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ABSTRACT
Rationale  Conventional bronchoscopy training often 
does not ensure lasting skill retention or adaptability to 
different anatomies, limiting real-world impact. This study 
used a digital-twin bronchoscopy simulator with various 
CT-derived bronchial tree models to better train novices.
Objectives  To explore training with various 
anatomically diverse bronchial tree models in novices’ 
bronchoscopy performance.
Methods  60 bronchoscopy-naive participants were 
randomly assigned to three groups (n=20 each): control 
(written instruction only), anatomic-uniformity (trained 
on one standard bronchial model) and anatomic-variety 
(trained on multiple patient-derived bronchial models). 
All participants performed two tests: test 1 on a standard 
model and test 2 on a new CT-derived model. Both tests 
were repeated 3 months later to assess skill retention. 
The primary comparison was between the anatomic-
variety and anatomic-uniformity groups.
Measurements and main results  60 participants 
completed tests 1 and 2. 55 returned at 3 months. In 
test 1, there were no significant differences between 
the anatomic-variety and anatomic-uniformity groups 
in diagnostic completeness (DC, 0 segments, p=0.576), 
structured progress (SP, 1 correct progression, p=0.091) 
and procedure time (31 s, p=0.831). In test 2, the 
anatomic-variety group had significantly higher DC (2.5 
segments, p<0.001) and SP (9 progression, p<0.001) 
than the anatomic-uniformity group. At 3 months, the 
anatomic-variety group retained superior DC and SP 
scores in both tests despite slight declines.
Conclusions  Training with diverse anatomical models 
significantly enhanced bronchoscopy performance 
compared with repetitive practice on a single 
standardised model with partially maintained learning 
gains at 3 months.

INTRODUCTION
The objective of flexible bronchoscopy is to navigate 
through the central airways and identify specific 
bronchial segments for accurate diagnosis and treat-
ment of patients with lung cancer and other respira-
tory diseases. However, during the early stages of a 
trainee’s learning curve, there is a lower diagnostic 
biopsy yield, higher complication rates and height-
ened patient discomfort.1 2 These observations could 
be attributed to the conventional apprenticeship 

model, in which trainees conduct procedures 
under the supervision of experienced physicians. 
Simulation-based training, including high-fidelity 
and low-fidelity simulators, has proven effective 
in facilitating learning of bronchoscopy and can 
spare patients from the initial part of the trainee’s 
learning curve.1–4 Additionally, a standard phantom 
of the bronchial tree combined with an artificial 
intelligence (AI) system could improve novices’ 
diagnostic completeness (DC) and structured prog-
ress (SP) scores on the bronchial tree.5 However, 
a common weakness of these studies is the limited 
numbers of bronchial trees used in the training and 
final exam; more specifically, in previous simulator 
studies, the number of anatomical models used 
for training typically ranged from 1 to 6.6 7 While 
simulation training on standardised models may 
enhance technical proficiency in controlled settings, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Simulation-based training has proven effective 
in facilitating learning of bronchoscopy equal 
to the Halstedian model of ‘see one, do one, 
teach one’. Established simulator training 
provides only limited bronchial tree models and 
may overestimate its training effectiveness. 
Training with varied bronchial tree models 
could better simulate clinical scenarios, making 
this approach a potentially valuable training 
method.

WHAT THIS STUDY ADDS
	⇒ Training on different bronchial tree models 
significantly improved the trainers’ end-of-
training bronchoscopy performance, especially 
on the brand-new model. Their skills were also 
partially maintained learning gains at 3 months.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study represents the first application 
of digital twin technology in bronchoscopy 
training. We created multiple bronchial tree 
models through this technology to better 
simulate clinical environments. The training 
programme applied in this study can be 
translated into clinical practice.
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its ability to foster adaptability to real-world clinical complexity 
remains limited.8 Conventional simulators often fail to address 
anatomical variability, such as congenital branching anomalies 
or tumour-induced airway distortions, commonly encountered 
in practice. Consequently, skills acquired through repetitive 
training on uniform models may not translate to improved bron-
choscopy performance in a patient setting (Kirkpatrick levels 
3–4), underscoring the need for training paradigms that bridge 
simulated and clinical environments.

Therefore, we developed a digital-twin bronchoscopy simu-
lator of a patient environment. The purpose of this study was 
to evaluate whether training with various bronchial tree models 
in this digital-twin-based bronchoscopy simulator enhances 
novices’ end-of-training bronchoscopy performance compared 
with the classical high-fidelity simulator. Additionally, the study 
aimed to determine whether this training curriculum supports 
the retention of bronchoscopy skills in novices 3 months post-
training. Some of the results of these studies have been previ-
ously reported in the form of an abstract.9

METHODS
This was a multicentre randomised controlled trial conducted 
in a simulated environment at three centres. This trial 
adhered to the Consolidated Standards of Reporting Trials 
(CONSORT) guidelines for simulation-based studies.10 The 
completed CONSORT checklist is provided, and the trial 
protocol is available on request.

Materials
The digital-twin-based simulator: All simulator-based operations 
are conducted using this device (Simulation AI plus, Zhejiang UE 
Medical Corp. Zhejiang, China), which comprises the following 
three core components. The digital-twin bronchoscopy simu-
lator was developed through a multistage process integrating 
advanced imaging, AI and hardware engineering. First, over 
40 000 anonymised chest CT sequences (1 mm slice thickness) 
were processed using a custom UV-Net deep learning model 
to achieve precise three-dimensional (3D) segmentation of 
pulmonary structures: five lung lobes with smooth boundaries, 
seventh-generation bronchial trees (including 18 segmental and 
42 subsegmental bronchi), and differentiated arterial/venous 
vasculature. These segmented models were converted into inter-
active 3D meshes via Unity3D, enabling photorealistic rendering 
of both extraluminal anatomy and endoscopic views. A propri-
etary bronchoscope handle equipped with inertial and haptic 
sensors tracked real-time manoeuvres (insertion, rotation, tip 
articulation), synchronising movements with the virtual model.

Equipment: Bronchoscopy training was performed using a 
digital-twin-based bronchoscopy simulator, which consisted 
of an operating device for receiving simulated bronchoscopy 
operations from the user, a monitor for displaying a graphical 
interface for interaction with the user, and an AI-based feedback 
system containing four features: DC, SP, procedure time (PT) 
and wall contact time.

Screen labels: In the learning mode, the system automatically 
recognised bronchial segments and displayed them directly on 
the endoscopic image (figure 1).

Tracheobronchial tree diagram: After importing the CT image, 
the tracheobronchial tree diagram was automatically generated. 
The lung tree diagram informed the endoscope of its position in 
the bronchial tree during training.

The digital bronchial tree models were derived from high 
resolution CT (HRCT) of the chest performed for clinical 

indications in patients. HRCT was performed with a CT scanner 
(GE HiSpeed Advantage CT scanner, GE Medical Systems, 
Milwaukee, Wise) during a single breath-hold acquisition. Scan-
ning parameters consisted of 2 mm X-ray beam collimation 
(slice thickness), 6 mm/s table speed and 1 mm reconstruction 
intervals. HRCT images were then transferred from the scanner 
to the digital-twin based bronchoscopy simulator. The system 
reconstructed multilayer views of the thorax and virtual bron-
choscopy images. AI automatically identified anatomical struc-
tures, including 18 segmental bronchi, as well as blood vessels, 
nodules and other features.

DC score: The DC score tracked the segments that were 
entered. If the segment was correctly identified, the stage 
displayed the correct anatomical name and recorded a score of 1 
point; otherwise, it turned grey.

SP score: The SP score tracked the segments that were entered 
and whether they had been entered according to the SP score. 
If entered in accordance with the SP score (ie, immediately 
following the correct preceding segment), 1 point was awarded; 
otherwise, no points were recorded for that segment. The system 
automatically recognised and ranked the process by which the 
participants identified the segments.5

Participants
Participants (medical students) were recruited from various local 
medical schools. The exclusion criteria included prior experience 
with clinical or simulated endoscopy. The sample size calculation 
focused on detecting differences between the anatomic-variety 
and anatomic-uniformity groups (primary comparison). Based 
on prior data,5 group B (anatomic uniformity) had an SP score 
of 14±3.9. We hypothesised that group C (anatomic variety) 
would achieve near-perfect performance (SP=17.5±1.5).11 
Using a two-sample t-test (α=0.05, power=90%), 17 partici-
pants per group were required (total n=34). To account for 
potential attrition and enable three-group descriptive compari-
sons, we inflated the sample to 20 per group (total N=60).

Randomisation and training
The study contained two parts: training and testing. Initially, 
all participants watched an instructional video demonstrating 
the fundamental operation of the bronchoscopy simulator, 
which was operated and recorded by the first author. A random 
number table was used to allocate participants at a 1:1:1 
ratio across three groups: the control group, the anatomic-
uniformity group and the anatomic-variety group. Participants 
were additionally stratified by sex, as previous studies12 have 
identified sex as a factor influencing performance during the 
initial skill acquisition phase (figure 2).

Anatomic-variety group: After randomisation, the anatomic-
variety group watched a 4 min instructional video on how to use 
the digital-twin-based bronchoscopy simulator. Twenty digital 
bronchial tree models generated from patients’ CT were used for 
training. After each bronchoscopy, the anatomic-variety group 
received a report that included the PT and visual segment check-
lists, such as DC and SP scores generated by the AI system.

Anatomic uniformity group: Following randomisation, the 
anatomic-uniformity group watched the same instructional 
video. Trainees were trained exclusively using a standardised 
digital bronchial tree model within the same simulator mentioned 
above. The standardised digital bronchial tree model utilised in 
this study was identical to that reported in a previous study.5 
After each bronchoscopy, the anatomic uniformity group also 
received the same report.
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Control group: After randomisation, the control group 
was shown a 2 min instructional video that introduced 
them to traditional training methods based on the Four-
Landmark Approach.13 They were also given an instruc-
tional booklet explaining the training methods and a poster 

highlighting the methods and anatomy of the bronchial 
segments. The Four-Landmark Approach is an instruction 
on performing structured bronchoscopy that divides the 
bronchial tree into four landmarks and combines them with 
endoscopic angles.

Figure 1  Simulator learning group with the studying mode activated. (a) Participant Training with the Digital-Twin Based Simulator with Artificial 
Intelligence Activated. (b) Onscreen tab (centre of the screen) displaying the currently visualised segment in the standard model. LB1+2/LB3. 
(c) Three-dimensional reconstruction of the digital bronchial tree models: 1. Image processing: The acquired CT image data underwent preprocessing, 
including noise reduction and enhancement operations, to improve image contrast for better visualisation of the bronchial structures. 2. Bronchial 
segmentation: A combination of threshold segmentation and region-growing methods was used to separate the bronchial structures from the 
background, forming independent bronchial structures. The segmented data were manually annotated with the anatomical names of the bronchial 
segments. Once sufficient data had been accumulated, a deep learning model for the automated annotation of bronchial segment names was 
developed. 3. Three-dimensional reconstruction: The segmentation of all cross-sectional bronchial data was completed and combined with the 
data layer thickness to perform overlay calculations, forming a three-dimensional (3D) mesh model of the bronchial structures. The mesh model 
was optimised with postprocessing steps such as detail enhancement and smoothing. 4. Centreline calculation: The vertices of the 3D mesh model 
were converted into point cloud data, and the central axis of the lumen was extracted based on geometric methods. The central axis data were 
filtered to remove abnormal branches, ensuring an approximate 2 mm spacing between each central axis point to facilitate subsequent simulation 
operations. 5. Simulation operations: Data from bronchoscopy handle sensors, central axis data and a 3D airway mesh model were integrated to form 
a physical motion system. A 3D physics engine based on collision and constraint calculations was used to determine the position and direction of the 
bronchoscope tip within the 3D airway model, thereby enabling the depiction of images under the bronchoscope. (d) Example of 3D reconstruction 
in the simulator: 1. CT import and processing. 2. Real-time patient CT display. 3. Airway reconstruction and simulation: The lung tree diagram (right 
panel) indicates the location of bronchoscopy exploration in the examined area. The lower right panel displays the length of training, number of wall 
touches and time the bronchoscope remained centred in the airway.
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Training: Participants were allowed unrestricted training time 
but were constrained to a maximum of 3.5 hours to prevent 
fatigue during testing. Participants were permitted unrestricted 
training time to reflect typical clinical learning environments. 
While mastery learning—a gold standard requiring predefined 
competency benchmarks—was not employed here, this design 
choice allowed us to examine naturalistic skill acquisition 
patterns and trainee self-assessment accuracy.

Test
When the participants no longer felt that they had benefited 
from the additional training, they took the final test, which was 
a complete bronchoscopy, with no guidance or assistance. The 
final test was the same for all groups, with no use of a feed-
back tool. It involved two tests: Test 1 was a standard digital 
bronchial tree model (the model once used in the training of the 
anatomic-uniformity group), and test 2 was a digital bronchial 
tree model based on a brand-new chest CT. The test could only 
be performed once, after which the user interface was locked, 
and the test ended. The system automatically timed the test, 
starting when the bronchoscope entered the airway and ending 
when the bronchoscope completely exited the airway.

After the test, all groups completed the Intrinsic Moti-
vation Inventory (IMI) questionnaire.5 The questionnaire 
comprised six statements. Each statement was rated using 

a Likert scale from 1 to 7, with 1 indicating ‘not at all true’ 
and 7 indicating ‘very true’.

Skill maintenance: 3 months after training, participants 
repeated the same testing protocol to assess knowledge 
retention; this involved a standard and a brand-new digital 
bronchial tree model with the following measures: DC, SP 
and PTs.

Outcome measures
All participants were informed that they were required to achieve 
the highest possible score on the examination:

DC: DC was defined as probing and recognising all bron-
chial segments, with a total of 18 segments: 10 in the right 
lung and 8 in the left lung; left lungs one and two were fused, 
and no segment 7.3 14

SP: A point was awarded each time a participant moved 
from one segment to the next.15 For example, exploring 
the right upper lobe in the following order: a sequence of 
trachea/right bronchial segment RB1/RB2/RB3 earned three 
points, while a sequence of trachea/RB2/RB1/RB3 earned 0 
points.

PT: PT was defined as the time spent visualising the carina 
to extract the scope.3 14 AI automatically timed the operational 
process.

Figure 2  Participant flow diagram. A detailed diagram illustrating the progression of participants throughout the trial.
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Statistical analysis
The ceiling effect and the fact that DC and SP have a maximum 
score of 18 could make normal distribution infeasible. Conse-
quently, data for DC, SP, PT and training duration are presented 
as median±IQR, and non-parametric Kruskal-Wallis tests 
were employed for group comparisons. The χ2 test was used 
for categorical variables. The primary analysis compared the 
anatomic-variety group with the anatomic-uniformity group. 
All other comparisons were considered secondary analyses. For 
the primary comparison, the Kruskal-Wallis test was applied. 
To compare all three groups across DC, SP and PT, Kruskal-
Wallis tests were used. When a globally significant difference 
was detected (p<0.05), Dunn’s test with Bonferroni correction 
was used for post hoc pairwise comparisons. Effect sizes were 
calculated as rank eta squared (ηH2). For comparisons between 
groups (ie, anatomic-variety group vs anatomic-uniformity 
group), effect sizes were calculated using the rank-biserial 
correlation (rb). The rb was interpreted as follows: 0.1=small, 
0.3=medium, 0.5=large. Given the bounded, non-normal 
distribution of the DC and SP scores, a Scheirer-Ray-Hare test 
(rank-based two-way analysis of variance) was used to evaluate 
the effects of group and time (post-test vs 3-month retention) 
and their interaction. Between-group differences are reported 
as median differences and p values. Statistical significance was 
set at p<0.05.

RESULTS
The digital-twin bronchoscopy simulator of a patient environ-
ment that could reconstruct digital bronchial trees generated 
from diverse patient chest CT data and automatically identify 
bronchial segments based on AI. This simulator not only mimics 
the experience of bronchoscopy in a real clinical setting by 
providing various anatomic models but also provides immediate 
AI-based training feedback. Training with an extensive range of 
digital bronchial tree models generated from CT data of various 
patients closely simulates clinical practice.

In this prospective, randomised controlled trial conducted 
from 1 June 2024 to 28 September 2024, 60 participants were 
enrolled, and 20 participants were allocated to each group 
(table 1).

Post-test
In test 1, the primary comparison showed that there were 
no significant differences between the anatomic-variety and 
anatomic-uniformity groups in the three outcomes (median 
difference, p value): DC (0 segments, p=0.576), SP (1 correct 
progressions, p=0.091) and PT (31 s, p=0.831). Secondary 
analyses revealed that both groups exhibited superior training 
performance compared with the control group, as indicated 
by the three outcomes (median, p value): DC (18, 18, 13.5 
segments, p<0.001, ηH²=0.627), SP (17, 16, 8.5 correct 
progressions, p<0.001, ηH²=0.596) and PT (475, 444, 913.5 s, 
p<0.001, ηH²=0.416).

In test 2, the primary comparison demonstrated the anatomic-
variety group had significantly higher DC (median difference: 
2.5 segments, p<0.001, rb=0.945) and SP (median difference: 9 
progression, p<0.001, rb=0.995) than the anatomic-uniformity 
group. It is noteworthy that there was no significant difference 
in PT between the two groups (see table 1). Secondary analyses 
revealed that both the anatomic-variety and anatomic-uniformity 
groups demonstrated superior training performance in compar-
ison to the control group (table 1).

Additionally, to evaluate the stability of the bronchoscopy 
performance for each group, we compared the outcomes in 
two tests. The anatomic-variety group demonstrated more 
stable performance in both the DC and SP scores: DC (median 
difference: –0.5 points, p=0.257) and SP (0 correct progres-
sions, p=0.796). However, the anatomic-uniformity group 
showed an unstable performance in both DC and SP: DC (–3 
points, p<0.001, rb=−0.78) and SP (–8 correct progressions, 
p<0.001, rb=−1.0). The PTs were prolonged in both the 
anatomic-variety (221 s, p<0.001, rb=0.488) and anatomic-
uniformity groups (346 s, p<0.001, rb=0.607). In the control 
group, the performance was also unstable in both the DC and 
SP, but the PTs showed no significant change between the two 
tests.

The training time across the three groups was comparable, but 
the participants using the digital-twin simulator had higher IMI 
scores than the control group (18.5 scores, p<0.001, rb=0.539) 
(table 2).

Table 1  Participants’ demographic and outcome measures

Control group 
(group A, N=20)

Anatomic-uniformity group 
(group B, N=20)

Anatomic-variety group 
(group C, N=20)

P value
(group A vs B vs C)

P value
(group B vs C)

Female sex* 10 (50%) 10 (50%) 10 (50%) 1 1

Age, years 24.3 (0.44) 24.6 (0.57) 24.0 (0.00) 0.640 0.429

Testing with the trained standard digital bronchial tree model

DC, segments 13.5 (2.5) 18 (2) 18 (1) ＜0.001 0.576

SP, progressions 8.5 (5.5) 16 (3) 17.0 (2.5) ＜0.001 0.091

PT, s 913.5 (249.0) 444 (251.5) 475.0 (268) ＜0.001 0.831

Testing with a digital bronchial tree generated from a brand-new chest CT

DC, segments 7.0 (4) 15 (2) 17.5 (1) <0.001 <0.001

SP, progression, s 3.5 (3) 8 (2.5) 17 (1.50) <0.001 <0.001

PT, s 1007.5 (473.50) 790 (331.50) 696.0 (258) 0.001 0.475

Time spent training, min 55 (29.50) 60 (35) 60 (15.50) 0.842 0.936

Data are presented as median (IQR) and were compared using the Kruskal-Wallis test.
*Data are presented as numbers (percentage) and were compared using the χ2 test. Statistical significance was set at p<0.05.
DC, diagnostic completeness; PT, procedure time; SP, structured progress.
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Skill maintenance
55 of 60 (91.67%) participants returned for the bronchos-
copy skill retention test. In test 1, the anatomic-variety group 
showed better performance maintenance than the other groups 
in the two outcome measures (median, p value: DC: 17, 17, 12 
segments, p<0.001, ηH²=0. 462; SP: 15, 7, 6 correct progres-
sions, p<0.001, ηH²=0. 528). Among the three groups, there 
was a trend toward a decrease in test 1 over time. Although a 
statistically significant difference was seen in SP scores among 
the groups (anatomic-variety group, p<0.01, rb=−0.556; 
anatomic-uniformity group, p<0.001, rb=−0.895; control 
group, p<0.05, rb=−0.406), neither the anatomic-variety group 
nor the anatomic-uniformity group had significant changes in 
DC scores. In Test 2, the anatomic-variety group still had the 
best performance among the groups (DC, 17, 14, 6 segments, 
p<0.001, ηH²=0.365; SP, 13, 4, 3 correct progressions, 
p<0.001, ηH² =0.738). The three groups showed no differences 
in the PT for the retention test (table  3). Both the anatomic-
variety and anatomic-uniformity groups showed a statistically 
significant difference (DC: anatomic-variety group, p=0.008, 
rb=−0.364; anatomic-uniformity group, p=0.010, rb=−0.645; 
control group, p=0.068; SP: anatomic-variety group, p=0.001, 
rb=−0.593; anatomic-uniformity group, p=0.007, rb=−0.548; 
control group, p=0.060) over time.

To investigate whether the learning gains remained stable over 
time, a non-parametric repeated measures Scheirer-Ray-Hare 
test was applied to evaluate within-group changes over time 

(post-test vs 3-month retention) and between-group differences 
(table 4). A main effect of group was seen for all measures. Addi-
tionally, a main effect of the test was found for ‘SP’ in test 1 
and ‘DC and SP’ in test 2, indicating that the performance score 
for these measures deteriorated from post-test to retention test. 
However, no interaction was found between the three groups for 
these measures, so the deterioration in performance was found 
in all three groups.

DISCUSSION
To our knowledge, this is the first study to use a digital-twin 
bronchoscopy simulator to train and test novice bronchoscopy 
performance. Our results indicate that the ‘anatomic-variety’ 
training approach promoted better, faster and more stable bron-
choscopy performance for novices, regardless of whether the 
standard or brand-new digital bronchial tree models are used. 
Importantly, the anatomic-variety group demonstrated partial 
retention of learning gains when reassessed at 3 months, as 
evidenced by DC and SP scores, as well as PT. However, these 
gains declined in the absence of repeated exposure to simulation.

Previous studies3 16 17 have demonstrated that simulation-
based training (based on virtual reality simulators or a stan-
dard phantom of the bronchial tree) combined with feedback 
can improve the DC and SP scores of novices, which is consis-
tent with our study findings. In our study, the participants who 
used the digital-twin-based bronchoscopy simulator with AI 

Table 2  Intrinsic Motivation Inventory (IMI)

Control group 
(group A, N=20)

Anatomic-uniformity group
(group B, N=20)

Anatomic-variety group 
(group C, N=20)

P value
(group A vs B vs C)

I put a lot of effort into this 5 (2) 5 (1) 5.5 (1) 0.031

I think I did pretty well at the final test, compared with the other 
students

3 (2) 4 (1.5) 5 (2) 0.001

I felt pressured while training* 3.5 (5) 3 (2) 3 (2) 0.793

I think this training session is important to do because it can help me 
to perform better bronchoscopies

2 (1.5) 7 (1) 7 (1) <0.001

I would recommend others to train their skills with this system 1 (1) 6.5 (1) 7 (1) <0.001

I would like to continue to use this training system 1.5 (2) 7 (1) 7 (1) <0.001

IMI total (total=35) 12(16) 28.5 (4) 30.50(4) <0.001

Data are presented as median (IQR) and were compared using the Kruskal-Wallis test.
Each statement was rated using a Likert scale from 1 to 7, where one indicated ‘not at all true’ and seven indicated ‘very true’. Number 7 indicates the best score, except for a, 
because it is a reverse-coded statement in which 1 indicates the best score and 7 the worst score.
*This was not included in the total IMI score.

Table 3  Outcome measures of skill maintenance

Control group (group A, N=20)
Anatomic-uniformity group 
(group B, N=20)

Anatomic-variety group 
(group C, N=20)

P value
(group A vs B vs C)

P value
(group B vs C)

Testing with the trained standard digital bronchial tree model

DC, segments 12(3) 17±3 17(1) <0.001 0.214

SP, progressions 6 (2) 7±4 15(6) <0.001 <0.001

PT, s 731(203) 632(248) 604(227) 0.056 0.504

Testing with a digital bronchial tree generated from a brand-new chest CT

DC, segments 6 (2) 14(2) 17(3) <0.001 <0.001

SP, progressions 3 (4) 4 (4) 13(5) <0.001 <0.001

PT, s 900 (322) 877 (375) 741 (340) 0.326 0.261

Data are presented as median (IQR) and were compared using the Kruskal-Wallis test.
Statistical significance was set at p<0.05.
DC, diagnostic completeness; PT, procedure time; SP, structured progress.
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feedback performed significantly better in terms of DC, SP and 
PT compared with the control group during standard digital 
bronchial tree model tests. In contrast to previous studies,5 we 
found that novices trained using a standard digital bronchial 
tree model, such as the classical high-fidelity simulator, showed 
a reduction in bronchoscopy performance when confronted 
with another new digital bronchial tree model test. These results 
suggest that the training effectiveness of the classical simulator 
is overestimated because it may not lead to stability in bron-
choscopy performance. Schmidt and Bjork18 demonstrated that 
variable practice—exposing learners to diverse task versions—
enhances generalisation to novel scenarios, even at the cost 
of slower initial learning. Our digital-twin simulator opera-
tionalises this principle by reconstructing anatomically diverse 
bronchial trees from patient CT data, thereby bridging the gap 
between simulated and clinical environments. By replicating 
the core design of the earlier study by Cold et al5 we ensured 
methodological consistency, allowing robust evaluation of how 
anatomical diversity in training affects skill acquisition. This 
approach underscores the translational potential of digital-twin 
technology while validating prior findings in a new context.

A plateau in the learning curve of bronchoscopy can be reached 
with at least ten different patients,19 20 but the same bronchial 
model trained ten times may not achieve the same results. Clas-
sical bronchoscopy simulators typically offer a limited number 
of cases for training and testing,7 21 which may be a key factor 
contributing to the poor performance of participants when 
tested using the new bronchial tree model after training with 
traditional simulators. The adaptive expertise approach empha-
sises deep conceptual understanding by integrating multiple 
concepts necessary for expertise, the discovery of new solutions 
through struggle and failure, and the ability to train in a variety 
of contexts.19 20 However, our digital twin-based bronchoscopy 
simulator is pretrained on an extensive CT dataset, allowing 
it to automatically and accurately reconstruct lung structures, 
including anatomical variants and lesions, facilitating the gener-
ation of a comprehensive bronchial tree model based on patient 
data. This simulator offers diverse scenarios to replicate realistic 
clinical environments, such as various anatomical variations and 
the presence of tumours. Although our study did not directly 
measure patient-level outcomes, prior systematic reviews suggest 
that improved procedural adaptability correlates with reduced 
complications (eg, fewer mucosal injuries during bronchoscopy). 
Future work should evaluate whether anatomic-variety training 
translates to measurable clinical benefits, such as shorter PTs or 
lower rates of diagnostic errors.

Additionally, the simulator-based training group achieved 
significantly higher scores on the IMI compared with the 
control group in terms of confidence and overall experience. 
These findings suggest that the instructional method enhances 
learners’ confidence in performing bronchoscopy and improves 
their overall learning experience and performance. The goal of 
learning is not merely to acquire procedural skills but also to 
work effectively in dynamic and ever-changing environments, 
which is a defining characteristic of medical practice.19 22 23 
Therefore, approaches that emphasise ability (rather than mere 
performance), as well as strategies focused on preparing for life-
long learning and developing adaptive expertise, are crucial.

Skill maintenance is crucial for basic clinical skills, particu-
larly during short residency rotations and continuing medical 
education.24 25 Nonetheless, high-quality research on this 
topic remains limited. Previous studies have demonstrated 
that both low-fidelity 3D-printed airway models and classical 
high-fidelity bronchoscopy simulators significantly enhance 
students’ bronchoscopy performance and help sustain learning 
gains when integrated into the curriculum.26 27 In our study, 
the digital-twin bronchoscopy simulator also demonstrated 
superior training outcomes, both immediately following the 
training and during the retention test conducted 3 months later. 
The enhanced skill retention and adaptability observed in the 
anatomic-variety group resonate with Schmidt and Bjork’s18 
concept of contextual interference. By training on diverse 
bronchial models, novices faced increased cognitive demands 
during practice, requiring them to continuously adapt navi-
gation strategies. This ‘desirable difficulty’—though initially 
slowing skill acquisition—strengthened long-term retention 
and transferability. Moreover, using the anatomic-uniformity 
group as a reference, the digital-twin-based bronchoscopy 
simulator also had better performance in the brand-new digital 
bronchial tree model test. However, the retention test perfor-
mance with the digital model revealed a general decline in 
ability compared with the postsimulation scores; this observa-
tion is in line with similar previous reports.26 27 The implication 
of these results is that this digital-twin-based bronchoscopy 
simulator should be considered for trainees who experience a 
significant gap in exposure to bronchoscopy.

This study has some limitations. First, the accessibility 
of the equipment is a concern given that it is currently not 
widely available. This new technology requires continuous 
improvement to enhance its feasibility for widespread adop-
tion. Second, we reported high retention scores for bron-
choscopy performance in the digital-twin simulator group, 

Table 4  Statistical data from repeated measures Scheirer-Ray-Hare test on the measures from the post-test and the retention test

Test group interaction Group main effect Test main effect

Testing with the trained standard digital bronchial tree model

DC, segments H=0.233, p=0.89 H=60.62, p<0.001* H=3.499, p=0.061

SP, progressions H=4.30, p=0.12 H=51.99, p<0.001* H=20.64, p<0.001*

PT, s H=7.47, p=0.02* H=32.36, p<0.001* H=0.86, p=0.350

Testing with a digital bronchial tree generated from a brand-new chest CT

DC, segments H=0.32, p=0.85 H=84.05, p<0.001* H=4.92, p=0.030*

SP, progressions H=0.24, p=0.89 H=69.62, p<0.001* H=7.56, p=0.010*

PT, s H=3.04, p=0.22 H=13.34, p=0.001* H=0.72, p=0.400

*Statistical significance was set at p<0.05.
DC, diagnostic completeness; PT, procedure time; SP, structured progress.
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but the retention rates of technical skills remained unclear. 
In the future, we will explore how frequently or what type 
of content training must occur to improve the knowledge 
retention rate. We will also develop a structured training 
programme. Third, the impact of training on future clin-
ical practice performance is particularly significant.20 25 Our 
results suggest that this novel simulator could improve novice 
bronchoscopy performance (navigation through the bronchial 
tree and lung segment recognition ability); however, its ability 
to shorten the learning curve of novices remains unknown. 
Therefore, this should be explored further in the future. This 
study focused on simulated performance (Kirkpatrick level 2), 
but real-world translation requires validation through longitu-
dinal clinical trials.28 For example, tracking trainees’ patient 
outcomes (level 4) could quantify the simulator’s impact on 
diagnostic accuracy or complication rates. Fourth, while repli-
cating the core design of Cold et al5 strengthened the compar-
ative validity for assessing anatomical diversity, this approach 
inherently limits the exploration of other potentially influen-
tial variables unique to our simulator or training paradigm that 
might differ from the referenced AI system. Finally, our self-
regulated training design, while ecologically valid, introduces 
variability in skill attainment compared with mastery learning. 
Systematic reviews8 29 emphasise that mastery learning—with 
its emphasis on deliberate practice and objective benchmarks—
reduces performance variance and ensures baseline compe-
tency.11 In contrast, our anatomic-variety group’s superior 
retention despite self-paced training suggests that anatomical 
diversity may partially compensate for unstructured practice, a 
hypothesis requiring further validation. Future studies should 
integrate mastery criteria with variable anatomical training to 
optimise both consistency and adaptability.

CONCLUSIONS
Training with a digital twin simulator enables novices to achieve 
more structured bronchoscopy performance, as evidenced by 
superior SP scores.
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