
O R I G I N A L  R E S E A R C H

When Treatment of Pulmonary Emphysema 
with Endobronchial Valves Did Not Work: 
Evaluation of Quantitative CT Analysis 
and Pulmonary Function Tests Before and After 
Valve Explantation
Jonas Alexander Leppig1, Lan Song2, Dorothea C Voigt1, Felix W Feldhaus 1, Christoph Ruwwe-Gloesenkamp3, 
Jacopo Saccomanno3, Bianca C Lassen-Schmidt 4, Konrad Neumann 5, Katja Leitner6, Ralf H Hubner3, 
Felix Doellinger 1

1Department of Radiology, Charité Universitätsmedizin Berlin, Berlin, Germany; 2Department of Radiology, Peking Union Medical College Hospital, 
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, People’s Republic of China; 3Department of Internal Medicine/ 
Infectious Diseases and Respiratory Medicine, Charité Universitätsmedizin Berlin, Berlin, Germany; 4Fraunhofer Institute for Digital Medicine MEVIS, 
Bremen, Germany; 5Institute of Biometrics and Clinical Epidemiology, Charité Universitätsmedizin Berlin, Berlin, Germany; 6Department of Internal 
Medicine, Kantonsspital Aarau AG, Aarau, Switzerland

Correspondence: Jonas Alexander Leppig, Department of Radiology, Charité Universitätsmedizin Berlin, Charité Campus Virchow-Klinikum, 
Augustenburger Platz 1, Berlin, 13353, Germany, Tel + 49 30 450 627 283, Fax + 49 30 450 527 911, Email Jonas-Alexander.Leppig@charite.de 

Purpose: To investigate changes in quantitative CT analysis (QCT) and pulmonary function tests (PFT) in pulmonary emphysema 
patients who required premature removal of endobronchial valves (EBV).
Patients and Methods: Our hospital’s medical records listed 274 patients with high-grade COPD (GOLD stages 3 and 4) and 
pulmonary emphysema who were treated with EBV to reduce lung volume. Prior to intervention, a complete evaluation was 
performed that included quantitative computed tomography analysis (QCT) of scans acquired at full inspiration and full 
expiration, pulmonary function tests (PFT), and paraclinical findings (6-minute walking distance test (6MWDT) and quality of 
life questionnaires). In 41 of these 274 patients, EBV treatment was unsuccessful and the valves had to be removed for various 
reasons. A total of 10 of these 41 patients ventured a second attempt at EBV therapy and underwent complete reevaluation. In 
our retrospective study, results from three time points were compared: Before EBV implantation (BL), after EBV implantation 
(TP2), and after EBV explantation (TP3). QCT parameters included lung volume, total emphysema score (TES, ie, the 
emphysema index) and the 15th percentile of lung attenuation (P15) for the whole lung and each lobe separately. Differences 
in these parameters between inspiration and expiration were calculated (Vol. Diff (%), TES Diff (%), P15 Diff (%)). The results 
of PFT and further clinical tests were taken from the patient’s records.
Results: We found persistent therapy effect in the target lobe even after valve explantation together with a compensatory hyperin-
flation of the rest of the lung. As a result of these two divergent effects, the volume of the total lung remained rather constant. 
Furthermore, there was a slight deterioration of the emphysema score for the whole lung, whereas the TES of the target lobe 
persistently improved.
Conclusion: Interestingly, we found evidence that, contrary to our expectations, unsuccessful EBV therapy can have a persistent 
positive effect on target lobe QCT scores.
Keywords: chronic obstructive pulmonary disease, pulmonary emphysema, endobronchial valves, lung volume reduction, computed 
tomography, pulmonary function test
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Introduction
Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is a group of common progressive lung diseases that includes chronic 
bronchitis and pulmonary emphysema and affects about 2% of the world´s population. Accounting for more than 90% of 
cases, tobacco smoking is the most common exogenous cause of the development and progression of COPD, while 
endogenous factors such as α1-antitrypsin deficiency are rare. COPD correlates with the patient’s smoking history and 
typically manifests as chronic and irreversible pulmonary obstruction with characteristic airflow impairment, which is 
usually confirmed by spirometry.1–4

A wide range of preventive and therapeutic options are available including lifestyle modification and general 
treatment (eg, smoking cessation, vaccinations, pulmonary rehabilitation, vitamin D/calcium substitution, or oxygen 
therapy), drug treatment (eg, inhaled bronchodilators like parasympatholytics or β2-agonists, inhaled corticosteroids, 
PDE type 4 inhibitors), interventions (eg, endobronchial valves, coiling), and surgical options (eg, partial lung resection 
and lung transplantation).1,3–5

Pulmonary Function Test (PFT) and Quantitative Computed Tomography (QCT)
The (spirometric) pulmonary function test (PFT) is the gold standard for the diagnosis of COPD, therapy planning, and 
follow-up, identifying the typical pulmonary manifestations of the disease: hyperinflation, obstruction, and failure of 
complete expiration. COPD patients commonly show a reduced forced expiratory volume in one second (FEV1), an 
increased residual volume (RV), an increased total lung capacity (TLC), and a decreased FEV1/forced expiratory volume 
(FVC) ratio, reflecting their obstructive ventilation disorder. The downside of the PFT is that its validity depends on 
patients’ cooperation.

An additional tool that has gained popularity in clinical practice for diagnosis and disease monitoring in patients with 
pulmonary emphysema is quantitative computed tomography (QCT). Emphysematous lung destruction, hyperinflation, 
and air trapping are typical findings that can be captured by radiological imaging in COPD patients. Emphysematous 
lung tissue contains more air and less functional lung parenchyma; therefore, the attenuation measured in Hounsfield 
units (HU) is markedly and visibly decreased on CT scans. Literature found the strongest correlation between micro-
scopically confirmed emphysema and QCT at −950 HU, thus it is generally accepted that the percentage area of lung 
with attenuation values lower than −950 Hounsfield units (HU) is a valid index of pulmonary emphysema at full 
inspiration.6

Another QCT finding in emphysema is a reduced difference in lung volume and CT attenuation between inspiration 
and expiration as a result of chronic hyperinflation and air trapping.7–10

Besides its diagnostic value, QCT provides helpful information for individual treatment planning, eg, for selection of 
the target lobe based on lobe-specific emphysema grading and interlobar emphysema heterogeneity or for ruling out 
compromising anatomical variants such as collateral ventilation. In conjunction with PFT, clinical evaluation, and 
COPD-related questionnaires, QCT is a robust and objective tool for postinterventional patient monitoring. Although 
QCT parameters are intuitively relevant and commonly used in clinical practice, there is disagreement about their actual 
relevance in the literature.11–13

Endobronchial Valves (EBV) and Collateral Ventilation (CV)
Numerous studies over the past 15 years have provided evidence for beneficial effects of endoscopic lung volume 
reduction (ELVR) using one-way endobronchial valves (EBV) as a therapeutic option in selected patients with severe 
pulmonary emphysema in advanced COPD. Typically, EBV are implanted to restrict airflow to the lobe with the most 
severe emphysematous destruction, ie, the lobe with the highest emphysema score in QCT. Furthermore, the data show 
that a lack of therapeutic effect of EBV treatment in most cases is due to the collateral ventilation (CV) phenomenon. In 
these patients, functional short-circuit airflow connections exist between adjacent lobes, and, as a result, occlusion of the 
proximal bronchial system with valves will not achieve (relevant) volume reduction of the target lobe. For this reason, 
functional bronchoscopic testing is performed in many patients prior to EBV implantation. Only CV-negative lung lobes, 
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ie, those in which no functional short-circuit connections to adjacent lobes are detected, are then considered for valve 
implantation.14–27

When EBV is successful, the target lobe gets dystelectatic or atelectatic, decreases in volume, and allows the healthier 
rest of the lung to expand. In most cases, EBV insertion is successful, and patients show improvement in terms of lung 
function, exercise capacity, symptom severity and quality of life. Despite optimal patient selection, which includes 
selection of the target lobe based on QCT findings and functional testing of the target lobe to exclude CV, there are some 
patients in whom EBV therapy does not work, and no relevant volume reduction of the target lobe is achieved after the 
intervention. Due to recent literature, the most common cause of long-term valve dysfunction is the formation of 
granulation tissue.28 Usually, EBV are removed again. Other reasons for EBV explantation are complications such as 
infection, hemoptysis, chronic cough, and pneumothorax.6,14,15,19,20

Purpose
Approximately 15 years after the introduction of EBV, despite extensive patient selection, treatment failures persist, and 
the underlying cause usually remains unclear. Furthermore, our speculation is that in patients with unsuccessful EBV 
treatment, QCT and PFT findings develop worse after explantation than before implantation. The primary aim of our 
study was to investigate the effect of EBV explantation on QCT and PFT findings. A secondary aim was to identify 
possible factors that might predict failure of EBV implantation before the intervention in order to assign these patients to 
other therapy regimens. Finally, we reviewed patients who actually deteriorated after valve explantation to investigate 
whether the reason for failure can be found retrospectively. To our knowledge, this is the first study addressing these 
questions in patients after EBV explantation.

Materials and Methods
This study was approved by the local ethics committee/institutional review board (IRB; Charité Ethikkommission; 
Entscheid EA2/171/20). Patient consent to retrospective review of their medical records was not required by the ethics 
committee. Confidential and anonymous evaluation of patient data was guaranteed. The study was conducted in 
accordance with the Declaration of Helsinki.

Patient Selection and Study Design
Medical records were reviewed to identify patients with high-grade emphysema (GOLD III (30% ≤ FEV1 <50%) and 
GOLD IV (FEV1 <30%)) who underwent diagnostic workup in our hospital for deciding about further therapeutic 
management. Our research identified 274 patients treated by EBV insertion from September 2010 to April 2020, among 
them only 41 patients who had to have the valves removed because of complications (recurrent pneumothorax, valve 
dislocation, (infectious) exacerbation) or lack of clinical improvement (ie, no therapeutic response).

In this context, it is worth mentioning that although post-interventional pneumothorax is a complication, it can also be 
interpreted as a sign of a good early response to therapy, since it is usually a consequence of correct EBV implantation and its 
therapeutic effect. When the target lobe rapidly loses volume after valve implantation, the neighboring lung lobes may 
hyperexpand and occupy the freed-up space abruptly. Said sudden volume shifts between the individual lung lobes lead to 
strong tractions may cause tears of visceral pleura and lung parenchyma and may lead to pneumothoraces. Pneumothoraces 
resulting from EBV therapy do not seem to have a negative impact on further clinical development.29–31

A small share of 10 of these 41 patients who required EBV explantation desired a second attempt of EBV therapy 
(choosing a different lobe as the target lobe) and therefore underwent full re-evaluation including QCT, PFT, and clinical 
tests. Only this small subgroup was included in our retrospective analysis (Tables 1–3).

Time Points and Time Spans
The subgroup of 10 patients included in our analysis (Table 1) underwent PFT and QCT in our hospital at three different time 
points: baseline (BL), postinterventional evaluation (time point 2; TP2), and re-evaluation after EBV explantation (time point 
3; TP3). To calculate changes of the three time points, we defined three time spans: TS1 (=time span 1: between BL and 
TP2), TS2 (=time span 2: between BL and TP3) and TS3 (=time span 3: between TP2 and TP3) (see Figure 1).
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Preinterventional Evaluation
All patients included in this retrospective analysis underwent preinterventional assessment at Charité 
Universitätsmedizin, Berlin, Germany. While all subjects had a history of tobacco smoking, smoking cessation was 
a prerequisite for study evaluation to be considered for EBV treatment. All subjects were free of other active lung disease 
than COPD (eg, no signs of tumor, infection, fibrosis, pleural effusion) at the times of preinterventional and postinter-
ventional evaluation. The standardized evaluation consisted of a medical examination, QCT, PFT, 6-min walking distance 
test (6MWTD), and quality-of-life questionnaires.

Pulmonary Function Testing
Pulmonary function testing (PFT) (ie, spirometry) was performed according to clinical practice in Germany and 
reflecting international standards set by a task force of the American Thoracic Society/European Respiratory 
Society.11,21 A Ganshorn PowerCube (Ganshorn Medizin Electronic GmbH, Niederlauer, Germany) was used to obtain 

Table 1 Demographics, Smoking History at BL and EBV-Therapy Duration of Our Selection of 
Patients

Sex 8 ♂ 2 ♀
Age (years) 65±8 (56~78)

Pack-years 45.3±21.7 (13~80)

Days with EBV in place after initial insertion 352±449.8 (3~1544)

Pulmonary function test parameters (BL)

FEV1 preBS (% of predicted) 24.2±6.7 (14~36)

preBS (mL) 700±80 (390~970)

postBS (% of predicted) 23.1±5.4 (14~29)
postBS (mL) 690±160 (410~870)

RV preBS (% of predicted) 212.2±57.7 (131~331)

preBS (mL) 5162±1670 (3340~8300)
postBS (% of predicted) 223.4±59.9 (121~316)

postBS (mL) 5320±1610 (3090~7940)

TLC preBS (% of predicted) 113.8±15.7 (92~145)
preBS (mL) 7400±1570 (6050~10,620)

postBS (% of predicted) 117.4±12.79 (100~136)

postBS (mL) 7640±1420 (5640~9950)
VC preBS (% of predicted) 55.5±10.69 (43~79)

preBS (mL) 2130±410 (1660~3020)

postBS (% of predicted) 59.3±15.49 (44~91)
postBS (mL) 2300±600 (1550~3490)

KCO (% of predicted) 46.9±26.29 (4~76)

(mL) 650±340 (6~1030)
DLCO (% of predicted) 33.1±18.02 (3~55)

(mL) 2960±1640 (290~4640)

Physical performance test and quality of life 
questionnaires (BL)

6MWT (meters) 269±69.4 (122~354)

SGRQ (score) 59.4±8.6 (42.4~66)
CAT (score) 23.3±3.2 (18~27)

Notes: All pulmonary function test parameters except KCO and TLCO were obtained with and without prior adminis-
tration of a short-acting bronchodilator and are presented as mean ± SD (range). For better presentation, data on volumes 
are rounded to whole numbers, all other parameters to one decimal place. 
Abbreviations: FEV1, forced expiratory volume in one second; RV, residual volume; TLC, total lung capacity; VC, vital 
capacity; DLCO, carbon monoxide diffusing capacity; KCO, carbon monoxide transfer coefficient; 6MWT, 6-minute 
walking test (in meters); SGRQ, St. George’s Respiratory Questionnaire; CAT, COPD assessment test.
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dynamic (eg, FEV1) and static (eg, TLC) pulmonary function parameters. PFT was conducted before and 15 min after 
inhalation of a short-acting ß2-agonist (salbutamol) at a therapeutic dose of 400 µg, as common practice in COPD 
management. Additional parameters such as the diffusing capacity of the lungs for carbon monoxide (DLCO) and the 

Figure 1 Study design: BL (preinterventional baseline), TP2 (postinterventional evaluation), TP3 (re-evaluation), TS1 (time span 1), TS3 (time span 3), EBV (endobronchial valve).

Table 2 Selection of Quantitative CT Parameters of Our Selection of Patients at Baseline (Evaluation for EBV Treatment; 
BL) and at Time Point 3 (After EBV Explantation)

Baseline Time Point 3

Total Lung Vol. IN (mL) 7074±1262 (5415~9239) Total Lung Vol. IN (mL) 7047±1307 (5461~9066)

Vol. EX (mL) 6160±1243 (4608~8444) Vol. EX (mL) 6368±1546 (4895~8904)
Vol. %Diff IN/EX 12.9 Vol. %Diff IN/EX 9.6

TES IN 30.0±7.9 (14.1~42,7) TES IN 32.3±16.8 (9~65.6)

TES EX 23.7±6 (12.7~32.5) TES EX 26.5±8.6 (11.3~35.2)
TES %Diff IN/EX 21 TES %Diff IN/EX 18

P15 IN 973±11.2 (−988~-948) P15 IN −977±26.8 (−1021~-935)

P15 EX −967±10.5 (−980~-945) P15 EX −972±15.8 (−985~-941)
P15%Diff IN/EX 0.6 P15%Diff IN/EX 0.5

Target Lobe Vol. IN (mL) 1837±412 (1291~2736) Target Lobe Vol. IN (mL) 1608±449 (792~2578)

Vol. EX (mL) 1706±449 (1170~2748) Vol. EX (mL) 1463±279 (1171~1855)
Vol. %Diff IN/EX 7.1 Vol. %Diff IN/EX 9

TES IN 43.1±17.9 (24.3~88.3) TES IN 39.6±19.5 (13.3~72.5)

TES EX 36.8±15 (23.2~73.8) TES EX 34.5±11.7 (17.4~49.2)
TES %Diff IN/EX 14.6 TES %Diff IN/EX 12.9

P15 IN −980±9.1 (−993~-966) P15 IN −979±23.3 (−1018~-947)

P15 EX −976±8.5 (−988~-965) P15 EX −979±12.5 (−990~-955)
P15%Diff IN/EX 0.4 P15%Diff IN/EX 0

Rest Lung Vol. IN (mL) 5237±1019 (4124~7297) Rest Lung Vol. IN (mL) 5439±1045 (4099~7261)

Vol. EX (mL) 4454±960 (3438~6630) Vol. EX (mL) 4906±1278 (3643~7049)
Vol. %Diff IN/EX 15 Vol. %Diff IN/EX 9.8

TES IN 24.9±9.4 (10.7~40.4) TES IN 29.9±16.1 (6.5~62.8)

TES EX 18.1±8.6 (3.8~29.1) TES EX 24.1±8.5 (9.3~33.2)
TES %Diff IN/EX 27.3 TES %Diff IN/EX 19.4

Notes: Selection of quantitative CT parameters are presented as mean ± SD (range). For better presentation, data on volumes are rounded to whole numbers, 
data on percentage differences to two decimal places, and all other parameters to one decimal place. 
Abbreviations: TL, target lobe, Rest lung, all lobes except the target lobe; Vol. IN (mL), volume in mL in full inspiration; Vol. EX (mL), volume in mL in full expiration; Vol. % 
Diff IN/EX percentage volume difference between inspiration and expiration; TES IN, total emphysema score in full inspiration (in %); TES EX, total emphysema score in full 
expiration (in %); TES %Diff IN/EX percentage difference in TES between inspiration and expiration; P15 IN, 15th percentile of attenuation values in full inspiration (in 
Hounsfield units); P15 EX, 15th percentile of attenuation values in full expiration (in Hounsfield units); P15%Diff IN/EX difference in P15 between inspiration and expiration.
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transfer coefficient for carbon monoxide (KCO) were calculated from respiratory carbon monoxide (CO) uptake. All PFT 
parameters except FEV1/FVC ratio and RV/TLC ratio were expressed as absolute values and as percentages of the 
predicted value. All PFT parameters were separately calculated for the target lobe and the total lung. The PFT baseline 
values before treatment (BL) are presented in Table 1.

Quantitative Computed Tomography
After prior coaching in breathing techniques, all patients underwent chest CT on the same CT scanner (GE Revolution 
EVO, GE Healthcare, Chicago, IL, USA) using a standardized emphysema protocol with non-enhanced, thin-slice 
acquisition in full inspiration and full expiration breath-hold (supine positioning, 0.625 mm or 1.5 mm slice thickness, 
slice interval equal to slice thickness, 120 kV voltage, 100 mA tube current, standard (soft) kernel). The mean dose 
length product was 234 mGy*cm per scan per patient.

Post-hoc QCT analysis was performed using the MeVis PULMO3D software (v3.7.1, Fraunhofer, MEVIS, Bremen, 
Germany) to calculate volumes (TLV), emphysema scores (TES, ie, the emphysema index), and the 15th percentile of 
attenuation values (P15) for the total lung and each lobe separately and afterwards visually checked for correctness and 
plausibility.23

In accordance with the literature, TES was defined as the percentage of voxels with attenuation below −950 HU in 
inspiratory scans and with attenuation below −856 HU in expiratory scans.8,24,25

The results of QCT at baseline (BL) are compiled in Table 2. For illustration, examples of QCT analysis of the lung in 
two middle-aged males with COPD grade IV and without COPD are presented in Figure 2.

Table 3 Temporal Changes of QCT Parameters During Time Span 2 (TS2) (ie, Comparison of Baseline and Time Point 3, After EBV 
Explantation)

Lung Area Parameter Mean at BL Mean at TP3 Mean Relative Change at 
TS2 ± SD (Range)

Mean Absolute Change at 
TS2 ± SD (Range)

Total Lung VOL IN 7074mL 7047mL −0.4% ± 5.8% (−9.3%; +7.2%) −27mL ± 410mL (−658mL; 

+509mL)
Vol. %Diff IN/EX 12.9% 9.6% −25.6% −3.3%

TES IN 30.0% 32.3% +7.7% ± 40.6% (−56.1%; +78.3%)

TES %Diff IN/EX 21% 18% −14.2% −3.0%
P15 IN −973HU −977HU +0.4% ± 2.3% (−2.7%; +4.8%)

P15%Diff IN/EX 0.6% 0.5% −16.7% −0.1%
TL VOL IN 1837mL 1608mL −12.8% ± 12.9% (−41.9%; +5.5%) −229mL ± 231mL (−750mL; 

+98mL)

Vol. %Diff IN/EX 7.1% 9% +21.1% +1.9%
TES IN 43.1% 39.6% −8.1% ± 29.4% (−52.5%, +30.4%)

TES %Diff IN/EX 14.6% 12.9% −11.6% −1.7%

P15 IN −980HU −979HU −0.1% ± 1.8% (−2.5%; +2.9%)
P15%Diff IN/EX 0.4% 0% not applicable −0.4%

Rest Lung VOL IN 5237mL 5439mL +4.2% ± 10.2% (−7.7%; +23.3%) +202mL ± 491mL (−370mL; 

+1121mL)
Vol. %Diff IN/EX 15% 9.8% −34.7% −5.2%

TES IN 24.9% 29.9% +20.1% ± 127.4% (−57.6%; 

+386.4%)
TES %Diff IN/EX 27.3% 19.4% −28.9% −7.9%

Notes: The values shown are the differences between BL (baseline before valve implantation) and TP3 (after valve explantation) (=TS2). All quantitative CT parameters are 
presented as mean at BL, mean at TP3, mean relative change at TS2 ± SD (range), mean absolute change at TS2 ±SD (range). For better presentation, data on volumes and 
Hounsfield units are rounded to whole numbers and data on percentage differences to one decimal place. 
Abbreviations: Total, total lung; TL, target lobe; Rest lung, all lobes except the target lobe; Vol. IN, volume in full inspiration; Vol. %Diff IN/EX, percentage volume 
difference between inspiration and expiration; TES IN, total emphysema score in full inspiration (in %); TES %Diff IN/EX, percentage difference in TES between inspiration 
and expiration; P15 IN, 15th percentile of attenuation values in full inspiration (in Hounsfield units); P15%Diff IN/EX, difference in P15 between inspiration and expiration.
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Figure 2 2D and 3D illustration of QCT analysis using MeVis PULMO3D: Image reconstructions of a 61-year-old patient without COPD (left column) and a 67-year-old 
patient with COPD GOLD 4 (right column) are compared. Highlighted in orange and yellow are all lung voxels with a CT density below −950 HU. The percentage of these 
emphysematous voxels out of all pulmonary voxels is the so-called emphysema score (TES) and was calculated to be 4% on the left and 48% on the right at maximal 
inspiration.
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Target Lobe Selection, Bronchoscopy and EBV Implantation
The target lobe for endoscopic EBV implantation was selected by an interdisciplinary Emphysema Board, whose 
decision was mainly based on QCT parameters, visual assessment of the completeness of interlobar fissures, and 
endoscopy results using the Chartis system (Pulmonx, Redwood City, CA, USA), in order to rule out collateral 
ventilation.21 In many cases, additional results of ventilation/perfusion scintigraphy were used to make the decision. 
Subsequently, EBV (one-way silicone Zephyr valves; Pulmonx; Redwood City, USA) were endoscopically inserted into 
the lobar or segmental bronchi of the selected target lobe to achieve atelectatic or dystelectatic collapse.

Paraclinical Parameters
Furthermore, 6MWDT results and data obtained with questionnaires (St. George’s Respiratory Questionnaire (SGRQ) 
and COPD Assessment Test (CAT)) were extracted from internal institutional records and helped to obtain information 
on patients’ activity status and quality of life.10

Statistics
The SPSS Statistics 26 software package (IBM Corporation, Armonk, NY, USA) was used for all statistical analyses. In 
the tables, continuous variables with normal distribution, such as FEV1, are presented as mean ± SD (range), continuous 
variables with nonnormal distribution, such as DLCO, are presented as median ± interquartile interval (interquartile 
range), whereas categorical variables, such as sex, are expressed as frequencies (percentages). Spearman’s rank correla-
tion analysis was performed to compare quantitative CT parameters with clinical and paraclinical data.

All statistical analyses were conducted by a specialist medical statistician of our institution.

Results
Descriptive statistics of our study cohort of 10 patients are shown in Table 1. Table 2 and Figures 3–5display an overview 
about the most important QCT measurements at baseline (BL) and after valve explantation (TP3).

Figure 3 Illustration of the volume change of total and partial lung volumes in the period of TS2 between the timepoints baseline (BL) and time point 3 (TP3). In the TS2 
there was a decrease of 0.4% of total lung volume (BL: 7074mL / TP3: 7047mL), a decrease of 12.8% of target lobe volume (BL: 1837mL / TP3: 1608mL) and an increase of 
4.2% of the rest lung (BL: 5237mL / TP3: 5439mL). Above the columns, the respective volume (in mL) is shown for the corresponding lung volumes or partial volumes at 
timepoint BL and TP3, respectively.
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Because of the very specific patient selection criteria, our sample size is so small that changes between time points 
BL, TP2, and TP3 are reported only as absolute values and percent differences. Statistical tests are not presented because 
significance levels could not be reached. When comparing baseline (BL) and reevaluation after valve explantation (TP3) 

Figure 4 Illustration of the change of TES IN (%) of total and partial lung volumes in the period of TS2 between the timepoints baseline (BL) and time point 3 (TP3). In the 
TS2 there was an increase of 7.7% of total lung TES IN (%) (BL: 30.0% / TP3: 32.3%), a decrease of target lobe TES IN (%) (BL: 43.1% / TP3: 39.6%) and an increase of 20.1% 
of rest lung TES IN (%) (BL: 24.9% / TP3: 29.9%). Above the columns, the respective TES IN (%) is shown for the corresponding lung volumes or partial volumes at timepoint 
BL and TP3, respectively.

Figure 5 Illustration of the change of P15 IN (HU) of total and partial lung volumes in the period of TS2 between the timepoints baseline (BL) and time point 3 (TP3). In the 
TS2 there was an increase of 0.4% of total lung P15 IN (BL: 973 HU / TP3: 977 HU) and a decrease of 0.1% of target lobe P15 IN (BL: 980 HU / TP3: 979 HU). For the rest 
lung P15 was not calculable. Above the columns, the respective P15 IN (HU) is shown for the corresponding lung volumes or partial volumes at timepoint BL and TP3, 
respectively.
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(ie, the interval we named time span 2 (TS2)), we found persistent reduction of volume (mean −229 mL; −12.8%) and 
TES IN (mean −8,1%) of the target lobe (Table 3 and Figures 3–5).

The compensatory effect in TS2 was a hyperinflation of the rest of the lung with a subsequent increase in TES IN 
(mean +39.5%) and volume (mean +202 mL; +12.8%). (Table 3 and Figures 3–5)

As a result of these two divergent effects, the volume of the total lung in TS2 remained rather constant (mean 
−27 mL; −0.4%).

Furthermore, there was a slight deterioration of the over-all emphysema score in TS2 (TES IN total lung; mean 
+7,7%), which was primarily driven by the rest lung (mean +20,1%), whereas the TES IN of the target lobe – initially 
addressed by valves – persistently improved to a medium degree (mean −8.1%). (Table 3 and Figures 3–5)

It is important to mention in this regard that a relatively large interindividual range emerged in TS2 both with respect 
to the total lung volume (−9.3% to +7.2%) and the TL (−41.9% to +5.5%). Similarly, there is a large interindividual 
variability of the TES IN of the TL (−52.5% to +30.4%). (Table 3 and Figures 3–5)

In contrast, P15 values remained largely constant in TS2 both in the whole lung (mean +0.4%) and in the TL (mean 
−0.1%). (Table 3 and Figures 3–5)

Due to fewer values of pulmonary spirometry at TP3, no conclusions could be drawn regarding their dynamics in 
TS2. Furthermore, we performed correlation analyses between the BL baseline values of PFT, QCT, paraclinical 
parameters and the deltas TS1–TS3 but had to acknowledge that larger numbers are necessary to obtain scientifically 
meaningful results (results not shown). We were unable to identify predictive factors that could predict subsequent EBV 
failure, nor could we identify a clear cause that could explain clinical or radiological deterioration in some COPD 
patients after valve explantation.

Discussion
At the outset, it is essential to note that to date, to the best of our knowledge, no similar studies re-evaluating EBV treated 
patients after valve explantation exist worldwide, which means that our results cannot be directly compared with 
published data.

The most important findings of our study can be summarized as follows: we observed a persistent therapy effect on the 
target lobe even after EBV explantation. The compensatory hyperinflation of the rest lung is not very surprising, because of 
the enlarged space recruitable due to partial atelectasis of the target lobe. The mean total lung volume in full inspiration (total 
lung Vol. IN) remained almost constant across the three time points investigated in our patients (BL: 7074mL; TP2: 7243mL; 
TP3: 7047mL). On closer inspection, the large interindividual difference with regard to the persistence of the therapeutic 
effect of the target lobe is particularly exciting, so that a certain “all-or-nothing effect” could be inferred. Note the large 
interindividual differences in measurable changes of the target lobe during our observation period TS2, which ranged from 
−41.9% to +5.5% for target lobe volume and from −52.5% to +30.4% for TES IN of the target lobe.

Nevertheless, the constancy of the P15 values at TS2 remains exciting, which impress quite robustly in the whole 
lung as well as in the target lobe – possibly the explanation lies in the shift of the extreme values on both sides of the 
spectrum, ie, above as well as below the 15th percentile, which consecutively hardly affects the P15 value.

To get to the bottom of this question, one could, for example, perform a spectral analysis of the Hounsfield units in 
a follow-up study or look at additional percentiles.

For example, total emphysema scores in full inspiration showed some kind of rebound after valve explantation, 
increasing by a mean of 7.7% (total TES IN; BL: 30.0%; TP2: 26.9%; TP3: 32.3%). This means that the emphysema 
score reduced under inserted valves increased above baseline levels after valve removal. In contrast, such a development 
was not found for lung volumes.

In the target lobe, mean emphysema score TES IN stayed decreased after valve explantation (mean change during 
TS2 −8.1%, means at BL: 43.1; TP2: 24.9; TP3: 39.6), whereas TES IN in the remaining lobes of the lung increased 
(mean change during TS2 +20.1%, means at BL: 24.9; TP2: 25.5; TP3: 29.9) (Tables 2–3). The increase in TES IN in the 
untreated lung lobes was to be expected, but the persistent decrease of emphysema score and volume of the target lobe 
after EBV explantation compared to baseline is quite interesting.
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In the interventionally addressed lobe, it might have been a partially persistent therapeutic effect, which might have 
been lost in the further course beyond the period investigated here. In the total lung, there was rather a worsening 
tendency, although it can only be speculated whether this was an exacerbation within the normal course of the disease or 
whether the course was possibly even worse than it would have been without therapy as a simple “watch-and-wait” (or 
with another therapeutic option). This causality question cannot be resolved by the data of our study.

The correlation analyses, which were statistically inconclusive due to the small sample size, could prove to be quite exciting 
in the case of study replication with a larger sample size, as they could possibly provide indications as to which baseline values 
predict subsequent therapy success or failure. This could have a decisive value in future therapy planning and control.

In summary, we can postulate that this study follows a path that has not been trodden before. As mentioned above, to 
our knowledge, the combination of quantitative CT data, pulmonary function testing data, quality of life questionnaires 
and clinical data at this very specific time point after EBV explantation has never been studied before.

Of particular interest in this context is a possible future clinical application. It is conceivable, for example, that after 
larger replication studies, predetermining factors could be crystallized which, for example, could predict the success rate 
or the complication rate with a certain degree of probability, possibly also with the aid of artificial intelligence. Also, to 
name just a few examples, the chances of success of re-implantation, the target lobe selection for primary and secondary 
implantation, and strategies for complicated courses could be analyzed a priori and influenced in the sense of a better 
therapy outcome.

Nevertheless, this study has limitations. Of course, this special data collection period and the overall very rare 
subgroup, ie, a subgroup that is re-evaluated for a new EBV therapy after valve explantation, is also the major weakness 
of this study - the challenge to filter subjects for these analyses results in a very small sample size – however, to give 
a positive spin-off, the fact that despite this small sample size, exciting results were obtained, which offer an even larger 
approach for future replication studies or thematically related, larger studies, is very promising.

Valve reimplantation is a rather rare phenomenon overall. The selection of the very specific subgroup results in 
a selection bias in the present study, which is unavoidable but represents a certain limitation.

A weakness of our CT data collection is the different but thin CT slice thickness in the primary reconstruction (0.625mm 
and 1.5mm, respectively), which unfortunately could not be changed retrospectively during the analysis process. The slice 
thickness, together with other data collection variables such as scanner type, kernel type or choice of cut-off value in 
Hounsfield units, has an impact on the collected parameters such as lung volume, P15 or emphysema index.

However, apart from this limitation in the protocol, we used the exact same CT scanner (GE Revolution EVO, GE 
Healthcare, Chicago, IL, USA), the same respiratory position, and the same soft kernel and reconstruction methodology 
for all studies and therefore consider, following the existing literature, the overall effect of variable slice thickness to be 
present but rather small in magnitude in an otherwise very robust CT protocol and consequently consider the parameters 
collected to be sufficiently valid.32,33

Another weakness of this study is certainly the incompleteness of the data collection. Unfortunately, various 
parameters (in particular pulmonary function testing data, but also clinical data) were missing, especially at TP2, 
which were hard to do without, particularly in the small sample, and made correlation analyses, in particular, less 
conclusive. This is certainly due to the non-uniformity of patient management, especially in the special case of EBV 
explantation.

Desirable for the future in this context would be an international guideline across centers, to which every emphysema 
center could orientate itself and which in conclusion would create uniformity not only in patient care but also in data 
collection for future studies.

In a larger cohort or follow-up studies, it would also be desirable to distinguish precisely between explants due to 
early complications and explants due to treatment failure. The definition of treatment success or treatment failure is 
certainly not trivial and rather multiparametric. For example, there are approaches that consider a defined lung volume 
reduction as successful treatment (eg, −200 mL of target lobe volume). On the other hand, an improvement in pulmonary 
function testing, walking distance (6MWDT) or scoring in questionnaires is certainly also considered a success despite 
possibly not or not completely achieved volumetric reduction, which would not lead to EBV explantation.
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The actual aim of CT data collection in two breathing positions (IN and EX) was the assumption that valve 
implantation changes the breathing mechanics in such a way that especially the volume differences between maximum 
inspiration and maximum expiration increase. We found only small volume differences as a result of valve therapy, but 
no pervasive change in respiratory mechanics was found.

As an outlook, it sounds very interesting to us what happens to patients who actually get a second EBV therapy. Does 
a previously treated lobe then overinflate again? If the effects we observed are really maintained in the long term, 
sequential EBV treatment of several lobes one after the other could be a promising approach.

In the future, factor analyses on baseline parameters would also be exciting; here, multiple exciting questions would 
arise: What is the effect of smoking cessation for a given number of pack years? How long does smoking abstinence have 
to last before the start of therapy? What is the effect of physical training to improve the 6-min walking distance test 
(6MWTD) before starting therapy? What is the role of socioeconomic factors? Which interventions before, during or 
after the start of therapy have a favorable effect on the course? How could pharmacological or cognitive interventions be 
combined with occupational therapy or physiotherapy?

Conclusion
Within a small but unique cohort of patients with severe emphysema who provided PFT and QCT data before and after 
endobronchial EBV implantation and explantation, we had the valuable opportunity to find evidence of potentially 
persistent treatment success with transient valve implantation.

It is hoped that a possible replication study with a larger sample size in the future could allow conclusions to be drawn 
regarding possible predictors of treatment success or failure, thereby significantly improving treatment planning for 
individual patients. For a future replication study, it would also be exciting to establish a comparison group that did not 
receive valve therapy in order to analyze how the relevant parameters (volumes or emphysema scores) develop over time 
and in comparison.

Ultimately, in this study, no final conclusions could be drawn by our results, but only indications that should be 
confirmed by larger replication studies. Optionally, a multi-center study could be aimed for an extended patient 
acquisition.

Established centers should develop standard procedures on how to follow up patients who have had EBV removed. 
Retrospectively, we should have re-evaluated our patients without therapeutic success at defined time points. To under-
stand the pathophysiology of pulmonary emphysema and the effect of EBV therapy, it is essential to better investigate the 
permanent effects of temporary EBV therapy.

Abbreviations
6MWTD, 6-min walking distance; CAT, COPD Assessment Test; COPD, Chronic obstructive pulmonary disease; 
DLCO, Diffusing capacity of the lungs for carbon monoxide; EBV, Endobronchial valve; ELVR, Endoscopic lung 
volume reduction; FEV1, Forced expiratory volume in 1s; FVC, Forced vital capacity; GOLD, Global initiative for 
chronic obstructive lung disease; HU, Hounsfield unit; KCO, Transfer coefficient for carbon monoxide; P15, 15th 
percentile of lung attenuation; P15 IN, 15th percentile of lung attenuation in full inspiration; P15%Diff IN/EX, 
Percentage difference in P15 between inspiration and expiration; PDE, Phosphodiesterase; PFT, Pulmonary function 
test; PreBS, Before bronchodilator inhalation; QCT, Quantitative computed tomography analysis; Rest lung, All lobes 
except the target lobe; RV, Residual volume; SGRQ, St. George’s Respiratory Questionnaire; BL, Baseline before EBV 
implantation; TP2, Time point 2 after EBV implantation; TP3, Time point 3 after EBV explantation; TS1, Time span 1 
between BL and TP2; TS2, Time span 2 between BL and TP3; TS3, Time span 3 between TP2 and TP3; TES, Total 
emphysema score, ie, the emphysema index; TES IN, Total emphysema score, ie, the emphysema index in full 
inspiration; TES %Diff IN/EX, Percentage difference in TES between inspiration and expiration; TL, Target lobe; 
TLC, Total lung capacity; TLCO, Transfer factor for carbon monoxide; TLV, Total lung volume; VC, Vital capacity; Vol. 
IN (mL), Volume in mL in full inspiration; Vol. %Diff IN/EX, Percentage difference between inspiration and expiration.
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