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Abstract
Background  Data regarding the diagnostic efficacy of radial endobronchial ultrasound (R-EBUS) findings obtained 
via transbronchial needle aspiration (TBNA)/biopsy (TBB) with endobronchial ultrasonography with a guide 
sheath (EBUS-GS) for peripheral pulmonary lesions (PPLs) are lacking. We evaluated whether intraoperative probe 
repositioning improves R-EBUS imaging and affects diagnostic yield and safety of EBUS-guided sampling for PPLs.

Methods  We retrospectively studied 363 patients with PPLs who underwent TBNA/TBB (83 lesions) or TBB (280 
lesions) using EBUS-GS. Based on the R-EBUS findings before and after these procedures, patients were categorized 
into three groups: the improved R-EBUS image (n = 52), unimproved R-EBUS image (n = 69), and initial within-lesion 
groups (n = 242). The impact of improved R-EBUS findings on diagnostic yield and complications was assessed using 
multivariable logistic regression, adjusting for lesion size, lesion location, and the presence of a bronchus leading 
to the lesion on CT. A separate exploratory random-forest model with SHAP analysis was used to explore factors 
associated with successful repositioning in lesions not initially “within.”

Results  The diagnostic yield in the improved R-EBUS group was significantly higher than that in the unimproved 
R-EBUS group (76.9% vs. 46.4%, p = 0.001). The regression model revealed that the improvement in intraoperative 
R-EBUS findings was associated with a high diagnostic yield (odds ratio: 3.55, 95% confidence interval, 1.57–8.06, 
p = 0.002). Machine learning analysis indicated that inner lesion location and radiographic visibility were the 
most influential predictors of successful repositioning. The complication rates were similar across all groups (total 
complications: 5.8% vs. 4.3% vs. 6.2%, p = 0.943).

Conclusions  Improved R-EBUS findings during TBNA/TBB or TBB with EBUS-GS were associated with a high 
diagnostic yield without an increase in complications, even when the initial R-EBUS findings were inadequate. This 
suggests that repeated intraoperative probe repositioning can safely boost outcomes.
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Background
The widespread use of low-dose computed tomography 
(CT) has contributed to the early detection of lung can-
cer and reduced mortality [1]. Although the detection 
of peripheral pulmonary lesions (PPLs), including small 
lesions, has increased with low-dose CT screening, mak-
ing a definitive diagnosis solely through imaging is dif-
ficult. Thus, tissue retrieval is crucial for determining 
treatment strategies for PPLs.

Surgical lung biopsy (SLB), transthoracic needle biopsy 
(TTNB), and bronchoscopy are common modalities for 
tissue retrieval [2]. Bronchoscopy is often preferred as 
the initial procedure because it has fewer complications 
than those of SLB or TTNB. Conventional bronchoscopy 
with fluoroscopy has a diagnostic yield of only around 
30–60%, which is inadequate compared with the approxi-
mately 90% yield of SLB and TTNB [3]. Recent advances 
in image-guided bronchoscopy, particularly the integra-
tion of radial endobronchial ultrasound (R-EBUS) with 
navigation systems, such as virtual bronchoscopic navi-
gation and electromagnetic navigation, have increased 
the diagnostic yield of PPLs to approximately 70% [4, 5]. 
Furthermore, systematic reviews and meta-analyses have 
refined these estimates, reporting a pooled diagnostic 
yield of approximately 72% (95% confidence interval [CI]: 
70–75%) for R-EBUS-guided transbronchial biopsy [6]. 

Diagnostic success is strongly influenced by the posi-
tional relation between the ultrasound probe and lesion. 
Yamada et al. reported a diagnostic yield of 83% when the 
probe was positioned within the lesion, 61% when merely 
adjacent, and only 4% when located outside [7]. Similar 
findings have been reported, underscoring the critical 
importance of achieving an intralesional probe position 
[6, 8]. While Guvenc et al. [9] demonstrated that CT 
characteristics significantly influenced the success rate 
of R-EBUS-guided diagnosis of pulmonary lesions, Ali et 
al. [4] further confirmed through systematic review and 
meta-analysis that lesion size and the presence of a bron-
chus leading to the lesion strongly affected the diagnostic 
yield of R-EBUS for patients with PPLs. These findings 
collectively indicate that although securing a ‘within’ 
position is key to maximizing the diagnostic yield, inher-
ent anatomical complexities and technical constraints 
often prevent its consistent achievement in all PPLs.

Transbronchial needle aspiration (TBNA) with EBUS-
GS, when performed with the probe positioned adjacent 
to or away from the lesion, has been reported to improve 
the probe–lesion relation and facilitate repeated sampling 
through the guide sheath, thereby increasing the diag-
nostic yield [10, 11]. However, the quantitative impact of 

repeated intraoperative efforts, such as achieving deeper 
probe penetration during transbronchial biopsy to refine 
probe positioning, remains unproven. Therefore, this 
study aimed to evaluate whether such intraoperative 
improvements could significantly enhance the diagnostic 
yield without increasing the complication rate.

Methods
Study design
A retrospective analysis was performed on consecutive 
patients with PPLs who underwent TBB and TBNA via 
EBUS-GS at Nagoya University Hospital between April 1, 
2019, and March 31, 2022. Patients with bronchial lumen 
lesions or unknown final diagnoses were excluded to 
maintain focus on peripheral lesions and eliminate diag-
nostic uncertainty. An overview of this selection process 
is presented in Fig.  1. Our study design and sampling 
protocol were developed in accordance with the meth-
odological framework described by Ito et al., which spe-
cifically focused on evaluating the diagnostic value and 
safety of adding TBNA to TBB using EBUS-GS [12]. This 
study was conducted in accordance with the STROBE 
guidelines.

Bronchoscopic procedures
Prior to bronchoscopy, all participants received pha-
ryngeal anaesthesia using a 1% lidocaine spray and 
intravenous anaesthesia with midazolam, fentanyl, or 
pentazocine. All procedures were performed under 
the direct supervision of pulmonologists with exten-
sive experience in radial-EBUS-guided TBNA/TBB at 
our institution. Bronchoscopy was initiated using a thin 
GS (K-201; Olympus; 1.95  mm outer diameter) coated 
with a 20  MHz radial ultrasound probe (UM-S20-17  S; 
Olympus, diameter 1.4 mm) and thin bronchoscope (BF-
P260F; Olympus, Tokyo, Japan). A convex-probe EBUS 
bronchoscope was not used in any case. In all cases, the 
bronchoscope was carefully inserted into the nearest 
affected bronchus leading to the lesion using a virtual 
bronchoscopic navigation generated on a workstation 
(SYNAPSE VINCENT version 4.0, Fuji Medical Systems, 
Tokyo, Japan). An ultrasound probe was then inserted 
into the target bronchus to reach the lesion, and the 
R-EBUS images were confirmed. At this point, the probe’s 
position relative to the lesion was categorized as either 
within (completely encompassed by the lesion), adjacent 
(in contact with the lesion), or invisible (away from the 
lesion). After the initial R-EBUS image was obtained, the 
attending pulmonologist decided whether to add TBNA. 
TBNA was omitted when the probe lay within the lesion 
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and the guide sheath could be re-introduced to the same 
position with confidence. TBNA was added when the ini-
tial image was adjacent or invisible, or when the probe 
was within the lesion but reproducible access could not 
be assured, in order to create a stable tract before for-
ceps biopsy. After initial image acquisition, if the probe 
was within the lesion, no further repositioning was per-
formed. However, if the probe was not within the lesion, 
repositioning was undertaken to improve R-EBUS imag-
ing. In such cases, additional maneuvers included adjust-
ing the bronchoscope up and down as well as employing 
rotational movements. Notably, because the flexible 
bronchoscope was originally designed for left-handed 
operation by Dr. Ikeda, switching it to right-hand use 
maximizes the available counterclockwise rotation. This 
technical modification was recently reported as effec-
tive by Shinagawa’s group in Hokkaido [13]. Once the 
final R-EBUS position was confirmed, the probe was 
removed, and TBNA was performed using a 21-gauge 
needle (PeriView Flex, Olympus) through the thin GS 
with a back-and-forth motion applied at least twice for 
each lesion. After each TBNA pass, the radial probe was 
re-introduced through the guide sheath to obtain a final 
R-EBUS image; this post-TBNA image (within, adjacent, 
or invisible) was used to categorise lesions as ‘improved’ 
or ‘unimproved’. This was followed by TBB via EBUS-GS 
using forceps biopsy (FB-233D; Olympus) at least nine 

times for every lesion under fluoroscopic guidance. In 
some cases, TBB via EBUS-GS was performed as a stand-
alone procedure without TBNA, or after completing 
TBNA. Figure 2 illustrates representative R-EBUS images 
for these categories (Fig.  2a: within; Fig.  2b: adjacent; 
Fig. 2c: invisible), following the protocol outlined by Ito 
et al., which emphasized the added value of combining 
sampling techniques [12]. 

Variables
The primary outcome of this study was the diagnostic 
yield of TBNA followed by TBB (TBNA/TBB) or TBB 
alone via EBUS-GS. The diagnostic yield was defined as 
the proportion of patients in whom TBNA/TBB or TBB 
via EBUS-GS provided a definitive final diagnosis of PPLs. 
The final diagnosis was confirmed based on the patho-
logical findings of biopsy specimens from bronchoscopy, 
TTNB, and SLB. When the collected specimens dem-
onstrated malignancy (i.e., specific findings on histology 
or positive cytology) consistent with the final diagnosis, 
bronchoscopy was considered diagnostic. When the col-
lected specimens demonstrated specific benign findings 
(such as granuloma or organizing pneumonitis) and the 
subsequent clinical course showed radiological improve-
ment and lesion stability for > 6 months after the pro-
cedure, bronchoscopy was considered diagnostic [14]. 
However, when samples were inadequate (including 

Fig. 1  Study flow diagram. A flow diagram illustrating the patient selection process. A total of 384 patients with peripheral pulmonary lesions (PPLs) 
underwent transbronchial needle aspiration (TBNA) and/or transbronchial biopsy (TBB) using endobronchial ultrasonography with a guide sheath (EBUS-
GS) between April 2019 and March 2022. After excluding 19 patients with bronchial luminal findings and two patients with unknown final diagnoses, the 
remaining 363 eligible patients were divided into three groups: improved R-EBUS imaging group (n = 52), unimproved R-EBUS imaging group (n = 69), 
and initially within-group (n = 242)
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peripheral lung and peribronchial tissues), bronchoscopy 
was classified as a failed diagnosis. Procedure duration 
was not collected because start- and finish-time stamps 
were not recorded in the electronic bronchoscopy log.

The main explanatory variable was defined as an 
improvement in the relation between the probe and 
lesion. The R-EBUS image was classified as improved 
when the probe–lesion positional relation changed 
from invisible to adjacent or within, or from adjacent 
to within. When the probe–lesion positional relation 
remained either invisible or adjacent, it was classified 
as unimproved. If the probe–lesion positional relation 
was initially within, improvement was not evaluated. 
The analysis population was divided into three groups 
according to the R-EBUS image: initially within group: 
probe initially positioned within the lesion, improved 
R-EBUS image group: probe initially not within the lesion 
whose R-EBUS category shifted upward, and unimproved 
R-EBUS image group: probe initially not within the lesion 
and whose category did not change.

Other variables were collected to obtain patient back-
grounds and clinical characteristics. Lesion location rela-
tive to the hilum was classified as follows: inner: lesions 
within the inner and middle third ellipses, and outer: 
lesions within the outer third ellipse [15]. Lesion struc-
tures were classified into two categories: solid and sub-
solid [16]. Complications during bronchoscopy were 
classified according to previous reports [17]. In this 
study, the definitions of complications were as follows: 
pneumothorax: any case requiring chest drainage; infec-
tion: development of new pneumonia and/or pleuritis or 
worsening of pre-existing pleurisy after the procedure; 
haemorrhage: blood loss of ≥ 300 mL or any bleeding 

necessitating a blood transfusion or haemostatic inter-
vention; other complications: any adverse events not 
classified as pneumothorax, infection, or haemorrhage; 
and total complications: overall incidence of all recorded 
events.

Statistical analysis
To summarize the patient characteristics, categorical 
variables are presented as frequencies and percentages, 
whereas continuous variables are presented as medi-
ans and interquartile ranges. Differences between the 
improved and unimproved R-EBUS image groups were 
compared using the Mann–Whitney U test for continu-
ous variables and Fisher’s exact test for categorical vari-
ables. The diagnostic yields of the improved R-EBUS 
image, unimproved R-EBUS image, and initially within-
groups were compared using Fisher’s exact test for 
each pair of groups. As the main analysis, the impact of 
improved R-EBUS findings on diagnostic yield was evalu-
ated using logistic regression analysis of the improved 
and unimproved R-EBUS image groups, adjusted for 
lesion size (dichotomized at 20 mm), lesion location from 
the hilum, and bronchus sign on CT. In a post-hoc subset 
restricted to lesions with a final malignant diagnosis, sen-
sitivity for cancer was calculated and compared between 
groups with Fisher’s exact test. An exploratory logistic 
model with the same covariates was also fitted. Diagnos-
tic yield was further compared between TBB-only and 
combined TBNA + TBB—both in the overall cohort and 
in lesions whose initial image was adjacent—again using 
Fisher’s exact test.

As a separate exploratory step, a random forest model 
was constructed in patients whose initial REBUS images 

Fig. 2  Representative radial endobronchial ultrasound (R-EBUS) images based on probe–lesion relation. R-EBUS images showing the three positional 
categories based on the relation between the ultrasound probe and peripheral pulmonary lesions: (a) “Within” – The probe is positioned inside the lesion, 
completely surrounded by the lesion; (b) “Adjacent to” – The probe is in contact with the lesion, partially surrounded by the lesion; (c) “Invisible” – The 
probe is away from the lesion, showing minimal or no visualization of the lesion margin. These classifications were used to determine whether intraopera-
tive improvements in R-EBUS findings (from “invisible” to “adjacent” or “within,” or from “adjacent” to “within”) affected diagnostic yield. All the images were 
acquired with the 20 MHz radial-probe EBUS described in the Methods section
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were not “within” (i.e., those eligible for repositioning), 
with the outcome defined as improved probe–lesion 
positioning. Predictors included lesion structure (solid 
versus subsolid), CT bronchus sign, radiographic visibil-
ity, continuous lesion size, and lesion location. A SHAP 
(SHapley Additive exPlanations) beeswarm plot was 
generated to visualize the non-linear and heterogeneous 
effects of these factors, thereby clarifying the clinical con-
ditions associated with successful repositioning [18–20]. 
Complications among the three groups were compared 
using Fisher’s exact test. All data were complete with no 
missing values; therefore, no imputation was performed. 
In general, percentages are rounded to one decimal place, 
odds ratios (ORs) to two decimal places, and p-values 
to three decimal places. Statistical significance was set 
at p < 0.05. All statistical analyses were performed using 
R version 4.2.0 (R Foundation for Statistical Computing, 
Vienna, Austria).

Results
Study flow and patient characteristics
During the study period, 384 patients, each presenting 
with a single peripheral pulmonary lesion, underwent 
TBNA/TBB or TBB via EBUS-GS for PPLs. Among the 
384 lesions, 19 patients with bronchial luminal findings 
and two patients with an unknown final diagnosis were 
excluded from the analysis. The remaining patients were 
divided into three groups: the improved R-EBUS image, 
unimproved R-EBUS image, and initially within-groups, 
which included 52, 69, and 242 patients, respectively 
(Fig. 1).

As shown in Table  1, the three groups were broadly 
similar in age, sex, lobar distribution, lesion texture, 
and CT bronchus sign. Median age was 72.5 years (IQR 
66.8–77.3) in the improved group, 73.0 years (66.0–78.0) 
in the unimproved group, and 74.0 years (67.0–78.0) in 
the initial-within group. Male proportions were 71.2%, 
56.5%, and 63.6% in the improved, unimproved, and ini-
tial-within cohorts, respectively. Inner-zone lesions were 
more frequent in the improved than in the unimproved 
group (55.8% vs. 36.2%, p = 0.042), whereas the initial-
within cohort showed an intermediate frequency (50.4%). 
By design, almost all lesions in the improved and unim-
proved cohorts were initially “adjacent” on radial EBUS 
(96.2% and 84.1%, respectively). The prevalence of malig-
nancy was 92.3% in the improved group, 76.8% in the 
unimproved group, and 83.5% in the initial-within group.

Diagnostic yield
Across all lesions, diagnostic yield varied according to 
both the initial REBUS category and the success of probe 
repositioning (Table  2). When the probe was initially 
within the lesion, yield was 82.2 % (199 / 242). Among 
lesions that were not initially within (n = 121), yield rose 
from 46.4 % (32 / 69) in the unimproved cohort to 76.9 % 
(40 / 52) in the improved cohort (p = 0.001). For lesions 
initially categorised as adjacent (n = 108), yield increased 
from 53.5 % (31 / 58) to 76.0 % (38 / 50) after success-
ful repositioning (p = 0.017). For lesions with an invisible 
initial image (n = 13), yield climbed from 9.1 % (1 / 11) to 
100% (2 / 2) when the probe could be repositioned into or 
adjacent to the lesion (p = 0.038).

Table 1  Characteristics of patients with peripheral pulmonary lesions by R-EBUS image improvement status
Initial Adjacent or Invisible Initial Within

(n = 242)Improved EBUS
Image Group (n = 52)

Unimproved EBUS Image Group (n = 69) p

Sex, male (%) 37 (71.2) 39 (56.5) 0.129 154 (63.6)
Age (median [IQR]) 72.50 [66.75, 77.25] 73.00 [66.00, 78.00] 0.883 74.00 [67.00, 78.00]
Lobe (%) > 0.999
  RUL + LUS 25 (48.1) 33 (47.8) 112 (46.3)
  RML + lingula 7 (13.5) 10 (14.5) 27 (11.2)
  RLL + LLL 20 (38.5) 26 (37.7) 103 (42.6)
Location, inner (%) 29 (55.8) 25 (36.2) 0.042 122 (50.4)
Texture, solid (%) 45 (86.5) 60 (87.0) > 0.999 191 (78.9)
Bronchus sign, positive (%) 37 (71.2) 47 (68.1) 0.842 226 (93.4)
Size (median [IQR]) 21.20 [15.01, 23.77] 19.30 [14.30, 24.51] 0.745 30.76 [23.00, 42.92]
Size, > 20 mm (%) 30 (57.7) 31 (44.9) 0.200 201 (83.1)
Visibility on radiograph, visible (%) 45 (86.5) 51 (73.9) 0.114 220 (90.9)
Initial EBUS image, adjacent to (%) 50 (96.2) 58 (84.1) 0.040 -
Initial EBUS image, invisible (%) 2 (3.8) 11 (15.9) 0.040 -
Malignancy (%) 48 (92.3) 53 (76.8) 0.027 202 (83.5)
Occurrence of Complications (%) 3 (5.8) 3 (4.3) > 0.999 15 (6.2)
Diagnostic yield, positive (%) 40 (76.9) 32 (46.4) 0.001 199 (82.2)
EBUS, endobronchial ultrasound; IQR, interquartile range; RUL, right upper lobe; LUS, left upper segment; RML, right middle lobe; lingula, left lingula; RLL, right lower 
lobe; LLL, left lower lobe
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Diagnostic yield did not differ significantly between 
TBBonly (73.6 %) and combined TBNA + TBB (78.3 %) 
in the overall cohort (p = 0.38). However, in lesions that 
were initially adjacent, adding TBNA increased yield 
from 52.9 % to 73.7 % (p = 0.019). In malignant lesions 
(n = 303), sensitivity followed the same pattern: 84.7 % 
for the initialwithin group, 68.5% for lesions initially 
adjacent, and 33.3% for lesions initially invisible (Supple-
mentary Table S1). Among lesions not initially within, 
sensitivity improved from 54.7 to 77.1% when the probe–
lesion relation was upgraded (p = 0.022).

Multivariable logistic regression analysis
The impact of improved R-EBUS findings on diagnostic 
yield was evaluated using multivariable logistic regres-
sion analysis, adjusted for lesion size (dichotomized at 
20  mm), lesion location, and bronchus sign on CT. The 
multivariable logistic regression model revealed that the 
OR for intraoperative improvement in R-EBUS findings 
was 3.55 (95% CI: 1.57–8.06, p = 0.002), indicating a sta-
tistically significant effect (Table  3). A parallel model in 
malignant lesions yielded a comparable adjusted OR of 
2.62 (95% CI 1.09–6.32).

SHAP beeswarm plot analysis
In patients whose initial R‑EBUS images were not 
“within,” a random forest model was constructed to 
predict improved probe–lesion positioning. The SHAP 
beeswarm plot (Fig. 3) revealed that lesion location was 
the most influential predictor, with inner lesions associ-
ated with a higher likelihood of improvement. Radio-
graphic visibility showed a modest positive effect; visible 
lesions were slightly more likely to yield successful repo-
sitioning, whereas non-visible lesions tended to be asso-
ciated with negative SHAP values and greater variability. 
Lesion size exhibited a mosaic‐like distribution of SHAP 
values, indicating that size alone was not a decisive 

predictor. Similarly, the CT bronchus sign displayed a 
mosaic pattern, suggesting that it was not a strong deter-
minant. For lesion structure, the SHAP values for solid 
lesions were concentrated near zero, while subsolid 
lesions tended to be more variable.

Complications
The incidence of complications was low across all groups. 
As shown in Table 4, the improved R-EBUS image group 
had a total complication rate of 5.8%, whereas the unim-
proved R-EBUS image group had a rate of 4.3%. The total 
complication rate in the initially within-group was 6.2%. 
The most common complication was pneumothorax, 
occurring in 1.9% of patients in the improved R-EBUS 
image group, 2.9% in the unimproved R-EBUS image 
group, and 2.9% in the initially within-group. Infection 
occurred in 3.8% of patients in the improved R-EBUS 
image group and 2.9% of patients in the initially within-
group but was not observed in the unimproved R-EBUS 
image group. Haemorrhage requiring a haemostatic 
agent was rare, occurring in only 0.4% of patients in the 
initially within-group and none in the other groups. No 
statistically significant differences in complication rates 
were observed between the groups (p > 0.05).

Discussion
In this retrospective analysis of 363 patients with PPLs 
undergoing TBNA and/or transbronchial biopsy (TBB) 
with endobronchial ultrasonography using a guide 
sheath (EBUS-GS), we investigated whether intraop-
erative improvement in R-EBUS imaging could enhance 
the diagnostic yield without increasing complications. 
Our main finding was that lesions in which the R-EBUS 
probe–lesion relation improved intraoperatively had a 
significantly higher diagnostic yield (76.9%) than that 
of those in which improvement did not occur (46.4%). 
Multivariable regression analysis further underscored 
that this improvement independently predicted a high 
diagnostic yield (adjusted OR: 3.55, 95% CI: 1.57–8.06). 
When the probe–lesion relation remained invisible 
despite careful repositioning, the diagnostic yield fell to 
9.1%. In such instances, further bronchoscopic sampling 
is unlikely to be informative, and early referral for CT-
guided percutaneous biopsy may therefore be considered 
to avoid diagnostic delay. Furthermore, our exploratory 
machine-learning analysis (random-forest model with 

Table 2  Diagnostic yield by initial R-EBUS status and Reposition (Improved/Unimproved)
Reposition Outcome Initial Within

(n = 242)
Initial Adjacent
(n = 108)

Initial Invisible
(n = 13)

Improved — 38 / 50 (76.0%) 2 / 2 (100%)
Unimproved — 31 / 58 (53.5%) 1 / 11 (9.1%)
Total Yield 199 / 242 (82.2%) 69 / 108 (63.9%) 3 / 13 (23.1%)
R-EBUS, radial endobronchial ultrasound

Table 3  Multivariable logistic regression analysis of R-EBUS 
image improvement on diagnostic yield
Variables Reference OR 95% CI p
R-EBUS image, improved unimproved 3.55 1.57 8.06 0.002
Size, > 20 mm ≤ 20 mm 1.50 0.67 3.36 0.320
Location, inner outer 1.24 0.56 2.74 0.589
CT bronchus sign, positive negative 1.02 0.43 2.41 0.968
R-EBUS, radial endobronchial ultrasound; CT, computed tomography; OR, odds 
ratio; CI, confidence interval
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SHAP) showed that inner lesion location was the most 
robust predictor, whereas radiographic visibility made 
a modest positive contribution that emerged only after 
accounting for lesion size, bronchus sign, and anatomi-
cal depth; visibility should therefore be regarded as one 
of several interacting factors, rather than a stand-alone 
determinant, when judging the likelihood of success-
ful probe repositioning. Importantly, complication rates 
remained low and did not differ significantly among the 
improved, unimproved, and initially within-groups, sug-
gesting that repeated attempts to optimize probe posi-
tioning did not introduce additional procedural risk.

Our findings align with and add detail to prior studies 
emphasizing that the “within” position of the ultrasound 

probe is crucial for maximizing the diagnostic yield. Pre-
vious reports have shown diagnostic yields of 80 to 90% 
when the R-EBUS probe is within the lesion, whereas 
yields drop substantially when the probe is only adjacent 
or invisible [6–8]. Yamada et al. [7] demonstrated that the 
diagnostic yield was 83% when the probe was “within,” 
61% when “adjacent,” and only 4% when “outside.” Simi-
larly, meta-analyses have reported pooled yields of 70 to 
72% for R-EBUS-guided TBB, highlighting the impor-
tance of achieving and maintaining an optimal probe–
lesion relation [6]. 

In our study, the initially within-group had an 82.2% 
diagnostic yield, consistent with these prior reports, 
whereas lesions that were initially adjacent or invisible 

Table 4  Comparison of complications across R-EBUS image status groups
Complication Improved EBUS Image Group

(n = 52)
Unimproved EBUS Image Group
(n = 69)

Initially Within Group
(n = 242)

p

Pneumothorax (%) 1 (1.9) 2 (2.9) 7 (2.9) > 0.999
Infection (%) 2 (3.8) 0 (0) 7 (2.9) 0.296
Haemorrhage (%) 0 (0) 0 (0) 1 (0.4) > 0.999
Other Complications (%) 0 (0) 1 (1.4) 2 (0.8) 0.705
Total Complications (%) 3 (5.8) 3 (4.3) 15 (6.2) 0.943
R-EBUS, radial endobronchial ultrasound

Fig. 3  SHAP Beeswarm Plot of Predictors for Improved R-EBUS Imaging. A SHAP beeswarm plot illustrating the impact of each feature on the prediction 
of successful intraoperative improvement in R-EBUS imaging using a random forest model. Each dot represents a single patient case. The x-axis indicates 
the SHAP value, which reflects the contribution of that feature to the model output (positive values increase the likelihood of improvement). Dot colors 
represent normalized feature values (red = high, blue = low). Lesion location showed a relatively clear positive impact, with inner lesions associated with 
greater likelihood of successful repositioning. Radiographic visibility also demonstrated a moderate positive effect. In contrast, features such as bronchus 
sign and lesion size exhibited more variable, mosaic-like SHAP distributions, indicating a less consistent predictive influence. The lesion structure (“solid”) 
feature showed minimal overall contribution, with SHAP values centered near zero
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fared worse unless further manoeuvres allowed more 
advantageous probe repositioning. This underscores how 
active intraoperative adjustments can partially compen-
sate for initially suboptimal ultrasound views.

Our overall complication rates (4–6%) compared 
favourably with prior work on R-EBUS-guided biopsy 
procedures, which reported pneumothorax rates rang-
ing from 1% to approximately 5% and serious bleeding in 
less than 1–2% of cases [6, 17]. In line with these data, 
we observed no statistically significant difference in com-
plication rates across the unimproved, improved, and 
initially within-groups, with pneumothorax occurring 
in approximately 2–3% of patients in each group. These 
findings suggest that additional sampling manoeuvres—
such as repeated probe insertion or minor repositioning 
to enhance EBUS images—can be performed safely.

Yamamoto et al. investigated predictive factors for 
the transition of R-EBUS findings from “adjacent to” to 
“within” in EBUS-GS and identified larger lesion diam-
eter (≥ 29.25 mm) as a key driver of successful reposition-
ing, suggesting that bigger lesions enable deeper probe 
advancement to reach an intralesional position [21]. In 
contrast, our additional random forest model and SHAP 
analysis showed that lesion location (inner vs. outer) 
emerged as a more consistent determinant of improved 
R-EBUS positioning than lesion diameter, and that radio-
graphic visibility also had a positive—though milder—
effect. This discrepancy may stem from methodological 
differences: while Yamamoto et al. focused on TBB alone, 
our study incorporated both TBB and TBNA, thereby 
expanding the scope of sampling maneuvers and poten-
tially diminishing the impact of lesion size as a single 
predictor. Indeed, our SHAP-based approach revealed 
a mosaic-like influence of lesion diameter and bronchus 
sign, indicating their variable contribution under differ-
ent clinical contexts. Despite these nuanced differences, 
both studies highlight the fundamental principle that 
deliberate, repeated probe repositioning can significantly 
optimize diagnostic yield when R-EBUS images initially 
show only an “adjacent to” position. By combining tra-
ditional risk stratification (e.g., lesion size) with broader 
factors such as lesion location and visibility—along with 
adjunct techniques like TBNA—clinicians can be more 
targeted in deciding whether additional time spent repo-
sitioning the probe is worthwhile.

Our findings further complement those reported by Ito 
et al., [12] who demonstrated that the addition of TBNA 
to TBB with EBUS-GS improves diagnostic performance. 
In contrast to that study, which focused primarily on 
the incremental benefit of adding TBNA, our analysis 
uniquely emphasized the value of deliberate intraop-
erative enhancements in R-EBUS imaging. Although our 
patient populations overlapped, our study specifically 
investigated the quantitative impact of improved imaging 

on diagnostic yield, thereby offering complementary 
insights rather than redundant findings.

In our cohort, adding TBNA to TBB increased diag-
nostic yield from 74 to 78% overall and—from 53–74%—
in lesions that were initially adjacent. Alternative and 
adjunctive sampling techniques have also been proposed 
for lesions that remain “adjacent” on radial-EBUS. Trans-
bronchial cryobiopsy can yield diagnostic accuracies of 
85–95% while providing larger transmural specimens, 
but mild to moderate bleeding occurs in approximately 
20–30% of cases [22]. Robot-assisted bronchoscopy 
(RAB) achieves yields of 69–77% with pneumothorax and 
significant bleeding each occurring in < 4%, a safety pro-
file comparable to conventional radial-EBUS but at the 
cost of substantial capital investment and the frequent 
need for general anaesthesia [23]. A recent decision-
analytic model estimates that every 10-percentage-point 
increase in bronchoscopic sensitivity confers a net mon-
etary benefit of about US $8 700 per patient by accel-
erating diagnosis and treatment [24]. Given that both 
cryobiopsy and RAB involve higher disposable or infra-
structure costs, their routine use is justified only when 
a clear diagnostic advantage is anticipated. More widely 
available adjuncts—such as cytology brushing, cath-
eter aspiration, and cell-block preparation from guide-
sheath rinse fluid—can provide incremental yield when 
histology alone is insufficient. Selection among these 
modalities should therefore be individualised, balancing 
expected gains in sensitivity against bleeding risk, anaes-
thetic requirements, and local resource constraints.

This study had several limitations. First, this was a 
retrospective single-centre study with a relatively small 
sample size, which may limit the generalizability, and 
unmeasured confounding variables may have influenced 
our results. Second, classification of radial-EBUS images 
is partly subjective, and some inter-observer variability 
cannot be excluded [25]. Third, although the outcomes 
evaluated in this study—diagnostic yield and safety—are 
critical for assessing the quality of bronchoscopic proce-
dures; however, these alone may not fully capture health-
care quality. Fourth, procedure duration could not be 
compared because start–end times were not captured in 
the original data collection. Fifth, we did not record an 
objective measure of airway complexity (e.g. the num-
ber of bronchial divisions beyond the visual field), which 
could have biased diagnostic yield toward more easily 
accessible lesions [26]. Sixth, we did not prospectively 
determine whether biopsy specimens provided suffi-
cient cellularity or nucleic-acid yield for comprehensive 
genomic testing; future studies should include predefined 
metrics of molecular adequacy [27, 28]. Efforts aimed at 
improving probe positioning and R-EBUS imaging can 
enhance diagnostic accuracy but may also extend pro-
cedural duration [29] and increase patient discomfort 
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or anxiety [30]. Therefore, a more comprehensive evalu-
ation—including these additional factors—is necessary 
to better understand the overall impact of intraoperative 
strategies designed to improve diagnostic performance, 
ultimately contributing to a more holistic improvement 
in healthcare quality. Further research, including larger 
prospective studies, is required to confirm and extend 
our findings.

Conclusions
Improved R-EBUS findings during TBNA/TBB or TBB 
with EBUS-GS were associated with a high diagnostic 
yield, even when the initial R-EBUS findings were inad-
equate. Moreover, our machine learning analysis high-
lighted that an inner lesion location and radiographic 
visibility are key predictors of successful probe reposi-
tioning, offering additional guidance on when repeated 
maneuvers may be most beneficial. Taken together, these 
results suggest that combining TBNA with TBB, in addi-
tion to performing TBB during EBUS-GS, to enhance 
R-EBUS imaging during bronchoscopy may be a valu-
able strategy for increasing the probability of achieving a 
higher diagnostic yield.
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