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Abstract

Background: Endobronchial valve therapy has proven to re-
duce lung hyperinflation and decrease disease burden in pa-
tients with severe lung emphysema. Exclusion of collateral
ventilation (CV) of the targeted lobe by using an endobron-
chial assessment system (Chartis; PulmonX, Drive Redwood
City, CA, USA) in combination with software-based fissure
integrity analysis (FCS [fissure completeness score]) of com-
puted tomography scans of the lung are established tools to
select appropriate patients for endobronchial valve treat-
ment. So far, there is no conclusive evidence if the ventila-
tion mode during bronchoscopy impacts the outcome of
Chartis assessments. Methods: Patients with Chartis assess-
ments and software-based quantification of FCS (StratX; Pul-
monX, Drive Redwood City, CA, USA) were enrolled in this
retrospective study. During bronchoscopy, pulmonary fis-
sure integrity was evaluated with the Chartis assessment sys-

tem in each patient first under spontaneous breathing and
subsequently under high-frequency (HF) jet ventilation. Re-
sults: In total, 102 patients were analyzed. Four Chartis phe-
notypes CV positive (CV+), CV negative (CV-), low flow, and
low plateau in spontaneous breathing and HF jet ventilation
were identified. The frequency of each Chartis phenotype
per lobe was similar in both settings. When comparing Char-
tis assessments in spontaneous breathing and HF jet ventila-
tion, there was an overall good concordance rate for all ana-
lyzed fissures. In agreement, receiver operating characteris-
tic analysis of the FCS showed an almost similar prediction
for CV+ and CV- status independent of the ventilation
modes. Conclusion: Chartis assessment in spontaneous
breathing and HF jet ventilation had similar rates in detect-
ing CV in lung emphysema. Our results suggest that both
modes are equivalent for the assessment of CV.
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Introduction
Emphysema is a severe and debilitating form of chron-

ic obstructive pulmonary disease characterized by dys-
pnea, poor exercise capacity, and impaired quality of life
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[1-3]. Endobronchial valve treatment is currently a well-
established treatment option for patients with advanced
emphysema. Valves are positioned into the target lobe
after exclusion of collateral ventilation (CV) to inhibit
airflow into the lobe but allowing trapped air to exit. The
resulting atelectasis of the occluded lobe leads to a lung
volume reduction improving breathing mechanics [4-8].

However, in many patients, lung volume reduction
does not occur due to the existence of CV, where air by-
passes the normal anatomical airways through channels
between the target and adjacent lobe [9-11]. According to
current standards, CV is excluded prior to endobronchial
valve treatment by a bronchoscopy with Chartis assess-
ment (PulmonX Inc., ) and a high-resolution computed
tomography scan of the thorax (HRCT) with interlobar
fissure analysis [9, 12-14]. Previously, 4 Chartis pheno-
types have been described in spontaneous breathing: CV—
(CV negative) (absence of CV), CV+ (CV positive) (pres-
ence of CV), and the inconclusive phenotypes low (LF)/
no flow or collapse phenotype (characterized as immedi-
ate collapse of the lobe with minimal airflow) and less of-
ten low plateau (LP) (defined as gradual decrease in air-
flow to a LP). Quantitative CT (computed tomography)
analysis is a noninvasive tool defining fissure integrity
with a fissure completeness score (FCS), but exact cut-offs
remain subject to research. Recent studies suggest that the
combination of Chartis and CT assessments is more pre-
cise excluding CV, resulting in a higher rate of endobron-
chial valve treatment responses [14]. Interestingly, FCS
might be less accurate in the evaluation of both fissures of
the right lung in comparison to the left lung fissure [15].

Regarding the exact diagnostic approach for Chartis
assessment, many aspects are still in debate. Recently,
studies demonstrated that general anesthesia with vol-
ume-controlled ventilation and procedural sedation with
spontaneous breathing are both accurate for Chartis as-
sessment [16, 17]. However, the impact of high-frequen-
cy (HF) jet ventilation, which is widely used during bron-
choscopies, is still unclear. Therefore, we conducted the
current study to assess whether the ventilation mode has
an impact on Chartis assessment outcome.

Material and Methods

Patients

Patients with Chartis assessments and software-based quanti-
fications of FCS were analyzed retrospectively in this single-center
study. All data were derived from prospective open-label clinical
studies in our institution which were approved by the Ethics Com-
mittee of the Charité-Universititsmedizin Berlin, Germany
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(EA2/149/17 and EA1/136/13). All patients consented to partici-
pation. Patients were admitted at the Charité-Universititsmedizin
Berlin, Germany, for evaluation of endobronchial valve treatment
from February 2012 to December 2019. Inclusion criteria were the
diagnosis of advanced chronic obstructive pulmonary disease with
lung emphysema characterized by forced expiratory volume in the
first second <45% predicted and a residual volume >150% pre-
dicted, despite optimal medical therapy. All patients were non-
smokers proven by carboxyhemoglobin levels <2%. Exclusion cri-
teria were a significant pulmonary hypertension (systolic pulmo-
nary arterial pressure >50 mm Hg), relevant hypercapnia
(pCO, >55 mm Hg), and the inability to sign the consent form. At
baseline, all patients underwent a detailed medical history and
clinical examination. Additional tests prior to treatment included
lung function test, blood gas analysis, 6-min walk test, HRCT
(1 mm slides thickness), and a bronchoscopy with Chartis assess-
ment. A steering committee (emphysema board) consisting of
pneumologists, thoracic surgeons, and radiologists determined the
final treatment strategies.

Evaluation of FCS on HRCT

The FCS was calculated on thin-section CT scans using an au-
tomated software quantification system (StratX; PulmonX Inc.). A
complete fissure was defined as an FCS >95%, an incomplete fis-
sure was characterized with an FCS <80%, and an intermediate/
inconclusive fissure when FCS was between 80% and 95%, as pre-
viously described [14].

Evaluation of CV by Chartis Assessment

All patients underwent a flexible bronchoscopy with Chartis
assessment for evaluation of CV per lobe. Beforehand, all patients
received iv atropine if heart frequency was below 100 bpm to avoid
intraprocedural secretion and iv Pethidine to reduce coughing. Pa-
tients were sedated intravenously with 2.5-mg midazolam at the
beginning and propofol boluses until a sufficient level of sedation
was achieved. To maintain a secure airway, patients were intubat-
ed with a 7.5-mm endotracheal tube (Bronchoflex; Riisch GmbH,
Rems-Murr, Germany) and were breathing spontaneously during
bronchoscopy.

The left major fissure (LMF) was assessed via the left upper
lobe. Assessments of the left lower lobe were rarely taken because
of the high likelihood of inconclusive measurements due to col-
lapse phenomena (LF phenotype). For this reason, Chartis assess-
ments obtained in the left lower lobe were not included in the sta-
tistical analysis. The right upper lobe is separated from the right
middle lobe and right lower lobe by the right minor fissure and
parts of the right major fissure (RMF). The right upper lobe fissure
(RUF) was assessed via the right upper lobe bronchus, while the
RMF was measured by occluding the right lower lobe bronchus.

The Chartis pulmonary assessment was performed first under
spontaneous breathing and then again under HF jet ventilation. In
spontaneously breathing patients, oxygen was administered to
maintain a peripheral oxygenation >92%. Subsequently, the same
patients were ventilated with a HF jet ventilator (Acutronic Medi-
cal Systems, Monsoon III Jet Ventilator; frequency 150/min, pause
pressure 1.5 bar, and airway pressure 35 mbar).

During Chartis assessment, the primary and secondary target
lobes were measured first. In most patients, the right upper lobe, left
upper lobe, and right lower lobe were mostly assessed together in
order to have a comprehensive analysis of all fissures. Chartis mea-
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Fig. 1. Examples of Chartis phenotypes in spontaneous breathing
(left column) and HF jet ventilation (right column). a CV- pheno-
type: continuous decrease in expiratory flow below 20% of base-
line. b CV+ phenotype: no decrease in expiratory flow below 50%
from baseline. ¢ LF (collapse) phenotype: immediate drop in expi-
ratory flow down to zero within 30 s. d LP phenotype: decrease of

surements were classified according to visual assessments into four
phenotypes as recently described CV—, CV+, LF, and LP [18]. In
CV+, the expiratory flow remained at least over 50% from initial
measurement and no significant elevation of the resistance index
was seen. In case of a CV+ visual pattern, Chartis assessment was
stopped after 5 min without decrease in airflow or if the total volume
of expired air exceeded >750 mL. CV— was characterized by a grad-
ual decrease in expiratory flow below 20% (which means >80% from
baseline) together with an increase in the resistance index of >3-cm
H,0 x s/mL within 5 min of measurement and <750 mL of air was
ventilated. The LP phenotype showed a decrease of expiratory flow
to a plateau at 20-50% (which means a 50-80% decrease from base-
line) and no increase of the resistance above 3 cm H,O x s/mL. In
case of LF phenotype, a collapse of the occluded target lobe shortly
after starting the assessment occurred and only a small amount (<50
mL) of air was ventilated, shown by a sudden drop in the airflow
curve. The exclusion of CV is characterized by CV—, the presence of
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expiratory flow to a plateau at 20-50% (which means a 50-80%
decrease from baseline). Orange curves: expiratory flow. Blue
curves: inspiratory pressure. * represents continuous expiratory
flow without inspiration mode only detected in HF jet ventilation.
CV, collateral ventilation; CV+, CV positive; CV—, CV negative;
LF, low flow; LP, low plateau; HF, high frequency.

CV by CV+. These Chartis phenotypes were considered conclusive
because they clearly define CV status. LF and LP were considered
inconclusive results since the CV status could not be determined
and their clinical relevance has not been established yet.

Statistical Analysis

Cross tabulation was used for the comparison of Chartis phe-
notypes in spontaneous breathing and HF jet ventilation. Then,
results were correlated to the FCS with cross tabulation. Concor-
dance rates between Chartis phenotypes of spontaneous breathing
and HF jet ventilation were assessed using Cohen’s kappa coeffi-
cient (k). The area under the receiver operating characteristic
(ROC) curve was used to examine the ability of FCS to predict the
conclusive Chartis phenotypes (CV+/CV—-). SPSS Statistics ver-
sion 26 (IBM, Corporation, Armonk, NY, USA) was used for sta-
tistical analysis. Data were presented as mean +/— standard devia-
tion. A p value <0.05 was considered statistically significant.
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Results

In total, 102 patients with 497 Chartis assessments
were analyzed. In detail, 190 Chartis assessments of the
LMF, 184 of the RUF, and 123 of the RMF were per-
formed. All patients underwent CT-based fissure integ-
rity analysis. Only in 6 patients, software-based FCS
quantification was not available due to technical issues.
The baseline patients” characteristics are summarized in
Table 1.

With both ventilation modes, Chartis phenotypes
(CV—, CV+, LF, and LP) showed similar appearance and
the overall characteristics of the Chartis phenotypes re-
mained, as summarized before (Fig. 1a-d). Nevertheless,
a notable difference between both ventilation modes was

Impact of Ventilation Modes on
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Table 1. Patient characteristics

Patient characteristics

Female/male
Age, years
FEV1.L
FEV1, %

RV, L

RV, %

DLCO, %
6MWT, m

53/49
63.9+6.9
0.81+0.31
30.5£9.3
5.0+1.2
226.6+45.9
30.2+11.6
254+102

FEV1, forced expiratory volume in the first second; L, liter; RV,
residual volume; DLCO, diffusing capacity of the lung for carbon

monoxide; 6BMWT, 6-min walk test; m, meters.
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Fig. 4. Similar ROC curves of fissure integrity predicting CV— or CV+ status in spontaneous breathing (gray) and
HEF jet ventilation (black). a LMF. b RUF. ¢ RMF. AUC, area under the curve; ROC, receiver operating charac-
teristic; RUF, right upper lobe fissure; RMF, right major fissure; LMF, left major fissure; HF, high frequency; CV+,

CV positive; CV—, CV negative.

sometimes that in HF jet ventilation no inspiratory pres-
sure curve was seen and a continuous broad expiratory
flow was detected during measurement (see * in Fig. 1 b,
d).

Figure 2 depicts the frequency of Chartis phenotypes
(CV+, CV—, LF, and LP) according to the lung fissures in
spontaneous breathing and HF jet ventilation. In most
cases, the LMF was assessed as CV— in both ventilation
modes (Fig. 2a), while the RUF was seen more often as
CV+ (Fig. 2b). The LF phenotype was most prevalent
when assessing the RMF (Fig. 2c) in both ventilation
modes. The LP was a rare phenotype with both ventila-
tion modes and present for all analyzed fissures (Fig. 2d).
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Matching Chartis phenotypes in spontaneous breath-
ing and HF jet ventilation were found with high concor-
dance rate in assessments of the LMF (86.4%), RUF
(88.6%), and RMF (87.3%) (Fig. 3). Cohen’s kappa coet-
ficient was calculated to describe the agreement of Char-
tis assessments on both ventilation modes. High kappa
values were reached, in detail: RUF x = 0.783,
RMEF « = 0.781, and LMF « = 0.744.

In agreement, ROC analysis of both major fissures re-
vealed comparable sensitivity and specificity of the FCS
to predict conclusive Chartis phenotypes (CV—and CV+)
under both ventilation modes (Fig. 4a, c¢). However, the
area under the curve (AUC) was smaller for the RUF than
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Fig. 5. Patient examples of mismatching Chartis phenotypes in spontaneous breathing (left column) and HF jet
ventilation (right column) all measured in the left upper lobe. a Change from CV+ (left column) to CV— (right
column). The FCS for the LMF was 86.1%. b Change from LF (left column) to CV— (right column). The FCS for
the LMF was 100%. ¢ Change from CV— (left column) to LP (right column). The FCS for the LMF was 86.1%.

Orange curves: expiratory flow. Blue curves: inspiratory pressure. *

indicates deeper expiration maneuvers most

likely caused by pressing. CV, collateral ventilation; FCS, fissure completeness score; CV+, CV positive; CV—, CV
negative; LF, low flow; LP, low plateau; HF, high frequency; LMF, left major fissure.

that of both major fissures, where the AUC of HF jet ven-
tilation was slightly higher than that of spontaneous
breathing to discriminate FCS according to conclusive
Chartis phenotypes (0.681 vs. 0.781, Fig. 4b).

No correlation between mismatching Chartis out-
comes and the FCS was found. Furthermore, Chartis mis-
matches did not have a predilection for any of the ana-
lyzed fissure. All Chartis mismatches and their respective
FCSareshown in Table 2. Three patient examples of these
Chartis mismatches can be seen in Figure 5.

Discussion

The most important predictor for endobronchial valve
treatment success is the exclusion of CV in the target lobe
[14]. For CV assessment, Chartis and CT-based quantita-
tive fissure analysis are used in clinical routine [4-8, 14].
To our knowledge, studies analyzing the impact of venti-
lation mode on Chartis assessment outcome are lacking.

Impact of Ventilation Modes on
Bronchoscopic Chartis Assessment

This study showed as its key finding that the ventila-
tion mode during Chartis assessment, whether being
spontaneous breathing or HF jet ventilation, has no effect
on the resulting measurements. The frequency of Chartis
phenotypes did not change, and there were high concor-
dance rates among all phenotypes using either ventilation
mode. In addition, ROC analyses revealed almost same
predictive values for conclusive Chartis phenotypes
among both major fissures to FCS independent of the
ventilation modes. Nevertheless, the AUC of RUF was
minimally higher for HF jet ventilation than in spontane-
ous breathing suggesting that HF jet ventilation might be
more precise in predicting FCS in RUF.

Endobronchial valve treatment has become a well-es-
tablished treatment for lung volume reduction in severe
emphysema. In numerous studies, Chartis assessment
has proven to be safe and effective in evaluating CV in
vivo, using rigid or flexible bronchoscopy [8, 19-22]. The
CV status can be classified according to recently described
Chartis phenotypes (CV—, CV+, LF, and LP), with low
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Table 2. Chartis mismatches

Fissure Chartis result in Chartis result in HF FCS, %
spontaneous breathing jet ventilation

RUF CV+ cv- 88.2
RUF CV+ cv- 99.5
RUF CV+ cv- 99.9
RUF CV+ CV- 80.3
RUF CV+ cv- 99.9
RUF CV+ Cv- 100
RUF cv- CV+ 88.9
RUF CV- LF 25.1
RUF CV+ Ccv- 72.7
RUF LF Ccv- 86.3
RMF cv- LF 99.9
RMF CV- CV+ 91.3
RMF LF CV+ 81.8
RMF LF cv- 97.4
RMF CV+ LF 100
RMF CV- LF 100
RMF LP CV+ 44
LMF Ccv- CV+ 98.3
LMF LF CV+ 84.1
LMF cv- CV+ 99.5
LMF CV- LF 86.1
LMF CV+ Ccv- 94.3
LMF cv- CV+ 84
LMF LF cv- 100
LMF CV- CV+ 92.8
LMF CV+ Ccv- 86.1
LMF CV+ LF 90.8
LMF CV+ cv- 33.8
LMF LF Ccv- 91.8
LMF CV+ LP 81.6

HF jet ventilation, high-frequency jet ventilation; FCS, fissure
completeness score; CV+, collateral ventilation positive phenotype;
CV—, collateral ventilation negative phenotype; LP, low-plateau
phenotype; LF, low-flow phenotype; RUF, right upper lobe fissure;
RMF, right major fissure; LMF, left major fissure.

inter- and interobserver variability [18]. Key factors af-
fecting the outcome are adequate sedation, analgesia, and
secretion management [23]. In flexible bronchoscopies,
sedation must be sufficient to keep periprocedural cough-
ing and movements to an absolute minimum, while ap-
neic episodes should be avoided. HF jet ventilation is a
safe and frequently used ventilation mode during flexible
and rigid bronchoscopies, as it delivers a gas mix as a
high-pressure stream to the bronchial system using rates
of 60-300 breaths/min, thereby keeping airways and al-
veoli almost motionless [24-26]. Even though data about
the use of HF jet ventilation are lacking, in our experience

414 Respiration 2022;101:408-416
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it is widely used in most German centers specialized in
emphysema treatment.

Procedural sedation in spontaneous breathing usually
allows lighter sedation depths, while an advantage of high
jet ventilation is the possibility to better sedate the patient
thereby improving conditions for Chartis assessments.
However, sedation technique and ventilation mode
should be chosen according to the patients cardio-/respi-
ratory needs.

CV-was more commonly found at the LMF, while CV
+ appeared to be more prevalent with the RUF (formed
by the right minor fissure and parts of the RMF). In line
with previous studies, the FCS was less accurate predict-
ing the CV status for the RUF compared to both major
fissures [15]. The exact reason why FCS is inferior at dis-
criminating Chartis phenotypes for the RUF is not com-
pletely understood and still under investigation [15]. In
our study, HF jet ventilation was able to predict FCS more
accurately for the RUF. Data showing clinical outcomes
of valve treatment in lobes with discordant FCS and Char-
tis measurements are lacking. Until then, our study re-
sults should be used with caution as they do not necessar-
ily indicate Chartis measurements of the RUF with jet
ventilation to be superior to spontaneous breathing.

In an earlier study, Gieserich et al. [27] found a sig-
nificantly higher number of the inconclusive LF pheno-
type when performing Chartis measurements using rigid
bronchoscopy combined with HF jet ventilation as com-
pared to flexible bronchoscopy and spontaneous breath-
ing. This might be due to deeper sedation used for this
setting, potentially causing more collapse phenomena in
the bronchi. As a consequence, the investigators suggest-
ed that Chartis assessment should be performed under
flexible bronchoscopy and spontaneous breathing as op-
posed to rigid bronchoscopy and HF jet ventilation [27].
However, data were drawn from two different patient co-
horts at two different time periods and not by intraindi-
vidual comparisons during the same bronchoscopy, un-
like our study. Another study showed that general anes-
thesia did not affect Chartis results compared to periodic
sedation [17].

Independent of the ventilation mode, inconclusive
Chartis phenotypes remain a challenge in clinical prac-
tice. In our study, the LF phenotype appeared more com-
monly in the lower lobes, both with jet ventilation and
spontaneous breathing, making assessment of CV status
more difficult there [18, 27]. The underlying mechanisms
of the LF/collapse phenotype are poorly understood. In
emphysema, chronic inflammatory changes cause nar-
rowing of the airways, thus increasing small airway resis-
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tance [28]. It has been suggested that Chartis assessment
might increase airflow in obstructive airways during ex-
piration where valves in the Chartis console are open, re-
sulting in a sudden collapse of distal airways [29]. A pos-
sible explanation why LF appears more commonly in the
lower lobes might be a combination of airway instability
in emphysema and the close contact to the diaphragm
causing an early collapse of the adjacent lobe. The second
inconclusive Chartis phenotype LP is visually character-
ized by a continuous decrease in airflow, finally stabiliz-
ing at a plateau and is a rare phenotype equally distrib-
uted among all analyzed fissure. A possible explanation
could be that microcollaterals open toward the end of
Chartis assessment placing this phenotype as an interme-
diate between CV+ and CV- [18]. Due to the more fre-
quent appearance of inconclusive phenotypes in the low-
er lobes, we recommend to assess the upper lobes first. If
an inconclusive phenotype is obtained, the adjacent lobes
should be investigated.

In our study, high concordance rates between Chartis
measurements in spontaneous breathing and HF jet ven-
tilation were reached. Nevertheless, approximately
10-15% of Chartis assessments were discordant irrespec-
tive of the assessed fissure and no correlation to the FCS
was found. The exact pathomechanisms of discordant re-
sults remain unclear. Probably they have a multifactorial
etiology. For example, periprocedural coughing, muscle
pressing, endobronchial secretions, or changes in the se-
dation depths or slightly different balloon placements
have an effect on Chartis assessment. In addition, periph-
eral mucous movement or changes of the muscular air-
way tonus might cause discordant results. To increase di-
agnostic accuracy, we recommend to assess a target lobe
at least twice, whereby the value of multiple Chartis as-
sessments of the same lobe should be addressed in further
studies. However, the Chartis results should always be in-
terpreted in the context of the FCS according to Koster et
al. [14] suggested.

Due to the retrospective nature of this study, selection
bias might have been present. However, the large number
of included Chartis assessments performed by various ex-
perienced examiners reduces this theoretical bias. Anoth-
er limitation was the lack of functional data linking endo-
bronchial valve treatment response and Chartis outcome
in spontaneous breathing and HF jet ventilation, even
though additional insight might be limited, since no rel-
evant difference between the two ventilation modes was
found. Unfortunately, not every lobe was assessed in all
patients, which would have allowed a more complete pic-
ture of fissure integrity and the distribution of Chartis

Impact of Ventilation Modes on
Bronchoscopic Chartis Assessment

phenotypes. Chartis assessments were performed in the
same order (first assessment in spontaneous breathing
and second assessment in HF jet ventilation); however, at
least theoretically, a random order might have impact on
the results.

In conclusion, Chartis assessment is a useful and well-
reproducible tool to determine CV status. The ventilation
mode does not impact Chartis outcome, and ventilation
should be mainly be selected according to the patients’
cardio-/respiratory needs. In our experience, the target
lobe should be assessed at least twice for better accuracy.
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