 6 months. Patients spent an average of 8 days
in the hospital after surgery, with 2 of those days
in the intensive care unit. Remarkably, 90% of pa-
tients discharged directly home, and by the
6 month time point all patients were recovering
at home. Three patients required reintubation or
tracheostomy. The most common complication
Downloaded for Anonymous User (n/a) at Michigan State
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was prolonged air leak lasting greater than
7 days (57%), with pneumonia (4%), cardiac
arrhythmia (4%), and reoperation (3%) occurring
with considerably less frequency. These outcomes
are particularly striking when taken in comparison
with original NETT results, which reported more
than 20% of non-high-risk surgical patients
required reintubation and fewer than 70% were
able to return home 30 days postoperatively.38,39

Regarding treatment durability, the authors pre-
sent favorable 1-, 2-, and 5-year functional results.
Reported improvements in exercise capacity and
lung function 1 and 2 years postoperatively
echoed the 3-year post-NETT results from Naun-
heim and colleagues.7 At 5 years, 24% and 36%
of patients had sustained improvement in maximal
workload and FEV1, respectively. These data
reveal a median survival of 9.1 years and overall
survival probability of 0.99 (95% confidence inter-
val [CI], 0.96–1.00), 0.97 (95% CI, 0.93–1.00), and
0.78 (95% CI, 0.67–0.89) at 1, 2, and 5 years,
respectively.

Recent Cochrane meta-analysis published in
2016 reviewed evidence from randomized-
controlled trials comparing LVRS with nonsurgical
treatment.40 Authors identified 11 studies in total,
which comprised a sum of 1760 patients. Key re-
sults included increased risk of death for patients
undergoing LVRS in the short term (odds ratio,
6.16; 95% CI, 3.22–11.79). However, long-term
mortality favored surgery (odds ratio, 0.76; 95%
CI, 0.61–0.95). Moderate-quality evidence sug-
gested surgical patients were more likely to
demonstrate improvements in lung function pa-
rameters and quality of life as compared with con-
trol subjects, but this came at the price of higher
treatment costs and adverse events including air
leaks and cardiopulmonary morbidity.

It is worth acknowledging that significant ad-
vancements in surgical technique occurred since
the original description of a lateral thoracotomy
to resect emphysematous lung by Brantigan and
coworkers in 1958.41 The advent of video-
assisted thoracoscopic surgery undoubtedly
contributed to decreased surgical morbidity, yet
this technique represented only 30% of patients
in the NETT surgical cohort.1 Within NETT, pa-
tients who underwent bilateral LVRS by video-
assisted thoracoscopic surgery experienced
morbidity and mortality comparable with those
who received median sternotomy but had shorter
intensive care unit stays and quicker overall recov-
ery at reduced costs.42 In addition, some have
proposed a staged rather than the conventional
simultaneous bilateral approach as an alternative
strategy to reduce operative risk and improve
long-term outcomes.43 Oey and colleagues43
 University from ClinicalKey.com by Elsevier on May 30, 
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McCarthy et al124
conducted a comparative study suggesting
improved functional improvements and 3- and 5-
year survival regardless of operative timing. How-
ever, patients who underwent a staged approach
had improved scores in health status question-
naires lasting up to 6 years.
BEYOND THE NATIONAL EMPHYSEMA
TREATMENT TRIAL: EXTENDING SURGICAL
CANDIDACY

The NETT clearly demonstrated that patients with
heterogeneous upper-lobe-predominant disease
and low exercise capacity responded best to
LVRS1; these findings have been reinforced by
subsequent investigation.36 However, better un-
derstanding of disease physiology and the impact
of surgery on respiratory mechanics have led in-
vestigators to push the boundaries of surgical can-
didacy.44 Recent studies have explored outcomes
of LVRS in patients with alternative disease
morphology and pathology and the relationship
between LVRS and lung transplantation.
Given that LVRS improves pulmonary me-

chanics through reduction of hyperinflated lung
parenchyma, Weder and colleagues45 hypothe-
sized that this benefit would extend to patients
with homogeneous emphysema. To test this, the
authors selected 266 consecutive patients with
severe emphysema who underwent bilateral
LVRS and assessed disease distribution using
CT and lung perfusion scintigraphy. The cohort
of 138 patients with homogeneous disease
demonstrated significant symptomatic and func-
tional improvements at 3 months postoperatively.
Specifically, FEV1 increased by 35% predicted
and hyperinflation, as measured by the ratio of
RV to total lung capacity, decreased by 15%. In
addition, an increase in walking distance persisted
for up to 2 years and dyspnea scores remained
lower than baseline for up to 4 years. Although
initial improvements were less pronounced
compared with the heterogeneous emphysema
cohort, duration of benefit was similar. Impor-
tantly, perioperative and 3 month mortality rates
were similar between groups, suggesting that pa-
tients with homogeneous emphysema should not
be categorically excluded from surgical therapy.
In addition, recent investigation suggests volume
reduction using endobronchial coils may provide
similar benefit in the setting of severely hyperinflat-
ed homogeneous emphysema.46

Similarly, liberalizing the NETT criteria for DLCO
and disease location has shown favorable results.
In 33 patients with preoperative DLCO less than
20% and nonhomogeneous morphology, 90-day
postoperative mortality was 0%.44 In these
Downloaded for Anonymous User (n/a) at Michigan State Unive
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patients the most common perioperative compli-
cation was prolonged air leak, occurring in nearly
50% of the cohort. Patients demonstrated signifi-
cant improvement in median DLCO from 15% to
24% after surgery. Similarly, single-institutional
data from the United Kingdom demonstrated
improvement in FEV1 and ratio of RV to total
lung capacity at 3 and 6 months postoperatively
in 36 patients with lower-lobe-predominant dis-
ease.47 Although these studies are undoubtedly
small, nonrandomized investigations, they call
into question the belief ingrained since the initial
NETT publication that LVRS benefits only a small
subset of patients with severe emphysema.
The role of LVRS for patients with a1-AT disease

has been less clear and previously overlooked. As
such, Stoller and colleagues48 analyzed outcomes
of patients with a1-AT disease within the NETT. Of
1218 patients, 1.3%were found to have severe a1-
AT disease. Ten of these patients underwent
LVRS. In this small cohort, patients had decreased
exercise capacity and shorter duration of
improved FEV1 when compared with a1-AT-
replete individuals. Importantly, 2-year mortality
was 20% and 0% in a1-AT-deficient patients
who underwent LVRS versus medical manage-
ment, respectively, raising concern for use of sur-
gical therapy in this population. More robust
surgical data are unfortunately lacking; however,
early investigation into the use of endobronchial
coil treatment suggests more favorable results
with significantly less procedural risk.49

Pulmonary hypertension was considered an ab-
solute surgical contraindication in the NETT and
this criteria persists in subsequent studies. Howev-
er, newer data suggest that some of these patients
may also benefit from surgery. Initial exclusion of
patients with pulmonary hypertension was based
on the theory that lung resection would exacerbate
the condition because of anatomic reduction in the
vascular bed. Yet, this anatomic alteration may be
counteracted by decreased pulmonary vascular
resistance from improved respiratory mechanics
after LVRS.50 Single-institution retrospective data
from Switzerland reviewed 51 surgical patients
who had undergone preoperative transthoracic
echocardiography, 10 of whom had systolic pulmo-
nary artery pressure greater than 35 mm Hg and
heterogeneous emphysema.51 The authors report
0% 90-day mortality in the pulmonary hypertension
group and median systolic pulmonary artery pres-
sure decreased from 41 mm Hg to 37 mm Hg. Sig-
nificant improvements in FEV1% predicted and
hyperinflation were also noted. Subsequent investi-
gation from the United States compared in-hospital
and 1-year outcomes in 124 patients who under-
went LVRS.52 In the 56 patients with pulmonary
rsity from ClinicalKey.com by Elsevier on May 30, 
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hypertension (defined by mean systolic pulmonary
artery pressure greater than 35 mm Hg on right
heart catheterization), the authors report no signifi-
cant difference in hours of mechanical ventilation,
intensive care days, prolonged air leak, or hospital
length of stay when comparedwith patients without
pulmonary hypertension. Furthermore, functional
outcomes and quality-of-life scores were similar
between groups at 1 year. Despite these encour-
aging findings, current evidence is limited to small
retrospective analyses causing some to favor lung
transplant over LVRS in this patient population.53

Surgical management should proceedwith caution;
analysis of lung transplant following LVRS found se-
vere pulmonary hypertension to be a significant risk
factor for post-transplant mortality.54

Both LVRS and lung transplantation represent
potential treatment options for patients with end-
stage emphysema. Deciding between surgical
treatment options requires careful consideration
of complex clinical and social factors catered to
the individual patient.53 Retrospective analysis
conducted by Weinstein and colleagues55 offers
a head-to-head comparison of these surgical ther-
apies. One year following surgery, transplant pa-
tients had statistically significant improvement in
FEV1% predicted (43.4% vs 2.2%) and modified
BODE index (�5.7 vs �2.0) when compared with
LVRS. However, this came at the cost of lower
long-term survival and greater mean total costs.
Not surprisingly, transplant patients spent more
time in the hospital and required more frequent
outpatient follow-up.

In addition to stand-alone therapy, LVRS may be
considered as a strategy to delay transplant listing
or as a bridge to transplant; however, the data
remainmixed.56 Contemporary analysis raised con-
cerns regarding inferior graft function and increased
postoperative complications in patients who were
transplanted following LVRS.54 In addition, work
by Backhus and colleagues57 revealed inferior
post-transplant survival associated with transplant
following LVRS. Although 30-day mortality was
similar between groups, median post-transplant
survival diverged in favor of transplant alone
(49 months vs 96 months for transplant following
LVRS and transplant alone, respectively). The au-
thors attribute this discrepancy at least in part to
increased operative times and hospital length of
stay associated with transplantation after LVRS.
Post-LVRS survival was equivalent regardless of
whether the patient went on to receive a transplant,
which may speak to the role of transplantation in
extending lifespan in more severely ill patients
following LVRS. These findings are in contrast
with a recent report from the Registry of the Interna-
tional Society for Heart and Lung Transplantation,
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which demonstrates similar 1- and 5-year survival
regardless of surgical approach.58 Similarly,
single-institution survival analysis of patients under-
going lung transplant between 1993 and 2014 re-
ported 10% in-hospital mortality, which was
unrelated to prior receipt of LVRS. Furthermore,
improved median survival trended in favor of trans-
plant following LVRS (107 vs 86 months) but this
was not statistically significant.59
SUMMARY

Since publication of the initial findings of the NETT
in 2003, great strides have been made in the un-
derstanding and provision of surgical treatment
of patients with moderate and severe emphysema.
Greater sophistication of surgical technique and
deeper insight into the physiologic implications of
lung volume reduction have paved the way for
improved outcomes and innovative therapeutic al-
ternatives. These findings have important implica-
tions for surgeons, researchers, and patients.

For researchers, increased understanding of the
mechanisms by which volume reduction alters
pulmonary mechanics to enact meaningful clinical
benefit facilitates development of less invasive
treatments. Significant work is already underway
in the development and testing of endobronchial
valves and coils that portend symptomatic
improvement with less morbidity than surgery.13,15

Furthermore, technological advancements in pre-
operative imaging offer enhanced precision in pa-
tient selection for surgery.

For surgeons, recent investigation reinforces the
benefit and durability of LVRS. Institutional data
suggesting operative 6-month mortality rates of
0% with a favorable morbidity profile36 and func-
tional improvements extending to 5 years postop-
eratively7,35 may aid in reversing the nihilism
regarding surgery that contributed to underuse.
Early exploration into expanded patient eligibility,
particularly in terms of homogeneous disease dis-
tribution and pulmonary hypertension, should
encourage surgeons to evaluate each patient indi-
vidually before determining candidacy for surgery.

Finally, and most importantly, recent literature
suggests that surgery may offer patients with
emphysema the opportunity for improved quality
of life, pulmonary function, and overall survival.
These benefits may be achieved at a lesser cost
in terms of morbidity and mortality and be appli-
cable to a broader selection of patients than previ-
ously thought. Recent data regarding surgical
risks and longer-term outcomes may facilitate pre-
operative counseling to ensure that patients enter
a treatment pathway with a better understanding
of the implications of surgery.
 University from ClinicalKey.com by Elsevier on May 30, 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.
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those achieved with best medical therapy.
DISCLOSURE

Dr D.P. McCarthy receives research support from
Ethicon Inc and Intuitive Surgical. Dr L.J. Taylor
and Dr M.M. DeCamp do not have any commercial
or financial conflicts of interest.
REFERENCES

1. Fishman A, Martinez F, Naunheim K, et al. A random-

ized trial comparing lung-volume-reduction surgery

with medical therapy for severe emphysema. N

Engl J Med 2003;348(21):2059–73.

2. Concato J, Shah N, Horwitz RI. Randomized,

controlled trials, observational studies, and the hier-

archy of research designs. N Engl J Med 2000;

342(25):1887–92.

3. Bingisser R, Zollinger A, Hauser M, et al. Bilateral

volume reduction surgery for diffuse pulmonary

emphysema by video-assisted thoracoscopy. J

Thorac Cardiovasc Surg 1996;112(4):875–82.

4. Cooper JD, Patterson GA, Sundaresan RS, et al. Re-

sults of 150 consecutive bilateral lung volume reduc-

tion procedures in patients with severe emphysema.

J Thorac Cardiovasc Surg 1996;112(5):1319–29

[discussion 1329–30].

5. Daniel TM, Chan BB, Bhaskar V, et al. Lung volume

reduction surgery. Case selection, operative tech-

nique, and clinical results. Ann Surg 1996;223(5):

526–31 [discussion: 532–3].

6. Patients at high risk of death after lung-volume–

reduction surgery. N Engl J Med 2001;345(15):

1075–83.

7. Naunheim KS, Wood DE, Mohsenifar Z, et al. Long-

term follow-up of patients receiving lung-volume-

reduction surgery versus medical therapy for severe

emphysema by the National Emphysema Treatment

Trial Research Group. Ann Thorac Surg 2006;82(2):

431–43.

8. Akuthota P, Litmanovich D, Zutler M, et al. An evi-

dence-based estimate on the size of the potential

patient pool for lung volume reduction surgery.

Ann Thorac Surg 2012;94(1):205–11.

9. Decker MR, Leverson GE, Jaoude WA, et al. Lung

volume reduction surgery since the National Emphy-

sema Treatment Trial: study of Society of Thoracic

Surgeons Database. J Thorac Cardiovasc Surg

2014;148(6):2651–8.e1.
Downloaded for Anonymous User (n/a) at Michigan State Unive
2021. For personal use only. No other uses without permission. 
10. Criner GJ, Cordova F, Sternberg AL, et al. The Na-

tional Emphysema Treatment Trial (NETT) part II: les-

sons learned about lung volume reduction surgery.

Am J Respir Crit Care Med 2011;184(8):881–93.

11. Ramsey SD, Sullivan SD, Kaplan RM. Cost-effective-

ness of lung volume reduction surgery. Proc Am

Thorac Soc 2008;5(4):406–11.

12. van Geffen WH, Slebos DJ, Herth FJ, et al. Surgical

and endoscopic interventions that reduce lung vol-

ume for emphysema: a systemic review and meta-

analysis. Lancet Respir Med 2019;7(4):313–24.

13. Criner GJ, Sue R, Wright S, et al. A multicenter ran-

domized controlled trial of zephyr endobronchial

valve treatment in heterogeneous emphysema

(LIBERATE). Am J Respir Crit Care Med 2018;

198(9):1151–64.

14. Criner GJ, Delage A, Voelker K, et al. Improving lung

function in severe heterogenous emphysema with

the spiration valve system (EMPROVE). a multi-

center, open-label randomized controlled clinical

trial. Am J Respir Crit Care Med 2019;200(11):

1354–62.

15. Sciurba FC, Criner GJ, Strange C, et al. Effect of En-

dobronchial Coils vs usual care on exercise toler-

ance in patients with severe emphysema: the

RENEW randomized clinical trial. JAMA 2016;

315(20):2178–89.

16. Brenner M, Yusen R, McKenna R Jr, et al. Lung vol-

ume reduction surgery for emphysema. Chest 1996;

110(1):205–18.

17. Gelb AF, Gold WM, Wright RR, et al. Physiologic

diagnosis of subclinical emphysema. Am Rev Respir

Dis 1973;107(1):50–63.

18. Rogers RM, DuBois AB, Blakemore WS. Effect of

removal of bullae on airway conductance and

conductance volume ratios. J Clin Invest 1968;

47(12):2569–79.

19. Fessler HE, Scharf SM, Ingenito EP, et al. Physio-

logic basis for improved pulmonary function after

lung volume reduction. Proc Am Thorac Soc 2008;

5(4):416–20.

20. Gilmartin JJ, Gibson GJ. Abnormalities of chest wall

motion in patients with chronic airflow obstruction.

Thorax 1984;39(4):264–71.

21. Celli BR, Rassulo J, Make BJ. Dyssynchronous

breathing during arm but not leg exercise in patients

with chronic airflow obstruction. N Engl J Med 1986;

314(23):1485–90.

22. Zoumot Z, LoMauro A, Aliverti A, et al. Lung volume

reduction in emphysema improves chest wall asyn-

chrony. Chest 2015;148(1):185–95.

23. Criner RN, Yu D, Jacobs MR, et al. Effect of lung vol-

ume reduction surgery on respiratory muscle

strength in advanced emphysema. Chronic Obstr

Pulm Dis 2018;6(1):40–50.

24. Martinez FJ, de Oca MM, Whyte RI, et al. Lung-vol-

ume reduction improves dyspnea, dynamic
rsity from ClinicalKey.com by Elsevier on May 30, 
Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S1547-4127(21)00003-7/sref1
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref1
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref1
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref1
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref2
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref2
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref2
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref2
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref3
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref3
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref3
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref3
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref4
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref4
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref4
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref4
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref4
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref5
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref5
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref5
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref5
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref6
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref6
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref6
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref7
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref8
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref8
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref8
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref8
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref9
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref9
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref9
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref9
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref9
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref10
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref10
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref10
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref10
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref11
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref11
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref11
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref12
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref12
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref12
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref12
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref13
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref13
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref13
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref13
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref13
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref14
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref15
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref15
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref15
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref15
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref15
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref16
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref16
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref16
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref17
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref17
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref17
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref18
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref18
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref18
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref18
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref19
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref19
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref19
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref19
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref20
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref20
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref20
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref21
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref21
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref21
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref21
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref22
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref22
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref22
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref23
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref23
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref23
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref23
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref24
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref24


Recent Literature on Lung Volume Reduction Surgery 127
hyperinflation, and respiratory muscle function. Am J

Respir Crit Care Med 1997;155(6):1984–90.

25. Criner G, Cordova FC, Leyenson V, et al. Effect of

lung volume reduction surgery on diaphragm

strength. Am J Respir Crit Care Med 1998;157(5 Pt

1):1578–85.

26. Barnes PJ. Chronic obstructive pulmonary disease.

N Engl J Med 2000;343(4):269–80.

27. Mineo D, Ambrogi V, Cufari ME, et al. Variations of

inflammatory mediators and alpha1-antitrypsin

levels after lung volume reduction surgery for

emphysema. Am J Respir Crit Care Med 2010;

181(8):806–14.

28. Washko GR, Martinez FJ, Hoffman EA, et al. Physio-

logical and computed tomographic predictors of

outcome from lung volume reduction surgery. Am J

Respir Crit Care Med 2010;181(5):494–500.

29. Martini K, Frauenfelder T. Emphysema and lung vol-

ume reduction: the role of radiology. J Thorac Dis

2018;10(Suppl 23):S2719–31.

30. Martini K, Caviezel C, Schneiter D, et al. Dynamic

magnetic resonance imaging as an outcome predic-

tor for lung-volume reduction surgery in patients with

severe emphysemay. Eur J Cardiothorac Surg 2019;

55(3):446–54.

31. Marchetti N, Criner GJ. Surgical approaches to

treating emphysema: lung volume reduction sur-

gery, bullectomy, and lung transplantation. Semin

Respir Crit Care Med 2015;36(4):592–608.

32. Whittaker HR, Connell O, Campbell J, et al. Eligibility

for lung volume reduction surgery in patients with

COPD identified in a UK primary care setting. Chest

2020;157(2):276–85.

33. Miller JD, Malthaner RA, Goldsmith CH, et al. A ran-

domized clinical trial of lung volume reduction sur-

gery versus best medical care for patients with

advanced emphysema: a two-year study from Can-

ada. Ann Thorac Surg 2006;81(1):314–20 [discus-

sion: 320–1].

34. Agzarian J, Miller JD, Kosa SD, et al. Long-term sur-

vival analysis of the Canadian Lung Volume Reduc-

tion Surgery trial. Ann Thorac Surg 2013;96(4):

1217–22.

35. Lim E, Sousa I, Shah PL, et al. Lung volume reduc-

tion surgery: reinterpreted with longitudinal data an-

alyses methodology. Ann Thorac Surg 2020;109(5):

1496–501.

36. Ginsburg ME, Thomashow BM, Bulman WA, et al.

The safety, efficacy, and durability of lung-volume

reduction surgery: a 10-year experience. J Thorac

Cardiovasc Surg 2016;151(3):717–24.e1.

37. Vestbo J, Hurd SS, Agustı́ AG, et al. Global strategy

for the diagnosis, management, and prevention of

chronic obstructive pulmonary disease: GOLD ex-

ecutive summary. Am J Respir Crit Care Med

2013;187(4):347–65.
Downloaded for Anonymous User (n/a) at Michigan State
2021. For personal use only. No other uses without perm
38. DeCamp MM Jr, McKenna RJ Jr, Deschamps CC,

et al. Lung volume reduction surgery: technique,

operative mortality, and morbidity. Proc Am Thorac

Soc 2008;5(4):442–6.

39. Criner GJ, Sternberg AL. National emphysema treat-

ment trial: the major outcomes of lung volume reduc-

tion surgery in severe emphysema. Proc Am Thorac

Soc 2008;5(4):393–405.

40. van Agteren JE, Carson KV, Tiong LU, et al. Lung

volume reduction surgery for diffuse emphysema.

Cochrane Database Syst Rev 2016;(10):CD001001.

41. Brantigan OC, Mueller E, Kress MB. A surgical

approach to pulmonary emphysema. Am Rev Respir

Dis 1959;80(1, Part 2):194–206.

42. McKenna RJ Jr, Benditt JO, DeCamp M, et al. Safety

and efficacy of median sternotomy versus video-as-

sisted thoracic surgery for lung volume reduction

surgery. J Thorac Cardiovasc Surg 2004;127(5):

1350–60.

43. Oey IF, Morgan MD, Spyt TJ, et al. Staged bilateral

lung volume reduction surgery - the benefits of a pa-

tient-led strategy. Eur J Cardiothorac Surg 2010;

37(4):846–52.

44. Caviezel C, Schneiter D, Opitz I, et al. Lung volume

reduction surgery beyond the NETT selection

criteria. J Thorac Dis 2018;10(Suppl 23):S2748–53.

45. Weder W, Tutic M, Lardinois D, et al. Persistent

benefit from lung volume reduction surgery in pa-

tients with homogeneous emphysema. Ann Thorac

Surg 2009;87(1):229–36 [discussion: 236–7].

46. Marchetti N, Kaufman T, Chandra D, et al. Endo-

bronchial Coils versus lung volume reduction sur-

gery or medical therapy for treatment of advanced

homogenous emphysema. Chronic Obstr Pulm Dis

2018;5(2):87–96.

47. Perikleous P, Sharkey A, Oey I, et al. Long-term sur-

vival and symptomatic relief in lower lobe lung vol-

ume reduction surgery. Eur J Cardiothorac Surg

2017;52(5):982–8.

48. Stoller JK, Gildea TR, Ries AL, et al. Lung volume

reduction surgery in patients with emphysema and

alpha-1 antitrypsin deficiency. Ann Thorac Surg

2007;83(1):241–51.

49. Perotin JM, Leroy S, Marquette CH, et al. Endobron-

chial coil treatment in severe emphysema patients

with alpha-1 antitrypsin deficiency. Int J Chron

Obstruct Pulmon Dis 2018;13:3645–9.

50. Opitz I, Ulrich S. Pulmonary hypertension in chronic

obstructive pulmonary disease and emphysema pa-

tients: prevalence, therapeutic options and pulmo-

nary circulatory effects of lung volume reduction

surgery. J Thorac Dis 2018;10(Suppl 23):S2763–74.

51. Caviezel C, Aruldas C, Franzen D, et al. Lung vol-

ume reduction surgery in selected patients with

emphysema and pulmonary hypertension. Eur J

Cardiothorac Surg 2018;54(3):565–71.
 University from ClinicalKey.com by Elsevier on May 30, 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S1547-4127(21)00003-7/sref24
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref24
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref25
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref25
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref25
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref25
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref26
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref26
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref27
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref27
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref27
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref27
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref27
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref28
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref28
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref28
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref28
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref29
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref29
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref29
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref30
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref31
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref31
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref31
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref31
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref32
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref32
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref32
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref32
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref33
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref34
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref34
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref34
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref34
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref35
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref35
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref35
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref35
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref36
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref36
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref36
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref36
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref37
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref37
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref37
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref37
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref37
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref38
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref38
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref38
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref38
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref39
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref39
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref39
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref39
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref40
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref40
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref40
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref41
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref41
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref41
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref42
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref42
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref42
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref42
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref42
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref43
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref43
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref43
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref43
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref44
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref44
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref44
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref45
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref45
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref45
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref45
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref46
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref46
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref46
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref46
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref46
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref47
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref47
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref47
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref47
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref48
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref48
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref48
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref48
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref49
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref49
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref49
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref49
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref50
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref50
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref50
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref50
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref50
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref51
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref51
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref51
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref51


McCarthy et al128
52. Thuppal S, Crabtree T, Markwell S, et al. Pulmonary

hypertension: a contraindication for lung volume

reduction surgery? Ann Thorac Surg 2020;109(3):

902–6.

53. Patel N, DeCamp M, Criner GJ. Lung transplantation

and lung volume reduction surgery versus trans-

plantation in chronic obstructive pulmonary disease.

Proc Am Thorac Soc 2008;5(4):447–53.

54. Shigemura N, Gilbert S, Bhama JK, et al. Lung trans-

plantation after lung volume reduction surgery.

Transplantation 2013;96(4):421–5.

55. Weinstein MS, Martin UJ, Crookshank AD, et al. Mor-

tality and functional performance in severe emphy-

sema after lung volume reduction or transplant.

COPD 2007;4(1):15–22.

56. Slama A, Taube C, Kamler M, et al. Lung volume

reduction followed by lung transplantation-
Downloaded for Anonymous User (n/a) at Michigan State Unive
2021. For personal use only. No other uses without permission. 
considerations on selection criteria and outcome. J

Thorac Dis 2018;10(Suppl 27):S3366–75.

57. Backhus L, Sargent J, Cheng A, et al. Outcomes in

lung transplantation after previous lung volume

reduction surgery in a contemporary cohort. J

Thorac Cardiovasc Surg 2014;147(5):1678–83.e1.

58. Chambers DC, Yusen RD, Cherikh WS, et al. The

registry of the International Society for Heart and

Lung Transplantation: thirty-fourth adult lung and

heart-lung transplantation report-2017; focus theme:

allograft ischemic time. J Heart Lung Transplant

2017;36(10):1047–59.

59. Inci I, Iskender I, Ehrsam J, et al. Previous lung vol-

ume reduction surgery does not negatively affect

survival after lung transplantation. Eur J Cardio-

thorac Surg 2018;53(3):596–602.
rsity from ClinicalKey.com by Elsevier on May 30, 
Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S1547-4127(21)00003-7/sref52
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref52
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref52
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref52
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref53
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref53
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref53
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref53
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref54
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref54
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref54
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref55
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref55
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref55
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref55
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref56
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref56
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref56
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref56
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref57
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref57
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref57
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref57
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref58
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref59
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref59
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref59
http://refhub.elsevier.com/S1547-4127(21)00003-7/sref59

	Analysis of Recent Literature on Lung Volume Reduction Surgery
	Key points
	Introduction: the National Emphysema Treatment Trial
	Physiologic implications of lung volume reduction surgery
	Examining surgical safety and durability
	Beyond the National Emphysema Treatment Trial: extending surgical candidacy
	Summary
	Clinics Care Point
	References


