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Purpose: Bronchoscopic thermal vapor ablation (BTVA) is a minimally invasive treatment for severe emphysema. However, the
treatment doses are typically generated at the segmental level. In specific cases, treatment needs to be conducted at the subsegmental
level, and the proportion can only be roughly allocated based on CT image review, potentially leading to dose mismatch. This
retrospective exploratory study investigated the relationship between subsegmental dose accuracy (theoretical-to-actual matching) and
clinical outcomes following BTVA.

Methods: Patients who underwent BTVA at the Shanghai Chest Hospital between 2023 and 2024 were analyzed. Subsegmental
theoretical doses (BroncQCT software) were compared to previously administered actual treatment doses. Dose matching was defined
as: 1) segmental treatments were presumed matched (uniform vapor assumption), 2) subsegmental treatments required <10% deviation
between actual and theoretical dose ratios (JActual ratio - Theoretical ratio| x 100%). Patients with >10% deviation or BroncQCT-
identified nontarget subsegments were unmatched. Clinical parameters at 1, 3, 6, and 12 months after single treatment were compared.
Results: Among 21 patients (15 matched, 6 unmatched), the mean changes in FEV, for the overall cohort were +70mL at 1 month (n
=19, P = 0.018), +90mL at 3 months (n = 14, P = 0.056), and +130mL at 6 months (n = 8, P = 0.015). The matched group
demonstrated superior median increases compared to unmatched patients (+150mL [n = 9] vs +10mL [n = 5]; P = 0.012) at 3 months
where between-group differences were maximal. Similar trends were observed at 1 month (median +110mL [n = 14] vs OmL [n = 5];
P = 0.044) and 6 months (median +150mL [n = 5] vs +60mL [n = 3]; P = 0.036). Adverse events (including two late deaths in
comorbid patients) were documented, though small sample sizes prevent definitive safety conclusions.

Conclusion: This exploratory study found that subsegmental dose matching was associated with greater FEV, changes after BTVA.
These hypothesis-generating findings require prospective validation in a randomized controlled trial (NCT06152107).

Keywords: bronchoscopic thermal vapor ablation, BTVA, chronic obstructive pulmonary disease, COPD, emphysema, bronchoscopic
lung volume reduction, BLVR
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Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity, disability, and mortality worldwide,'
primarily manifests as chronic bronchitis and emphysema.” The main characteristics of the emphysema phenotype are
progressive enlargement of the airspaces and destruction of alveoli, resulting in a reduced surface area for gas exchange,
leading to progressive dyspnea and decreased quality of life.** Conventional pharmacological treatments for COPD have
limited efficacy in severe emphysema.” Lung volume reduction surgery (LVRS) was initially proposed as the treatment
option for emphysema.® This surgical procedure entails removal of the most severely damaged lung regions, allowing
healthier lung tissue to function more efficiently.” Despite substantial evidence supporting the effectiveness of LVRS, its
adoption remains limited,® likely due to the associated surgical risks,” and there has been growing interest in nonsurgical
alternatives that can provide similar benefits.® Recently, bronchoscopic lung volume reduction (BLVR) techniques have
gained increasing attention. These techniques include bronchoscopic thermal vapor ablation (BTVA), endobronchial
valves (EBV),'>!"" and lung volume reduction coils (LVRC),'*'? all of which are recommended by the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) guidelines' to reduce hyperinflation in severe emphysema.

BTVA is a minimally invasive technique for severe emphysema. This procedure delivers heated water vapor via
bronchoscopy, inducing a localized inflammatory response that reduces the volume of emphysematous segments.'
Unlike EBV and LVRC, BTVA requires no foreign device implantation, distinguishing its approach and avoiding long-
term implant management. By reducing the volume of severely affected emphysematous regions, BT VA has the potential
to improve lung function, as evidenced by the STEP-UP study, which found an average relative increase of 14.7% in
forced expiratory volume in 1 second (FEV;) and a decrease of 9.7 points in St George’s Respiratory Questionnaire for
COPD Patients (SGRQ-C) score after 6 months.’ In patients with collateral ventilation (CV), BTVA led to a 9.2%
improvement in FEV; at 12 months, compared to a 5.4% decrease in the control group (between-group difference of
14.6%).'® Whereas STEP-UP established the benefits of segmental-level targeting by addressing interlobar heterogeneity,
this approach ignored existing subsegmental heterogeneity, which might even affect vapor distribution and therapeutic
outcomes.

Previous studies have focused on BTVA treatment at the segmental level, targeting the most severely affected lung
segments. In certain cases, treatment was administered to the subsegments due to a short segmental bronchus, large
segment volume (>10s vapor delivery, exceeding the device’s single-dose limit), or unfavorable catheter angle raising
concerns of uneven vapor distribution. However, emphysema severity varies markedly among subsegments within
a single segment, implying that subsegmental heterogeneity critically influences the treatment outcomes. Notably,
subsegmental therapy dosing was often guided by computed tomography (CT) estimates, not precise measurements,
risking unmatched dosing. Recent advances in quantitative CT (QCT) software (eg, BroncQCT) now enable precise
subsegmental-level emphysema quantification and theoretical vapor dose calculation, providing a tool to optimize
targeting. In this study, we conducted a QCT-based subsegmental analysis to retrospectively evaluate whether more

accurate treatment dosing at this level is associated with patient outcomes.

Methods

Study Population
This retrospective study included all patients who underwent BTVA treatment at Shanghai Chest Hospital between
January 2023 and December 2024. To reflect real-world clinical practice, no formal inclusion/exclusion criteria were
applied at the screening stage, all BTVA cases performed during this period were systematically captured in the study.
Patient selection for BTVA at our center was primarily based on comprehensive evaluation incorporating key criteria,
including (1) heterogeneous emphysema with HI (Heterogeneity Index) >1.2, (2) hyperinflation (RV/TLC >55% and RV
>150% predicted), (3) Severe to very-severe airflow obstruction (GOLD grades 3—4), and (4) no respiratory infections or
COPD exacerbations within 4 weeks prior to the procedure.

This retrospective study was approved by the Ethics Committee of Shanghai Chest Hospital (No. 1S25023) in
accordance with the Declaration of Helsinki, with waiver of informed consent granted for retrospective data analysis.
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Data Collection

Patients were routinely suggested to undergo follow-up visits at 1, 3, 6, and 12 months postoperatively. Baseline and
follow-up data were collected, including demographic characteristics, imaging findings, pulmonary function test results
[FEV,, forced vital capacity (FVC), residual volume (RV), and total lung capacity (TLC)], 6-minute walking test
(6MWT) measured by certified pulmonary function technicians according to ATS guidelines (2002),!” and symptom
scores [using validated Mandarin Chinese versions: the COPD Assessment Test (CAT) and modified Medical Research
Council (mMRC) dyspnea scale from the Chinese COPD Guidelines (2021),'"® and St. George’s Respiratory
Questionnaire (SGRQ) China /Mandarin Chinese version - “Past 4 weeks” version]. To ensure comparability, only the
data collected after a single treatment were compared, despite some patients having undergone sequential treatment. All
adverse events were retrospectively graded according to CTCAE v5.0 criteria'® and classified as early phase (0-30 days
post-BTVA) or late phase (31-365 days) based on documented occurrence. Events were independently adjudicated by
two senior pulmonologists with cross-verification to ensure consensus.

Consistent with prior studies,”?**' we also analyzed the proportion of patients achieving the minimal clinically
important difference (MCID) for key endpoints: FEV% (=12%), FEV, (=0.1L), SGRQ (<-8 points), and
6MWT (226 m).

BTVA Treatment

The BTVA procedure utilized the InterVapor® system, developed by Uptake Medical Technology, Inc. (Seattle, WA,
USA) and is now owned by Hangzhou Broncus Medical Co., Ltd. (Hangzhou, Zhejiang, China). Pre-procedural High-
Resolution CT (HRCT) scans were acquired following the Broncus Medical InterVapor CT Scan Protocol (detailed
parameters in Supplementary File S1). Scans were analyzed using a quantitative CT software to determine the treatment

area and vapor dose. Under general anesthesia, an InterVapor catheter was introduced into the target area via the
bronchoscope. After balloon inflation for airway sealing, heated sterile water vapor was delivered. In certain cases,
treatment was administered to each subsegment of the target lung segment for the aforementioned reasons. For patients
prior to the implementation of the precise subsegmental analysis, physicians determined subsegmental vapor dose
distribution empirically based on CT findings. For patients following the implementation of the subsegmental analysis,
software-guided dose allocation was implemented.

Grouping Based on Dose Matching

BroncQCT software (Hangzhou Broncus Medical Co., Ltd., Zhejiang, China, version 1.0.3) can calculate the tissue
volume, air volume, and low-attenuation area at 950 HU (LAA-950) at both the segmental and subsegmental levels. All
automated segmentations at these levels were mandatorily reviewed and confirmed by an experienced bronchoscopist
before formal analysis. In addition, the software provides calculations for the theoretical vapor dose, targeting the optimal
thermal ablation (8.5 cal/g), with detailed computational methodology described in our published protocol.*?

To evaluate the accuracy of subsegmental dosing, we categorized patients into matched and unmatched groups based
on BroncQCT-guided theoretical dosing versus actual clinical delivery. For segmental treatments, we assumed a uniform
vapor distribution (matched by default). For subsegmental treatments, we assessed matching using the dose-ratio
difference method:

1. Actual dose ratio: dose to subsegment A/subsegment B (per procedural record).

2. Theoretical dose ratio: dose of subsegment A/subsegment B (per BroncQCT calculation).

3. Mismatch threshold: Cases with |Actual dose ratio — theoretical dose ratio|x 100% >10% were classified as
unmatched. Patients with any subsegment(s) deemed unnecessary for treatment by BroncQCT analysis were also
unmatched.

Example Case
1. Actual dose ratio: 5.2s (RBla) / 5.2s (RB1b) = 1.
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2. Theoretical dose ratio: 4.3s (RBla) / 7.1s (RB1b) = 0.61.
3. Mismatch calculation: |1.0—0.61] x 100% = 39% (>10% was classified as unmatched).

An overview of the patient’s lung treatment is shown in Figure 1a, and a focused subsegmental analysis of RB1 is shown
in Figure 1b.

Statistics

Descriptive statistics for baseline characteristics are presented as mean + standard deviation (SD) for normally
distributed data and median (IQR) for non-normal data. Efficacy analysis was performed to compare baseline and
post-treatment changes using paired t-tests (normal data) or paired Wilcoxon signed-rank tests (non-normal data).
Between-group comparisons (matched vs unmatched) were performed using the Mann—Whitney U-test for variables
(expressed as median [IQR]) and Fisher’s exact test for adverse events. Within-group comparisons were performed
using a paired Wilcoxon signed-rank test. Correlation analyses between mismatch degree and other parameters were
conducted using Spearman’s rank correlation. Effect sizes for between-group comparisons were quantified using
Cliff’s Delta (95% CI; calculated via the function cliff.delta in the R package effsize 0.8.1). For multiple testing
corrections, false discovery rate (FDR)-adjusted p-values were generated using the Benjamini-Hochberg method
(implemented via R function p.adjust). Potential confounding factors were addressed using linear mixed-effects
models. All analyses were performed using SPSS 24.0 (IBM, Armonk, NY, USA) and R version 4.3.1 (R
Foundation for Statistical Computing, Vienna, Austria), with two-tailed tests and statistical significance set at
P <0.05.

Results

Twenty-one patients underwent BTVA treatment at the Shanghai Chest Hospital between January 2023 and
December 2024. At the 1-month follow-up, 2 patients missed visits and 1 lacked questionnaire data. By 3 months, 2
patients had undergone the second BTVA procedure (excluded from analysis), 5 had missed visits, and 2 lacked CT data.
At 6 months, 4 patients underwent the second procedure, 1 died, 4 missed visits, and 4 provided questionnaires only. By
12 months, 7 underwent the second procedure, 2 died, 6 missed visits, and 1 provided questionnaires only. Detailed
individual patient follow-up records are presented in Supplementary File S2, Table S1. Pulmonary function tests
consistently included FEV, and FVC, although the RV and TLC data were incomplete.

Baseline Characteristics

The baseline characteristics of the patients are summarized in Table 1. All 21 patients were male, with a median age of 69
years and mean BMI of 22.48 kg/mz. Importantly, these patients had severe airflow limitation (mean FEV % 28.25%
+8.82%, range 11-44.8%); FEV,% was >15% in all but one patient, with the most severe case at 11%. All patients
demonstrated significant hyperinflation (RV >150%) and clinically significant dyspnea (mMRC > 2), consistent with an
advanced disease.

Efficacy Outcomes

Changes in pulmonary function, exercise performance, quality of life, and target lung volume at 1, 3, 6, and 12
months post-treatment relative to baseline are shown in Table 2 and Figure 2. The changes in FEV, at 1 and 6
months post-treatment was statistically significant, with mean increases of 70 mL (n = 19) and 130 mL (n = 8),
respectively. SGRQ scores showed significant changes at all time points (1, 3, 6, and 12 months), with mean changes
of —=17.62 (n = 18), —11.16 (n = 14), —14.32 (n = 12), and —20.02 (n = 6), respectively. Additionally, the target lung
volume, as assessed using QCT, demonstrated significant changes at 1, 3, 6, and 12 months post-treatment, with
median changes of —168.50 mL (n = 18), —148.50 mL (n = 12), —157.00 mL (n = 7), and —109.00 mL (n = 6),
respectively.
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CT Preview Quantification
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Figure | BroncQCT Analysis Results. (a) Lung segment treatment overview; (b) Subsegmental analysis of RBI and RB3.
Abbreviation: DNT, Do Not Treat.
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Table | Baseline Characteristics

Mean t SD/Median (IQR) 95% CI Patients, n
Demographic Characteristics
Age (years) 69 (6) 65.42 ~ 70.48 21
BMI (kg/m?) 22.48+2.44 2143 ~23.52 21
Height (cm) 169.67+4.55 167.72 ~ 171.61 21
Weight (kg) 64.71+7.48 61.52 ~ 67.91 21
Lung Function
FEV, (L) 0.78+0.25 0.68 ~ 0.89 21
FEV,% predicted 28.25+8.82 24.48 ~ 32.02 21
FVC (L) 1.85+0.53 1.62 ~ 2.07 21
FVC% predicted 48.60+12.79 43.12 ~ 54.07 21
RV (L) 5.96+0.94 5.56 ~ 6.36 21
RV% predicted 200.44+31.48 186.98 ~ 213.91 21
TLC (L) 7.90+0.82 7.55 ~ 825 21
TLC% predicted 143.30+13.42 137.55 ~ 149.04 21
RVITLC (%) 75.27+6.57 72.46 ~ 78.08 21
Exercise performance and quality of life
mMRC 3() 2.80 ~ 3.39 21
CAT 25.24+7.29 22.12 ~ 2835 21
SGRQ 69.52£19.19 6131 ~77.73 21
6MWT 284.67+121.96 222.95 ~ 346.39 15%
QCT
Target volume (mL) 713.00£213.96 621.49 ~ 804.51 21

Note: * 3 cases unable to complete due to poor physical condition, 3 cases with missing data.
Abbreviations: SD, Standard Deviation; IQR, Interquartile Range; BMI, Body Mass Index; FEV,, Forced
Expiratory Volume in | second; FVC, Forced Vital Capacity; RV, Residual Volume; TLC, Total Lung
Capacity; mMRC, modified Medical Research Council dyspnea scale; CAT, COPD Assessment Test;
SGRQ, St. George’s Respiratory Questionnaire; 6MWT, 6-Minute Walk Test; QCT, Quantitative
Computed Tomography.

Baseline Comparison Between Matched and Unmatched Groups

The study included 21 patients: 7 treated at the segmental level and 14 at the subsegmental level (8 pre-implementations
and 6 post-implementations of precise subsegmental analysis). 6 pre-implementation subsegmental cases showed a >10%
absolute difference between the actual and theoretical dose ratios (unmatched group), whereas the remaining 8 subseg-
mental and 7 segmental cases comprised the matched group (n = 15).

Baseline characteristics (Table 3) revealed no significant differences in lung function, such as FEV;, FVC, RV, RV/
TLC, or target volume, between the groups. However, a significant age difference was found, with median ages of 68
years and 73 years in the matched and unmatched groups, respectively. Additionally, the mMRC scores differed
significantly, with median scores of 3 in the matched group (n = 15) and 4 in the unmatched group (n = 6).

Comparison of Efficacy Outcomes Between Matched and Unmatched Groups

The matched group showed significantly greater median changes in FEV; than the unmatched group at 1 month
(+110 mL [n = 14] vs 0 mL[n = 5]; P = 0.044), 3 months (+150 mL [n = 9] vs +10 mL [n = 5]; P = 0.012), and 6
months (+150 mL [n = 5] vs +60 mL [n = 3]; P = 0.036) post-treatment (Table 4). Changes from baseline in FEV, FVC,
RV/TLC, and CAT at 1, 3, 6, and 12 months post-treatment in both the groups are shown in Figure 3. While non-
significant, consistent directional trends were observed in the matched group for FVC changes (3-month: +0.39L [n = 9]
vs +0.16L [n = 5], P =0.147), RV/TLC changes (3-month: —5.88% [n = 7] vs —3.46% [n = 4], P = 0.273) and CAT score

International Journal of Chronic Obstructive Pulmonary Disease 2026:21
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Table 2 Efficacy Outcomes of BTVA

Mean * SD/ 95% CI Patients, P
Median (IQR) n
AFEV,, L
| months 0.07£0.12 0.02 ~0.12 19 0.018
3 months 0.09£0.17 0.0l ~0.18 14 0.056
6 months 0.13£0.12 0.05 ~ 0.22 8 0.015
12 months 0.07£0.22 -0.12 ~ 0.27 5 0.491
AFEV,, %
| months 2.51+£4.05 0.68 ~ 4.33 19 0.015
3 months 3.17+6.16 —0.06 ~ 6.40 14 0.076
6 months 4.68+4.02 1.89 ~ 7.46 8 0.013
12 months 2.28+8.62 —5.28 ~9.84 5 0.586
AFVC, L
| months 0.20+£0.41 0.02 ~ 0.38 19 0.046
3 months 0.34 (0.25) 0.03 ~ 0.50 14 0.030
6 months 0.59+0.31 0.37 ~ 0.8l 8 0.001
12 months 0.36£0.65 -0.21 ~0.93 5 0.282
AFVC, %
I months 5.37£10.52 0.64 ~ 10.10 19 0.039
3 months 7.95 (8.33) 0.63 ~ 13.63 14 0.030
6 months 15.45+8.53 9.54 ~21.36 8 0.001
12 months 9.26+18.00 —6.52 ~ 25.04 5 0314
ARV, L
I months —0.78%1.41 —1.45 ~-0.11 17 0.037
3 months —0.44£1.19 —1.14 ~ 0.27 I 0.252
6 months —0.57+0.65 —1.05 ~ -0.09 7 0.058
12 months —0.27+0.86 —1.02 ~ 0.48 5 0.520
ARY, %
| months —26.09+47.31 —48.59 ~ —-3.60 17 0.037
3 months —1.90 (62.4) —1.14 ~ 0.27 I 0.374
6 months —21.67+22.43 —38.29 ~ -5.05 7 0.043
12 months —13.00+27.87 —37.43 ~11.43 5 0.356
ARV/TLC, %
| months —5.2947.37 -879 ~—1.78 17 0.009
3 months —4.99+5.44 -820 ~—1.78 I 0.012
6 months —6.3315.51 —1041 ~-2.25 7 0.023
12 months —3.954£7.29 —0.10 ~ 0.02 5 0.292
AmMRC
| months 0.00 (1.00) -1.22 ~-0.12 18 0.026
3 months 0.00 (1.00) -0.62 ~—0.10 14 0.025
6 months 0.00 (0.25) —-1.07 ~ 0.07 12 0.109
12 months 0.00 (0.75) =117 ~0.17 6 0.180
ACAT
| months —6.00+£9.27 -10.28 ~ —1.72 18 0.014
3 months —2.57+4.93 —5.15 ~ 0.0l 14 0.073
6 months —4.50+4.83 -723 ~-1.77 12 0.008
12 months —6.17+8.77 —13.19 ~ 0.85 6 0.146
ASGRQ
| months —17.62+21.43 —27.52 ~-7.72 18 0.003
3 months —11.16+15.24 -19.14 ~-3.18 14 0.017
6 months —14.32+20.89 —26.14 ~ —2.50 12 0.037
12 months —20.02+10.71 —2859 ~—11.45 6 0.006
(Continued)
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Table 2 (Continued).

Mean * SD/ 95% CI Patients, P
Median (IQR) n
A6MWT, m
| months 52.00 (66.00) —6.05 ~ 113.28 13 0.133
3 months 35.20+60.06 —17.45 ~ 87.85 5 0.260
6 months 51.00 (29.00) 15.34 ~ 84.66 4 0.068
12 months 70.50 (98.50) —122.56 ~ 263.56 2 0.655
ATarget volume, mL
| months —168.50 (119.75) —288.34 ~ —147.88 18 0.001
3 months —148.50 (171.50) —333.69 ~ —122.81 12 0.002
6 months —157.00 (59.50) —356.51 ~—92.34 7 0.018
12 months —109.00 (163.50) —348.88 ~ 10.54 6 0.046

Abbreviations: SD, Standard Deviation; IQR, Interquartile Range; FEV|, Forced Expiratory Volume in
| second; FVC, Forced Vital Capacity; RV, Residual Volume; TLC, Total Lung Capacity; mMRC, modified
Medical Research Council dyspnea scale; CAT, COPD Assessment Test; SGRQ, St. George’s Respiratory
Questionnaire; 6MWT, 6-Minute Walk Test.

changes (1-month: =5 [n = 13] vs +3 [n = 5], P = 0.059). The complete data are presented numerically in Table 4 and
visually in Figure 3.

Although only a few comparisons between the two groups showed statistically significant differences, the trends
observed in the line graphs suggested that the matched group generally exhibited better outcomes. Additionally, we
assessed correlations between mismatch degree and changes in FEV;, FVC, RV/TLC, and CAT scores (Supplementary
File S2, Figure S1). FEV, improvement tended to demonstrate stronger negative correlations with mismatch degree than

other parameters. Binary responder analyses for FEV;, SGRQ, and 6MWT are summarized in Supplementary File S2,

Table S2. At 3 months post-procedure, 78% (7/9) of patients in the matched group achieved a clinically significant FEV,
improvement (=0.1 L), compared to 0% (0/5) in the unmatched group.

To assess the robustness of our primary findings, sensitivity analysis using a 15% mismatch threshold (Supplementary
File S2, Table S3) demonstrated consistent therapeutic differences between matched and unmatched groups. Importantly,

this analysis revealed statistically significant difference in CAT scores at 1-month post-procedure (P = 0.038).

Given the observed baseline differences in age and mMRC scores between groups, we performed adjusted analyses
using linear mixed-effects models controlling for these covariates. The adjusted models revealed a statistically significant
difference in CAT scores at 1 month (adjusted P = 0.04) while other outcome differences became non-significant
compared to unadjusted analyses, detailed results are presented in Supplementary File S2, Table S4. Since this was an

exploratory analysis without prespecified endpoints, we applied FDR correction to account for multiple comparisons. All
between-group differences became nonsignificant after adjustment (Supplementary File S2, Table S5), but we present

these results for transparency.

Safety Outcomes

Adverse events are summarized in Table 5. Hemoptysis occurred in 6 patients (28.6%) within the first week post-
treatment, all of which resolved completely after oral administration of Yunnan Baiyao or Carbazochrome Tablets. Other
adverse events included exacerbation of COPD (19.0%), pneumonia (9.5%), increased dyspnea (9.5%), increased sputum
production (9.5%), and chest pain (4.8%). Most cases occurred within the first month and responded well to treatment
with no significant between-group differences.

Two deaths were reported, first at 4 months and the second at 11 months. The first patient (male, 68 years old) had
severely impaired baseline pulmonary function (FEV, 21.2%, DLCO 38.1%), high symptom burden (mMRC 4, CAT 29),
and comorbidities (coronary atherosclerosis, pulmonary hypertension). At the 1- and 3-month follow-ups, FEV,
increased by 2.8% and 4.8%, respectively, from baseline. The second patient (male, 70 years old), with severe baseline
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Figure 2 Changes in clinical outcomes compared to baseline. The line graph showing changes in (a) FEV|, (b) FVC, (c) RV/TLC, (d) target volume, (e) CAT, and (f) SGRQ at
I, 3, 6, and 12 months. All values are presented as means, except for target volume, which is presented as the median. *indicates a statistically significant change compared to
baseline.

impairment (FEV; 32.8%, DLCO 31.4%) and comorbidities (diabetes and hypertension), demonstrated early post-
treatment improvement (FEV; +5.2%, 6 MWT +52m at 1 month). Causality assessment (procedure-relatedness) was
not formally adjudicated in this study, consistent with its retrospective exploratory design.

Discussion

Patients with COPD often continue to deteriorate despite optimal pharmacological therapy, particularly in advanced
emphysema, where hyperinflation and alveolar destruction impair lung function.’ Although LVRS is effective, its
invasiveness limits widespread use.” Bronchoscopic techniques (eg, valves, coils, and vapor ablation) offer less-
invasive alternatives for emphysema, although their success depends on careful patient selection.’ The persistent lack
of novel drug therapies has highlighted the need for interventional approaches.”* This study evaluated whether achieving
accurate subsegmental dosing in BTVA correlates with improved clinical outcomes in severe emphysema, which may
refine current treatment strategies for better therapeutic precision.

BTVA is a bronchoscopic lung volume reduction procedure that uses heated water vapor to induce lung lobe volume
reduction through an inflammatory process, without the need for implants.** In this study, BTVA treatment led to
significant improvements in FEV, and FVC, with a reduction in RV, as well as an improvement in patient symptoms, as
indicated by the mMRC, CAT, and SGRQ scores. The STEP-UP study (treatment group n = 45, control group n = 24)
reported between-group differences of +80.5 mL in FEV, and —6.6 points in SGRQ at 3 months post-treatment.” By
comparison, our study observed within-group changes of +90 mL in FEV; and —11.16 points in SGRQ at the same
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Table 3 Baseline Characteristics Between Matched and Unmatched Groups

Matched Group (N=15), Median Unmatched Group (N=6), Median P
(IQR) (IQR)
Demographic Characteristics
Age (years) 68.00 (6.50) 73.00 (0.75) 0.005
BMI (kg/m?) 22.14 (3.00) 23.39 (241) 0.791
Height (cm) 171.00 (6.50) 168.00 (2.75) 0.622
Weight (kg) 65.00 (8.50) 66.00 (9.75) 1.000
Lung Function
FEV, (L) 0.81 (0.30) 0.85 (0.26) 0.424
FEV,% predicted 27.10 (8.80) 33.45 (12.50) 0.178
FVC (L) 1.76 (0.86) 1.74 (0.64) 0.470
FVC% predicted 45.90 (17.65) 49.90 (18.55) 0.850
RV (L) 5.80 (1.02) 5.23 (1.83) 0.381
RV% predicted 200.10 (30.80) 173.15 (38.60) 0.302
RV/TLC, % 77.35 (10.21) 74.13 (11.18) 1.000
Exercise performance and quality of life
mMRC 3.00 (0.50) 4.00 (0.75) 0.029
CAT 25.00 (8.00) 29.00 (8.00) 0.055
SGRQ 66.06 (27.47) 80.81 (14.09) 0.080
6MWT ? 324.00 (153.50) 213.50 (209.25) 0.280
QCT
Target volume, mL 626.00 (173.00) 877.50 (367.50) 0.063

Note: * Matched group (N=11), Unmatched group (N=4).

Abbreviations: IQR, Interquartile Range; BMI, Body Mass Index; FEV, Forced Expiratory Volume in | second; FVC, Forced Vital Capacity; RV,
Residual Volume; TLC, Total Lung Capacity; mMRC, modified Medical Research Council dyspnea scale; CAT, COPD Assessment Test; SGRQ,
St. George’s Respiratory Questionnaire; 6MWT, 6-Minute Walk Test; QCT, Quantitative Computed Tomography.

timepoint (n = 14). At 6 months post-treatment, the STEP-UP study reported an absolute difference in FEV of 130.8 mL
between the treatment and control groups, whereas in this study, FEV, increased by 130 mL (n = 8) from baseline. While
differences in study design (controlled trial vs uncontrolled cohort) and sample size preclude direct comparison, the
observed trends were directionally consistent with STEP-UP.

Although BTVA treatment has shown promising results, it still has the potential to improve treatment precision.
The previous QCT software could only estimate treatment doses at the segment level, which posed challenges when
the treatment had to be divided into subsegments. In such cases, the distribution of doses across subsegments is
often estimated to be 1:1, 2:1, or 3:1, which could result in potential inaccuracies in dose allocation. In this study,
BroncQCT, a new software capable of assessing emphysema severity at the subsegment level, was used to allow for
more precise dose allocation. Based on this analysis, patients were classified into dose-matched and dose-unmatched
groups. The results showed that the dose-matched group experienced greater changes in FEV; 1, 3, and 6 months
post-treatment, with statistically significant differences between the two groups. Similar trends were observed in
FVC, RV/TLC, CAT, and SGRQ scores. While baseline pulmonary function (FEV,, FVC, RV/TLC) and exercise
capacity (6MWT) were comparable between groups, we acknowledge that differences in age and mMRC scores may
introduce confounding bias. Our adjusted analyses demonstrated that only the 1-month CAT score difference reached
nominal significance after controlling for these confounders (adjusted P = 0.04), whereas the unadjusted analysis
showed borderline significance (P = 0.059) and other outcomes lost statistical significance entirely, a pattern
potentially attributable to limited statistical power in this exploratory study. Furthermore, broader clinical adoption
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Table 4 Efficacy Outcomes Between Matched and Unmatched Groups

Matched Group (N=15) Unmatched Group (N=6) pP“ Effect Sizes Cliff’s Delta
) , ) , (95% CI)
Median (IQR) n P Median (IQR) n P
AFEV,, L
| months 0.1'1 (0.13) 14 | 0.023 0.00 (0.01) 5 | 0593 | 0.044 0.61 (0.10, 0.87)
3 months 0.15 (0.07) 9 0.013 0.01 (0.05) 5 | 0785 | 0.012 0.82 (0.15, 0.97)
6 months 0.15 (0.09) 5 0.043 0.06 (0.05) 3 | 0285 | 0.036 1.00 (0.59, 1.00)
12 months 0.19 (0.18) 3 0.109 —0.11 (0.08) 2 | 0.180 | 0.200 1.00 (—0.41, 1.00)
AFEV, %
| months 3.15 (3.90) 14 | 0013 0.50 (1.00) 5 | 0500 | 0.087 0.53 (-0.05, 0.84)
3 months 4.80 (1.10) 9 0.015 0.80 (2.00) 5 | 0893 | 0.0I9 0.78 (0.16, 0.96)
6 months 4.30 (3.40) 5 0.043 2.30 (1.75) 3 | 0285 | 0071 0.87 (0.23, 0.98)
12 months 6.90 (6.60) 3 0.109 —4.95 (4.25) 2 | 0.180 | 0.200 1.00 (—0.41, 1.00)
AFVC, L
| months 0.26 (0.47) 14 | 0.124 0.1'1 (0.15) 5 | 0225 | 0.622 0.17 (-0.42, 0.66)
3 months 0.39 (0.18) 9 0.011 0.16 (0.62) 5 | 0893 | 0.147 0.51 (-0.21, 0.87)
6 months 0.48 (0.54) 5 0.043 0.49 (0.27) 3 | 0109 | 0.786 0.20 (-0.69, 0.85)
12 months 0.66 (0.66) 3 0.109 —0.14 (0.00) 2 | 0.180 | 0.200 1.00 (—0.41, 1.00)
AFVC, %
| months 6.75 (13.53) 14 | 0.l116 4.00 (3.90) 5 10279 | 0.687 0.14 (-0.43, 0.63)
3 months 8.20 (6.20) 9 0.011 4.30 (18.30) 5 | 0893 | 0.298 0.36 (—0.42, 0.83)
6 months 11.90 (13.10) 5 0.043 15.00 (8.35) 3 |0.109 | 0.786 0.20 (-0.69, 0.85)
12 months 17.20 (18.15) 3 0.109 —4.50 (1.40) 2 | 0.180 | 0.200 1.00 (—0.41, 1.00)
ARV, L
I months —0.88 (0.86) 13 | 0.033 —1.43 (1.74) 4 | 0465 | 0.624 0.19 (-0.37, 0.65)
3 months —0.86 (1.99) 7 0.237 0.07 (0.90) 4 | 1.000 | 1.000 0.07 (-0.62, 0.70)
6 months —0.62 (1.27) 4 0.273 —0.84 (0.41) 3 | 0.109 | 1.000 0.00 (—0.83, 0.83)
12 months —0.80 (0.85) 3 0.285 —0.05 (0.75) 2 | 0.655 | 0.400 —0.50 (—0.92, 0.45)
ARV, %
| months —25.40 (26.80) 13 | 0.033 —42.30 (51.40) 4 | 0465 | 0.703 0.15 (-0.38, 0.61)
3 months —32.30 (73.20) 7 0.398 4.40 (27.75) 4 | 1.000 | 1.000 0.07 (-0.62, 0.70)
6 months —24.85 (39.60) 4 0.273 —26.40 (14.55) 3 | 0109 | 0.857 —0.17 (-0.85, 0.73)
12 months —27.30 (30.30) 3 0.285 —3.95 (21.15) 2 | 0.655 | 0.400 —0.67 (—0.98, 0.54)
ARV/ITLC, %
| months —4.20 (6.01) 13 | 0.004 —4.56 (5.96) 4 | 0465 | 0.871 —0.08 (-0.58, 0.47)
3 months —5.88 (7.48) 7 0.018 —3.46 (4.91) 4 | 0273 | 0.648 —0.21 (-0.69, 0.39)
6 months —7.02 (4.89) 4 0.068 —4.51 (6.01) 3 | 0285 | 0.629 —0.33 (0.9, 0.65)
12 months —4.55 (5.81) 3 0.109 2.14 (1.33) 2 | 0.180 | 0.200 —1.00 (-1.00, 0.41)
AmMRC
| months 0.00 (1.00) 13 | 0.042 0.00 (0.00) 5 | 0317 | 0.503 —0.23 (-0.61, 0.23)
3 months 0.00 (1.00) 9 0.046 0.00 (0.00) 5 |0317 | 0518 —0.24 (-0.68, 0.32)
6 months 0.00 (0.00) 7 0317 0.00 (1.00) 5 | 0.180 | 0.530 0.26 (-0.35, 0.71)
12 months 0.00 (1.00) 3 0317 0.00 (0.50) 3 | 0317 | 1.000 —0.1'1 (-0.84, 0.76)
(Continued)
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Table 4 (Continued).

Matched Group (N=15) Unmatched Group (N=6) P Effect Sizes Cliff’s Delta
. b . b (95% ClI)
Median (IQR) n P Median (IQR) n P
ACAT
| months —5.00 (11.00) I3 | 0.006 3.00 (7.00) 5 | 0.785 | 0.059 —0.60 (-0.91, 0.17)
3 months —3.00 (9.00) 9 | 0.090 0.00 (6.00) 5 | 0705 | 0.298 —0.38 (-0.80, 0.29)
6 months —6.00 (4.50) 7 | 0.039 —3.00 (1.00) 5 | 0276 | 0.202 —0.46 (—0.84, 0.24)
12 months —7.00 (1.00) 3 |0.102 —3.00 (13.50) 3 | 0593 | 0.700 —0.33 (-0.91, 0.68)
ASGRQ
| months —21.46 (29.51) 13 | 0.010 —7.67 (0.70) 5 | 0.043 | 0.566 —0.20 (-0.65, 0.36)
3 months —15.66 (22.55) 9 | 0.025 -1.15(9.32) 5 | 0893 | 0.190 —0.47 (-0.85, 0.23)
6 months —1.82 (32.59) 7 | 0.075 —6.45 (8.22) 5 | 0.080 | 1.000 —0.03 (-0.66, 0.63)
12 months —30.65 (9.21) 3 |0.109 —18.80 (7.81) 3 | 0.109 | 0.400 —0.56 (-0.96, 0.61)
A6MWT, m
| months 35.50 (64.50) 10 | 0.139 63.00 (164.00) 3 | 0593 | 0937 —0.03 (-0.78, 0.75)
3 months —14.00 (73.50) 3 0593 50.50 (36.50) 2 | 0.180 | 0.800 -0.17 (-0.92, 0.85)
6 months 51.00 (5.00) 2 |0.180 49.00 (43.00) 2 | 0.180 | 1.000 0.00 (—0.97, 0.97)
12 months —28.00 (0.00) I / 169.00 (0.00) | / 1.000 /
ATarget volume, mL
| months —161.00 (91.00) 13 | 0.001 | —221.00 (118.00) | 5 | 0.043 | 0.924 —0.05 (-0.60, 0.53)
3 months —148.50 (171.00) | 8 | 0.012 | —203.50 (175.25) | 4 | 0.068 | 1.000 0.00 (—0.64, 0.64)
6 months —157.00 (58.00) 5 | 0.043 | —162.50 (30.50) 2 | 0.180 | 0.857 —0.20 (-0.86, 0.71)
12 months —113.00 (185.75) | 4 | 0.068 —63.00 (72.00) 2 | 0.655 | 0.533 —0.50 (-0.96, 0.68)

Note: * P-value comparing the changes from baseline between the matched and unmatched groups. ® P-value compared to baseline.

Abbreviations: IQR, Interquartile Range; FEV,, Forced Expiratory Volume in | second; FVC, Forced Vital Capacity; RV, Residual Volume; TLC, Total
Lung Capacity; mMRC, modified Medical Research Council dyspnea scale; CAT, COPD Assessment Test; SGRQ, St. George’s Respiratory Questionnaire;
6MWT, 6-Minute Walk Test.

of BroncQCT-based dosing for BTVA faces standardization challenges, including the need for advanced broncho-
scopy expertise to perform BTVA precisely and strict adherence to CT acquisition protocols for reliable subseg-
mental analysis.

The adverse events observed in our study (COPD exacerbation, pneumonia, increased dyspnea, and hemoptysis) are

9:1624726 4]though we observed no pneumothorax cases.””'® Notably, one case of non-

consistent with previous reports,
cardiac chest pain resolved within 5 days, a finding that appears to have been previously unreported in research, and we
hypothesize that it may be related to a localized inflammatory response.”* Two late deaths occurred (4 and 11 months
post-procedure), beyond the typical 2-4 week period for BTVA-related localized inflammatory responses.”* COPD
carries a high mortality risk, with 3-year mortality rates of 23.8% and 36.9% for the former GOLD groups B and D,
respectively.”” Notably, patients with FEV; <30% predicted, lower DLCO, emphysema phenotype, or comorbidities
(cardiovascular disease and diabetes) had significantly higher mortality.>*>° Both deceased patients in our study
exhibited baseline FEV; <35%, DLCO <40%, and high-risk comorbidities (atherosclerosis/pulmonary hypertension;
diabetes/hypertension), which is consistent with this profile. Both deaths occurred beyond the peri-procedural period and
involved preexisting comorbidities. However, formal attribution requires cautious interpretation in the absence of
standardized adjudication. Standardized safety adjudication will be implemented in the subsequent RCT
(NCT06152107) to definitively address causality.
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Figure 3 Clinical outcomes in matched and unmatched groups. The line graph illustrates changes in (a) FEV, (b) FVC, (c) RV/TLC, and (d) CAT at 3, 6, and |12 months for
both matched and unmatched groups. All values are presented as medians. The blue * indicate a statistically significant change from baseline in the matched group; the black
indicates a statistically significant difference between the matched and unmatched groups.

This study had several limitations inherent to its retrospective design and small sample size. First, high loss-to-follow-
up rates beyond 3 months (attributable to disease severity, logistical challenges with long-distance travel, and the
retrospective design without mandated close follow-up), a recognized challenge in real-world non-malignant chronic
disease studies, may affect durability assessments and late phase adverse event capture (although early phase events were
systematically recorded, the retrospective nature implies potential underreporting of late phase events). Second, our
primary analysis treated all segmental BTVA as matched (due to the absence of quantitative dose-matching criteria),
though sensitivity analyses supported outcome robustness. Third, while an association was observed between assignment
to the dose-matched group and efficacy outcomes, the limited sample size and baseline imbalances in age and mMRC
scores (despite comparable pulmonary function) may introduce confounding. These gaps motivate our ongoing multi-
center RCT (NCT06152107), which will rigorously assess these findings using standardized protocols, broader demo-
graphics, and enhanced longitudinal monitoring.

Table 5 Adverse Events

Adverse Event CTCAE Total Matched Group (N=15) Unmatched Group (N=6) p®
Grade (N=21)
Early Phase (0 ~ 30 Early Phase (0 ~ 30
Days) Days)
Hemoptysis Grade 2 6 (28.6%) 4 (26.7%) 4 2 (33.3%) 2 1.000
COPD exacerbation Grade 3 4 (19.0%) 3 (20.0%) 2 I (16.7%) | 1.000
Pneumonia Grade 3 2 (9.5%) | (6.7%) | I (16.7%) | 0.500
Increased dyspnea Grade | 2 (9.5%) 2 (13.3%) 2 0 (0.0%) 0 1.000
Increased sputum Grade 2 2 (9.5%) 2 (13.3%) 2 0 (0.0%) 0 1.000
Chest pain Grade | | (4.8%) | (6.7%) | 0 (0.0%) 0 1.000
Death - 2 (9.5%) 2 (13.3%) 0 0 (0.0%) 0 1.000

Note: * P-value comparing the adverse event between the matched and unmatched groups.
Abbreviation: COPD, Chronic Obstructive Pulmonary Disease.
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Conclusion

In this retrospective analysis, subsegment-level dose-matched BTVA was associated with greater FEV, changes versus
unmatched treatments, particularly at 1 month (+110 mL [n = 14] vs 0 mL [n= 5], P = 0.044), 3 months (+150 mL [n=9] vs
+10 mL [n=5], P=0.012), and 6 months (+150 mL [n = 5] vs +60 mL [n = 3], P = 0.036). Limitations include small sample
sizes, incomplete follow-up, and baseline imbalances. These findings require confirmation in our ongoing prospective trial
(NCT06152107), which will assess predefined FEV; endpoints at 6 months with standardized safety monitoring.
Subsegment-level software-guided dose planning appears feasible and may aid BTVA standardization efforts.
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