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software to quantify the completeness of interlobar fissures. 
These FCSs were compared to a reference standard of achiev-
ing  ≥ 350 ml of target lobe volume reduction after EBV treat-
ment. Using a receiver operating characteristic curve, opti-
mal thresholds predictive of complete fissures (responders) 
and incomplete fissures (non-responders) were determined. 
A subgroup of patients with partially complete fissures was 
identified, where software had lower accuracy. The comple-
mentary value of Chartis was investigated in this group.  Re-

sults:  A fissure was defined as complete (FCS >95%), incom-
plete (FCS <80%), or partially complete (80% < FCS < 95%). 
The positive predictive value (PPV) of complete fissures is 
88.1%, and the negative predictive value (NPV) is 92.9%, with 
an overall accuracy of 89.2%. Chartis was utilized in patients 
with partially complete fissures, with a PPV of 82.3%, an NPV 
of 84.6%, and an accuracy of 83.3%.  Conclusion:  Combining 
diagnostic tools could reduce the burden on patients and 
the healthcare system while providing clinicians with a bet-
ter means for patient selection for EBV therapy. 

 © 2016 S. Karger AG, Basel 
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 Abstract 

  Background:  Bronchoscopic lung volume reduction using 
one-way endobronchial valves (EBVs) has been proven to be 
effective in patients with severe emphysema. However, the 
selection of patients without collateral ventilation prior to 
treatment is critical for procedural success. Collateral ventila-
tion can be assessed directly with the Chartis system or indi-
rectly using computed tomography (CT) fissure analysis.  Ob-

jectives:  We retrospectively evaluated the diagnostic value 
of a combination of the quantitative CT interlobar fissure 
completeness score (FCS) and Chartis in predicting respond-
ers to EBV therapy.  Methods:  CT data from four prospective 
studies were pooled and analyzed using semiautomated 
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 Introduction 

 Approximately 8% of the global population suffers 
from chronic obstructive pulmonary disease (COPD)  [1] . 
Severe emphysema is a subpopulation of highly symp-
tomatic COPD patients suffering from dyspnea due to 
lung hyperinflation, with a reduced life expectancy and 
with very few effective therapeutic alternatives  [1] . Bron-
choscopic lung volume reduction using endobronchial 
valves (EBVs) has recently been shown to deliver substan-
tial, clinically relevant improvements to emphysema pa-
tients with hyperinflation. In this therapy, one-way EBVs 
are delivered via a bronchoscope, with the goal of occlud-
ing a lobe and collapsing hyperinflated lung regions by 
allowing trapped gas to exit while preventing inflow dur-
ing inhalation  [2] . The key predictor for response to EBV 
therapy has been shown to be the selection of patients, 
with low collateral ventilation between the target lobe to 
be occluded and the adjacent lobe(s)  [3, 4] .

  There are several methods to measure the presence of 
collateral ventilation  [5] . A well-studied direct measure-
ment of collateral airflow is the Chartis system ®  (Pul-
monx, Redwood City, Calif., USA), which is an endo-
bronchial pulmonary assessment system  [6, 7] . However, 
performing this measurement requires a bronchoscopy, 
can include procedural challenges, and, when used in a 
broader population, will result in a substantial number of 
patients undergoing a bronchoscopy who will not receive 
EBVs  [6–9] . Alternately, an indirect assessment of collat-
eral ventilation is anatomical fissure analysis using com-
puted tomography (CT). A complete fissure on CT is con-
sidered a surrogate for the absence of collateral ventila-
tion. Goldin and Abtin  [10]  proposed that, if >90% of the 
fissure could be visualized on at least one axis (sagittal, 
axial, or coronal view), the fissure should be considered 
complete, implying the absence of significant collateral 
ventilation between the adjoining lobes. Several studies 
have adopted this, without subsequent refinement of this 
ad hoc threshold  [3, 8, 11, 12] . However, outside the ex-
perienced radiology core lab setting, visual estimation of 
fissure completeness has been associated with a rather 
poor interobserver agreement  [13] .

  Several computerized semiautomated methods to 
quantify the completeness of fissures have been devel-
oped, which claim to reduce the interobserver variability 
or complement the visual read of an experienced radiolo-
gist  [14, 15] . These methods are more efficient and have 
an improved reliability over visual methods. A recent 
study concluded that the optimal treatment algorithm 
might be a combination approach, using radiology for an 

anatomical classification based on fissure completeness, 
and a physiologic measure of airflow in patients with par-
tially complete fissures  [16] .

  In this study, we evaluated the diagnostic value of the 
combination of a quantitative CT (QCT) interlobar fis-
sure completeness score (FCS) and Chartis in predicting 
responders to EBV therapy, with the aim to develop a di-
agnostic workflow providing clinicians with a better tool 
for patient selection.

  Methods 

 Subjects and Study Design 
 This study is a retrospective analysis of 547 patients based on 

pooled data collected from four prospective studies. The clinical 
trial registrations and procedures of these studies have been de-
scribed in detail before  [3, 4, 6, 12, 17] . One dataset is derived from 
a postmarketing registration study with the goal to evaluate the 
outcome after endoscopic lung volume reduction, which has not 
been previously published but has been approved by the Ethics 
Committee of Charité University Hospital, Berlin, Germany 
(EA1/136/13). A part of this German dataset has been used to ret-
rospectively assess the occurrence of pneumothorax after EBV 
treatment  [18] .

  Prior to the analysis, all patient records and information were 
deidentified and rendered anonymous, and the analysts perform-
ing the QCT evaluation were provided baseline scans only and 
were blinded to the posttreatment clinical outcomes. Cases were 
deemed eligible if they received EBV therapy and if follow-up CT 
scans were performed. To reflect routine clinical practice, CT 
scans from 16 sites in the United States and 17 European sites col-
lected from 2004 through 2015 were considered for analysis. Cas-
es were excluded if there was a lack of procedural success placing 
valves, as confirmed by bronchoscopy or an independent radiol-
ogy core lab, since this is a confounding variable for the predictive 
ability of any diagnostic tool used. Cases were also excluded if the 
quality of the scans were insufficient for QCT analysis, for exam-
ple thick slices or missing slices, resulting in an incomplete recon-
struction.

  Image Analysis 
 Since the goal of QCT used in conjunction with EBV therapy 

is lung volume reduction, target lobe volume reduction (TLVR) 
was considered the gold standard for determining the accuracy of 
predicting response. A TLVR of  ≥ 350 ml has previously been es-
tablished as a measure of procedural success  [6] . QCT analysis was 
performed on all baseline CT scans at Thirona (Thirona BV, Ni-
jmegen, The Netherlands) using Thirona LungQ version 1.0.0 to 
assess fissure completeness and lobar tissue destruction at baseline 
for each subject. In each scan, the lungs, pulmonary fissures, and 
pulmonary lobes were automatically segmented, visually checked, 
and edited by trained medical analysts  [19–22] . Each scan was read 
by two medical analysts, with the first analyst editing the segmen-
tation results where needed and the second analyst checking the 
results. Based on the results of the lobe and fissure segmentations, 
an FCS ( fig. 1 ) was computed for each lobe as the percentage of the 
lobar boundaries defined by a fissure  [15] . Within the segmented 
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lobes, attenuation thresholding (in Hounsfield units, HU) was per-
formed to quantify the emphysema severity as the percentage of 
voxels below –910 HU, as previously defined  [15] .

  Once the FCSs were finalized, precalculated TLVR scores, de-
termined from the change in volume of the target lobe before and 
after EBV therapy ( fig. 2 ), were utilized to dichotomize all subjects 
into responders and non-responders, with a non-responder de-
fined as a subject with <350 ml reduction and a responder defined 
as a subject with  ≥ 350 ml volume reduction.

  Statistical Analysis 
 The FCS was evaluated for its ability to predict a responder 

(TLVR  ≥ 350 ml), using a receiver operating characteristics (ROC) 
curve. Sensitivity and specificity were calculated for specific FCSs 
in 5% increments to identify the optimal threshold which maxi-
mized the sensitivity and specificity. The positive predictive value 
(PPV), negative predictive value (NPV), sensitivity, specificity, 
and accuracy of the QCT system were computed by applying the 
optimal FCS threshold.

  To investigate the combined use of QCT and Chartis, a lower 
FCS threshold was determined by optimizing specificity at high 
sensitivity, minimizing false negatives below this threshold.

  The application of both FCS thresholds results in three groups: 
complete fissures (FCS > optimal threshold), incomplete fissures 
(FCS < lower threshold), and partially complete fissures (optimal 
threshold < FCS < lower threshold). In the partially complete fis-
sure group, where sensitivity and specificity of QCT are subopti-
mal, the use of Chartis for decision to treat is analyzed.

  Results 

 Valve treatment was initially performed in 547 sub-
jects, and, as shown in  figure 3 , we eventually included 
217 subjects in our analysis. The baseline characteristics 
of the included subjects are presented in  table 1 .

a b

  Fig. 1.  3D rendering of the FCS, where the 
red areas reflect incomplete portions of the 
interlobar fissure, and the green areas re-
flect the complete portions.  a  Target left 
upper lobe with 80% FCS.  b  Target right 
upper lobe with 96.5% FCS for the major 
and minor fissures combined. 

a b

  Fig. 2.  3D rendering of lobes.  a  Pretreat-
ment with EBVs.  b  Posttreatment with 
EBVs, displaying 2,121 ml of volume re-
duction with a combined right upper lobe 
and right middle lobe treatment with sub-
sequent right lower lobe expansion.
Green = Right upper lobe; orange = right 
middle lobe; purple = right lower lobe;
blue = left upper lobe; yellow = left lower 
lobe. 
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  In the 217 patients, the right lower lobe was targeted 
in 7% of the cases, the right upper lobe in 33%, the left 
upper lobe in 28%, the left lower lobe in 27%, the middle 
lobe in 0.5%, and the right upper or lower lobe together 
with the middle lobe in 4.6 and 0.5%, respectively.

  The ROC curve showed an area under the curve of 
0.86. The best cutoff to maximize sensitivity and specific-
ity was an FCS of 95% ( fig. 4 ).

  The PPV, NPV, sensitivity, specificity, and accuracy of 
the QCT system using the FCS >95% were computed and 
are provided in  table 2 . Based on the ROC curve ( fig. 4 ), 
the lower threshold representing incomplete fissures was 
determined to be FCS <80%. Applying a <80% do-not-
treat and a >95% treat algorithm to the entire dataset, the 
algorithm had an overall accuracy of 89.2%, not including 
the 80% < FCS < 95% population ( table 2 ).

  To explore the possibility of combining diagnostic 
tools, all subjects with partially complete fissures (i.e.
80% < FCS < 95%) were further evaluated for the presence 
of a baseline Chartis assessment, and 30 subjects, all from 
one study, had evaluable Chartis assessments  [6] . Apply-
ing previously described waveform analysis criteria for 
predicting responders and applying the same criteria as 
above ( ≥ 350 ml TLVR) for defining a responder  [18, 23] , 
Chartis was found to have an accuracy of 83.3% in this 
subgroup of partially complete fissures, as shown in  ta-
ble 2 .

  Discussion 

 Interpretation 
 The treatment of severe emphysema with EBV therapy 

has been proven effective in randomized controlled trials 
 [4, 11] . However, optimal patient selection continues to 
be an area of clinical research. QCT analysis is a rapidly 
emerging field in pulmonary diagnosis and a potential 

547 treated with valves

315 with lobar occlusion as
confirmed by independent

core radiology lab or
bronchoscopy

152 excluded for not having
procedural success467 with follow-up scans

98 scans not evaluable due
to scan quality

217 scans analyzed

  Fig. 3.  Patient flow diagram.     
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 Table 1.  Baseline demographics and disease characteristics

Characteristics Mean ± SD

Age, years 62.3 ± 7.9
Males, % 51
FEV1, %pred. 29.8 ± 8.0
FVC, %pred. 72.2 ± 17.1
TLC, %pred. 127.3 ± 16.1
RV, %pred. 220.7 ± 46.1
6MWT, m 327.7 ± 106
Emphysema destruction score in target lobe 

at –910 HU, % 67.5 ± 10.9

FEV1 = Forced expiration volume in 1 s; FVC = forced vital 
capacity; TLC = total lung capacity; RV = residual volume;
6MWT = 6-min walk test.

  Fig. 4.  ROC curve for predicting response based on FCS, with an 
AUC of 0.8602, together with the accompanying sensitivity and 
specificity in predicting responders to treatment with EBVs. Se = 
Sensitivity; Sp = specificity.     
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powerful tool in emphysema disease staging for advanced 
therapies.

  In this study, we identified thresholds for applying a 
proprietary QCT algorithm for classifying patients, and a 
strategy for selectively using Chartis for increased diag-
nostic yield. In patients with complete fissures (>95% 
FCS), the algorithm provides an 88.1% PPV; therefore, 
there may be little diagnostic value in subjecting these pa-
tients to an additional physiological Chartis assessment, 
and these patients may be treated with EBV without fur-
ther evaluation. Since for patients with incomplete fis-

sures (<80% FCS) the algorithm provides a 92.9% NPV, 
these patients can be excluded from further EBV treat-
ment or additional invasive diagnostics without denying 
treatment to a large group of patients. Thus, QCT can be 
used as a prescreening tool for all patients, and Chartis 
can be used selectively, only on patients with partially 
complete fissures.

  Comparison to the Literature 
 A few studies have investigated the diagnostic value 

of fissure completeness for prescreening prior to EBV 
therapy. Gompelmann et al.  [12]  visually reviewed CT 
scans for evaluating fissure completeness above or be-
low a 90% threshold. A similar reference standard of vol-
ume reduction  ≥ 350 ml was applied to define respond-
ers. They found an accuracy of 77%, a sensitivity of 75%, 
and a specificity of 78.8%, which were slightly lower 
than those in our experience. This could be due to mul-
tiple factors – the fissure threshold applied or the vari-
ability in visually assessing the fissures, though these 
scans were reviewed at a radiology core lab. This study 
may indicate the issues with nonexperienced readers in 
the clinical setting, estimating the completeness of the 
fissure while manually scrolling through the 300–500 
slices of a high-resolution CT. Schumann et al.  [8]  used 
quantitative imaging software to retrospectively com-
pare its accuracy to the Chartis system in 134 patients 
using the same reference standard of TLVR  ≥ 350 ml. 
Based on regression analysis of 34 QCT variables, three 
predictors for successful lung volume reduction were 
identified: fissure completeness, low attenuation clus-
ters, and a vascular index. Using fissure completeness as 
a single feature yielded an area under the ROC curve of 
0.75, which was not statistically different from using all 
three features (area under the ROC curve of 0.80). Ap-
plying a bimodal distribution of patients above and be-
low a single threshold of 90% fissure completeness, the 
overall accuracy was 75.8%, with a sensitivity of 83.3% 
and a specificity of 66.7%, which was similar to the re-
sults of QCT alone in our study. The third study was 
performed by de Oliveira et al.  [16] , who retrospectively 
analyzed 38 treated patients. They investigated the rela-
tionship between fissure completeness and clinically rel-
evant lobar volume reduction ( ≥ 350 ml), using a QCT 
analysis. A fissure completeness >90% was found to have 
a PPV of 90.5%, whereas <75% fissures had a NPV of 
100%. The accuracy of the QCT in the middle zone (be-
tween 75 and 90% fissure completeness) was lower, and 
the authors suggested the use of the Chartis system in 
this middle zone.

 Table 2. Predictive values of FCS and Chartis

Responder Non-
responder 

Pre-
valence 

FCS threshold of 95%1
FCS >95% 119 16 135 PPV = 88.1% 
FCS <95% 26 56 82 NPV = 68.3% 

Se = 82.1% Sp = 77.8% 

Accuracy = 80.1% 

FCS threshold of 80%2
FCS >80% 142 33 175 PPV = 81.1% 
FCS <80% 3 39 42 NPV = 92.9% 

Se = 97.9% Sp = 54.1% 

Accuracy = 83.4% 

80% < FCS < 95%3
FCS >95% 119 16 135 PPV = 88.1% 
FCS <80% 3 39 42 NPV = 92.9% 

Se = 97.5% Sp = 70.9% 

Accuracy = 89.2% 

Chartis system4
CV– 14 3 17 PPV = 82.3% 
CV+ 2 11 13 NPV = 84.6% 

Se = 87.5% Sp = 78.6% 

Accuracy = 83.3% 

 Responder: TLVR ≥350 ml; non-responder: TLVR <350 ml.
Se = Sensitivity; Sp = specificity; CV– = no collateral ventilation 
measured by Chartis; CV+ = collateral ventilation measured by 
Chartis.

1 Predictive values and accuracy for an FCS threshold of 95%.
2 Predictive values and accuracy for an FCS threshold of 80%.
3 Predictive values and accuracy for a 80% < FCS < 95%.
4 Predictive values and accuracy of the Chartis system in a 

subset of patients within this study, with valid Chartis assessments 
and evaluable CT scans.
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  Limitations of the Study 
 One of the limitations of this study is that it is a retro-

spective study pooling multiple trials with slightly differ-
ent inclusion criteria. The more recent studies only in-
cluded patients with visually complete fissures on CT to 
avoid diagnostic bronchoscopies with the Chartis system, 
whereas the earlier studies did not use fissure complete-
ness for patient selection. Depending on the FCS thresh-
old used, our dataset had anywhere from 62% (with FCS 
>95%) to 79% (with FCS >80%) patients with complete 
fissures, which is not representative of the overall popula-
tion  [5] . Using the FSC thresholds of 95% and 80% in the 
subgroup of 123 patients from two studies  [3, 6, 17] , 
where patients were not visually preselected based on 
their fissure status, we found the distribution to be 38% 
complete fissures, 33% incomplete fissures, and 29% par-
tially complete fissures. This further strengthens the ar-
gument that the number of the patients with partially 
complete fissures in a nonselected cohort is not insignifi-
cant and should be evaluated with the Chartis to confirm 
the absence of collateral ventilation, prior to EBV ther-
apy.

  The entire population can thus be divided into three 
groups – complete fissures (treat), incomplete fissures 
(do not treat), and partially complete fissure (perform 
Chartis to confirm the absence of collateral ventilation). 
Applying the PPV, NPV, and accuracies from  table 2  to 
the patient distribution described above results in a diag-
nostic workflow with an overall accuracy of 89.5% which 
is higher than Chartis or QCT alone. It results in fewer 
potential responders being denied treatment, and as 
many as 71% fewer diagnostic bronchoscopies compared 
to a Chartis-only screening strategy. This is visualized in 
 figure 5 , which is a hypothetical reproduction of the work 
flow. We used the 123 patients from two studies  [3, 6, 17]  
and their distribution to simulate three different possible 
diagnostic approaches for treatment selection: Chartis 
only, QCT only, or the combination of Chartis and QCT. 
As shown in  figure 5 , there are some important differ-
ences: the combined approach results in higher accuracy, 
the Chartis approach requires all patients to undergo 
bronchoscopies, and using only QCT will result in sig-
nificantly more potential responders being denied treat-
ment.

Simulated EBV treatment decision tree in
a cohort unbiased by visual preselection

Simulated Chartis
only approach

Simulated QCT only
approach at 95% cutoff

100% CT scans

80.6% combined accuracy

38%
complete
fissures

62%
incomplete

fissures

PPV
88.1%

NPV
68.3%

Simulated QCT +
selective Chartis approach

100% CT scans

89.5% combined accuracy 83.3% accuracy

100% bronchoscopies29% bronchoscopies

38%
complete
fissures

29% partially
complete
fissures

PPV
88.1%

PPV
87.5%

33%
incomplete

fissures

NPV
92.9%

  Fig. 5.  Hypothetical diagnostic work flow based on the study results, comparing Chartis only to QCT only and 
to the combination of Chartis and QCT.      
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  The chosen reference standard for establishing the ac-
curacy of fissure completeness is the achievement of  ≥ 350 
ml of volume reduction. This value has been used by sev-
eral other studies on this subject and is considered a clin-
ically significant and meaningful lung volume reduction 
compared to controls without an intervention  [4, 6, 8, 12] . 
An alternate reference standard is surgical inspection of 
the fissure or a completely collapsed lobe, both of which 
were not realistic in this retrospective study. Moreover, 
since the goal of the treatment is lung volume reduction, 
this reference standard is clinically relevant and quantifi-
able. Given the various studies involved and the retro-
spective nature of this study, follow-up scans to calculate 
TLVR were acquired at various time points from 1 to 6 
months. This, however, was not considered a bias, since 
the occurrence of significant TLVR, irrespective of the 
time to follow-up, is considered a successful response.

  Another potential source of bias is the lack of technical 
success in placing valves. A misplaced valve or missed 
segmental airway compromises the entire treatment and 
is unlikely to cause lobar volume reduction, thus unfairly 
penalizing the accuracy of the diagnostic prediction. An 
example of a misplaced valve is shown in  figure 6 . To ac-
count for this, CT scans from four studies were checked 
for procedural errors by two authors (E.M.v.R. and J.-
P.C.), with discordant cases being verified by T.D.K. and 
D.-J.S.  [3, 4, 6, 17] . A total of 23 cases were found to have 
procedural errors, leaving 194 patients. Of this group, 
there were 135 responders. Removing the procedural er-
rors leads to better predictive values of the QCT fissure 

analysis: the PPV with FCS >95% is 94.1%, the NPV with 
FCS <80% is 92.1%.

  Finally, since we have applied a different QCT soft-
ware algorithm and have challenged the status quo of the 
previously assumed 90% fissure completeness threshold 
with a larger dataset, our thresholds are not directly com-
parable to historical references, and further research is 
required to prospectively validate them. Nevertheless, 
this is the largest dataset of patients treated with EBV 
evaluated with QCT software, covering a broad range of 
CT scan acquisition protocols, geographic locations, and 
scanners over a long time period and incorporates data 
from the largest prospective trials of EBV therapy to date. 
Although a prospective diagnostic study is preferred, we 
believe that these results are relevant and robust.

  In conclusion, QCT analysis can be utilized to classify 
severe emphysema patients into three ‘fissure status’ 
groups. This can be used to thereafter only perform a 
functional assessment of collateral flow with the Chartis 
system on those patients with partially complete fissures.
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a b c

  Fig. 6.  Example of an ideal valve placement and lack of lobar occlusion as visualized on CT. Red arrows indicate 
a segmental airway, where valve placement was missed in axial ( a ), coronal ( b ), and sagittal ( c ) view. 
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