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Transbronchial lung cryobiopsy for interstitial
lung disease: early experience, learning curve,
and the impact of sedation on complication
rates at a single centre in Japan
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Abstract

Background Transbronchial lung cryobiopsy (TBLC) has emerged as a promising diagnostic tool for interstitial lung
disease (ILD). This study aimed to assess the initial experience, procedural learning curve, and influence of sedative
medications on complication rates, particularly bleeding and pneumothorax, in the implementation of a TBLC
program for ILD diagnosis.

Methods In this retrospective cohort study, we analysed 119 patients who underwent TBLC at Nippon Medical
School Hospital from April 2021 to March 2024. Procedural times, complication rates, and histopathological outcomes
were evaluated. The learning curve was assessed using cumulative sum (CUSUM) analysis, focusing on procedure time
and biopsy yield. The association between sedative medication dosages and bleeding risk was also examined.

Results The overall diagnostic yield was high, with alveolar tissue obtained in 97.5% of cases and a definitive
pathological diagnosis achieved in 81.5% of patients. CUSUM analysis revealed a proficiency threshold at
approximately 56 cases, with improved efficiency and biopsy yield in the consolidation phase. Fentanyl dosage was
significantly associated with reduced bleeding complications (odds ratio 0.51, 95% confidence interval 0.27-0.97,
p=0.041).

Conclusions TBLC is a safe and effective diagnostic tool for ILDs, with a manageable learning curve for procedural
efficiency. Sedation, particularly fentanyl dosage, may plays a crucial role in minimizing complications, but further
research is needed to clarify this relationship. These findings support the adoption of TBLC as a standard diagnostic
approach for ILD and highlight the importance of adequate training and optimized sedation protocols to ensure
safety and efficacy in clinical practice.

Keywords Transbronchial lung cryobiopsy, Interstitial lung disease, Cumulative sum learning curve analysis, Sedation,
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Introduction

Diagnosis of interstitial lung disease (ILD) often requires
a multidisciplinary approach integrating clinical, radio-
logical and pathological data. When pathological infor-
mation is needed to make a definitive diagnosis, surgical
lung biopsy (SLB) has traditionally been the gold stan-
dard for obtaining adequate lung-tissue samples. How-
ever, SLB is associated with significant morbidity and
mortality, especially in patients with advanced disease [1,
2]. Transbronchial lung cryobiopsy (TBLC) is a promis-
ing new alternative to SLB for obtaining lung tissue in
the diagnostic evaluation of ILD. Studies have shown
that larger specimens with fewer artefacts are produced
by TBLC than by conventional transbronchial forceps
biopsy, and the diagnostic yield of TBLC for ILD appears
to be comparable to that of SLB in the context of mul-
tidisciplinary discussion [3, 4]. However, TBLC is not
without risks. Complications, such as haemorrhage,
pneumothorax and acute exacerbation of ILD have been
reported [4]. In a recent study, when TBLC was first
introduced into clinical practice at their institution, the
incidence of complications, including life-threatening
bleeding, was particularly high [5]. This raises concerns
about the real-world safety of TBLC as it transitions from
specialised research centres to widespread use.

As TBLC is a novel procedure, understanding the
learning curve is crucial for its safe and effective imple-
mentation. In addition to operator experience and
patient selection, appropriate airway management and
anaesthesia may also affect the safety of TBLC. Establish-
ing training and competency standards to guide the safe
introduction of TBLC would be beneficial. A commonly
used statistical method for quantitatively assessing the
learning curve by analysing changes in key performance
indicators over consecutive cases is the cumulative sum
(CUSUM) method [6]. Previous CUSUM analysis has
been applied to TBLC, which showed that diagnostic
yield and sample size improved after 50 to 70 cases, sug-
gesting a plateau in the learning curve [7]. However, the
diagnostic yield in ILD is strongly influenced by patient-
related factors; therefore, an evaluation of the learning
curve with respect to the efficiency of the procedural
technique is necessary.

The study aim was to evaluate our centre’s early experi-
ence with implementing a programme for diagnosing ILD
in patients admitted to undergo TBLC. We focused on
identifying risk factors for complications, used CUSUM
analysis of the procedure time per biopsy to define the
learning curve, and analysed the association between
sedative medications and bleeding risk. We hypothesised
that procedural efficiency would be low during the initial
learning phase but would increase with experience and
that various factors, such as patient characteristics, pro-
cedural techniques and sedation, might influence the risk
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of adverse events. By analysing the outcomes and trends
in our initial cohort, we hope to provide insights for opti-
mising the performance and safety of TBLC and improv-
ing the diagnosis and management of ILDs.

Methods

Study design and patient population

This retrospective cohort study included patients who
underwent TBLC for the diagnosis of ILD at Nippon
Medical School Hospital between April 2021 and March
2024. The Nippon Medical School Hospital Institutional
Review Board approved this study (approval number
B-2024-875) and waived informed consent due to its ret-
rospective nature.

Eligible patients were adults (=18 years) with suspected
ILD based on clinical and radiographic findings who
were referred for TBLC after multidisciplinary discus-
sion. Patients taking antiplatelet or anticoagulant medi-
cations were required to discontinue these medications
until they were no longer effective before undergoing the
procedure. The exclusion criteria included inability to
tolerate bronchoscopy, haemorrhagic disease, severe pul-
monary hypertension or other conditions determined by
the attending physician.

Demographic and clinical data were abstracted from
the electronic medical record, including age, sex, body-
mass index, smoking history, comorbidities, pulmo-
nary function tests and chest high-resolution computed
tomography (HRCT) findings.

TBLC procedure

All TBLC procedures were performed by a team of more
than three pulmonologists in the bronchoscopy suite
who used an endotracheal tube with an inner diameter of
8.0 mm with the patient under local anaesthesia. TBLC
procedures were conducted three times a week by three
rotating groups. Due to the nature of our university hos-
pital, these groups changed every six months. Each group
consisted of at least three physicians, always includ-
ing a respiratory specialist with over 15 years of experi-
ence and a third-year respiratory medicine resident. The
experience of other physicians ranged from 4 to 15 years.
Additionally, each procedure always included at least
one physician who had completed training in at least 10
TBLC cases at a tertiary referral centre with extensive
experience in TBLC before the initiation of our TBLC
program.

Patient monitoring included continuous pulse oxime-
try, electrocardiography and intermittent blood-pressure
assessments. After airway examination using a flexible
bronchoscope (BF-1TQ290, Olympus, Tokyo, Japan), a
1.9-mm cryoprobe (Erbe, Tubingen, Germany) was intro-
duced through the working channel and advanced to the
target region under fluoroscopic guidance, maintaining
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a distance of 10-20 mm from the pleura. The dura-
tion of cryoadhesion (freeze time) ranged from 5 to
7 s. The bronchoscope and cryoprobe were simultane-
ously removed en-bloc, and the obtained specimen was
immediately thawed in saline. A 4-Fr Fogarty Catheter
(Edwards Lifesciences, California, United States) was
prophylactically placed to tamponade any potential
bleeding. At least one biopsy specimen was obtained
from distinct segments of the lower lobe, specifically tar-
geting areas of abnormality identified on pre-procedure
HRCT. Post-procedure, a chest X-ray was taken imme-
diately and then repeated the following day to look for
pneumothorax. Anaesthesia was intermittently admin-
istered during the procedure with intravenous doses of
fentanyl and midazolam at the pulmonologist’s discre-
tion, with doses ranging from 20 to 40 pg for fentanyl and
2 to 6 mg for midazolam per administration. The maxi-
mum total doses allowed were 100 pg of fentanyl and
30 mg of midazolam, respectively. Hypoxia was managed
by administering oxygen via an endotracheal tube. Data
collected from TBLC sampling encompassed the num-
ber and anatomical locations of the biopsies as well as the
freeze-time durations.

Complications and safety assessments

Intra- and post-procedural complications were recorded,
including bleeding, pneumothorax, respiratory-tract
infection, hypotension, respiratory failure and death.
Bleeding severity was graded as mild (requiring suc-
tion only), moderate (requiring topical iced saline, vaso-
constrictors or thrombin) or severe (caused procedure
stop or hemodynamic instability or required transfu-
sion, surgical intervention or admission to the intensive
care unit) [8]. Significant bleeding was defined as mod-
erate or greater. Pneumothorax was classified as small
(<2 cm from chest wall to lung edge) or large (=2 cm or
symptomatic, requiring chest tube). Complications were
attributed to TBLC if they occurred within 30 days of the
procedure.

Histopathological assessment

The TBLC specimens were fixed in formalin, embedded
in paraffin, sliced into 4-um thick sections and stained
with haematoxylin & eosin. A pathologist specialising in
ILDs performed the histopathological assessment. Speci-
mens were considered adequate if they contained alveo-
lated lung parenchyma. A histopathological diagnosis
was reached by integrating the clinical, radiological and
pathological data according to standard guidelines.

CUSUM learning-curve analysis

The TBLC learning curve was assessed by performing
CUSUM analysis, a method commonly used to evalu-
ate the learning process for surgical procedures [9]. The
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CUSUM analysis examined the procedure time per num-
ber of biopsies. These CUSUM values were then plotted
against the case numbers, with the target time defined as
the mean procedure time for the entire cohort. The learn-
ing curve was considered complete when an inflection
point was observed, indicating sustained improvement in
efficiency. The number of procedures needed to achieve
proficiency was determined. Additionally, a risk-adjusted
cumulative summation (RA-CUSUM) analysis was per-
formed to account for patient-specific factors that might
influence procedural outcomes. Patient factors for risk
adjustment included age, sex, body mass index, percent
predicted forced vital capacity (FVC), and percent pre-
dicted diffusing capacity for carbon monoxide (DLCO).
A linear regression model was constructed to predict the
expected procedure time per biopsy based on these risk
factors. The RA-CUSUM was calculated by cumulatively
summing the differences between observed and expected
procedure times across all cases.

Statistical analysis

Descriptive statistics were used to summarise patient
characteristics, TBLC parameters and complications.
Continuous variables were reported as the mean+stan-
dard deviation or median and interquartile range.
Categorical variables were expressed as counts and
percentages.

Univariate and multivariable logistic regression were
performed to determine potential risk factors for com-
plications, with results reported as odds ratios with 95%
confidence intervals. Variables with p<0.05 on univariate
analysis were included in the multivariable model. A two-
tailed p<0.05 was accepted as indicating statistical signif-
icance. R version 3.61 with R studio was used to perform
all statistical analyses.

Subgroup analysis

To further investigate the findings from our primary anal-
ysis, we planned a subgroup analysis. The study cohort
was divided into two phases based on the proficiency
threshold identified by the CUSUM analysis: an initial
phase and a consolidation phase. For factors that showed
statistically significant associations (p<0.05) with proce-
dural outcomes in the primary analysis, we performed
separate logistic regression analyses in each phase.

Post-hoc power analysis

A post-hoc power analysis was conducted to evaluate the
statistical power of two key analyses: the CUSUM analy-
sis comparing procedural times between the initial and
consolidation phases, andthe logistic regression model
assessing factors significantly associated with the risk of
complications, particularly significant bleeding.
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For the CUSUM analysis, power was calculated using
a two-sample t-test, with the effect size (Cohen’s d) com-
puted from the difference in mean procedural times
between phases, divided by the pooled standard devia-
tion. For the logistic regression analysis, the observed
odds ratio of factors found to be significantly associated
with complications in the primary analysis was used to
calculate power. The significance level (a) was set at 0.05
for both analyses. The significance level (a) was set at
0.05 for both analyses.

Power calculations were performed using the stats-
models package (version 0.12.2) in Python 3.8, utilizing
the TTestIndPower and NormallndPower classes for the
CUSUM and logistic regression analyses, respectively.

Table 1 Characteristics of the patients

Variable

n=119(100%)

Demographics

Age (years) 68.6+9.0
Sex, male 65 (54.6)
BMI (kg/m?) 234+4.]1
Never smoker 54 (45.4)
Pulmonary Function Tests

FVC %predicted (%) 84.3+22.1
FEV1/FVC (%) 796+152
FEV1%predicted (%) 91.0+204
DLCO %predicted (%) 76.2+20.7
Procedural Details

Procedural time (min) 38.5+86
Fentanyl (ug) 9244140
Fentanyl (ug/kg/h) 2.58+0.88
Midazolam (mg) 11.8+49
Midazolam (mg/kg/h) 032+0.14
Number of biopsies 23+09
Number of biopsies per 30 min 19409
Biopsy from upper lobes 38(31.9)
Complications

Pneumothorax small 1(0.8)
large 1(0.8)
Bleeding mild 82 (68.9)
moderate 26 (21.8)
severe 54.2)
Significant bleeding 31(26.1)
Respiratory tract infection 3(2.5)
90-day mortality 0(0.0)
Histopathological Findings

Alveolar tissue obtained 116 (97.5)
Pathological diagnosis achieved 97 (81.5)

Data are presented as mean=SD or n (%). BMI, body mass index; DLCO, diffusing
capacity of the lung for carbon monoxide; FEV1, forced expiratory volumein 1s;
FVC, forced vital capacity
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Results

Study design and patient population

A total of 119 patients were included in this retrospective
cohort study. Their mean age was 68.6£9.0 years, and
65 (54.6%) were male. The mean body-mass index was
23.4+4.1 kg/m?, and 54 (45.4%) were never smokers. The
mean FVC percent predicted, the ratio of forced expi-
ratory volume in 1 s (FEV1) to FVC, FEV1% predicted
and DLCO percent predicted were 84.3% =+ 22.1%, 79.6%
+ 15.2%, 91.0% * 20.4% and 76.2% * 20.7%, respectively
(Table 1). No patient exhibited severe renal dysfunction,
defined as an estimated glomerular filtration rate of <30
mL/min/1.73 m®.

TBLC procedure

The mean procedural time was 38.5+£8.6 min. Patients
received an average of 92.4+14.0 pg of fentanyl
(2.58+0.88 pg/kg/h) and 11.8+4.9 mg of midazolam
(0.32£0.14 mg/kg/h). The mean number of biopsies was
2.310.9, with an average of 1.91+0.9 biopsies performed
per 30 min. Biopsies were taken from the upper lobes in
38 (31.9%) patients (Table 1).

Complications and safety assessments

Pneumothorax occurred in 2 (1.6%) patients, with 1
(0.8%) small and 1 (0.8%) large. Bleeding was observed
in 113 (94.9%) patients, with 82 (68.9%) mild, 26 (21.8%)
moderate and 5 (4.2%) severe. Significant bleeding (mod-
erate or above) occurred in 31(26.1%) patients. Respira-
tory-tract infection was reported in 3 (2.5%) patients. No
deaths were reported within 90 days of the procedure.
No patient exhibited hypotension necessitating the use
of vasopressors or respiratory failure requiring assisted
ventilation.

Histopathological assessment

Adequate alveolar tissue was obtained in 97.5% of cases,
and the histopathological diagnoses based on the TBLC
specimens were as follows: nonspecific interstitial pneu-
monia in 28 (23.5%), hypersensitivity pneumonitis in
23 (19.3%), drug-induced ILD in 15 (12.6%), idiopathic
pulmonary fibrosis in 10 (8.4%), cryptogenic organising
pneumonia in 7 (5.9%), connective tissue disease-related
ILD in 7 (5.9%), eosinophilic pneumonia in 3 (2.5%) and
multi-centric Castleman’s disease, pulmonary alveolar
proteinosis, sarcoidosis and silicosis in 1 (0.8%) patient
each. However, 19 (16.0%) of cases remained as unclassi-
fiable interstitial pneumonia (UCIP) despite the high rate
of alveolar-tissue retrieval.

CUSUM learning-curve analysis

As shown in the scatter plot of procedure time per num-
ber of biopsies (Fig. 1A), there was a downward trend in
procedure time with increasing case numbers. The fitted
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Fig. 1 The trend of the procedural time and CUSUM analyses. A: The trend of the procedural time per number of biopsies. B: The learning curve (CUSUM
chart) of the procedural time per number of biopsies (56 was the vertex of the curve). C: The learning curve (RA-CUSUM chart) of the procedural time per

number of biopsies (58 was the vertex of the curve)

curve was plotted in the CUSUM analysis of procedure
time per number of biopsies (Fig. 1B). The formula for
the scatter plot polynomial fitting curve was.

y=0.0004x3-0.1679 x>+ 14.967x— 102.76,

where y represented the procedure time per number of
biopsies and x represented the number of procedures.

The fit of the curve was good, with a correlation coef-
ficient R* = 0.8701. The CUSUM analysis showed that
after approximately 56 cases, a change in performance
occurred, as evidenced by a reduction in the procedure
time per number of biopsies. The RA-CUSUM analysis
revealed a similar learning curve pattern with an inflec-
tion point at 58 cases (Fig. 1C), closely aligning with the
primary CUSUM analysis.

The learning curve was divided into two phases: the
initial phase (first 56 cases) and the consolidation phase
(remaining 63 cases). Compared with the initial phase,
the consolidation phase had a significantly shorter proce-
dure time (35.1£6.9 vs. 42.4£8.9 min, p<0.001), higher
fentanyl dosage (95.2+11.2 vs. 89.3+16.2 pg, p=0.020;
2.78%0.92 vs. 2.36%0.77 pg/kg/h, p=0.008), higher mid-
azolam dosage per body weight and time (0.34+0.16 vs.
0.29£0.11 mg/kg/h, p=0.024) and more biopsies taken
(2.61+0.7 vs. 1.9£0.8, p<0.001). No significant differences
in patient characteristics, complications, alveolar-tissue

retrieval (94.6% vs. 100%, p=0.101) or pathological diag-
nosis (80.4% vs. 81.0%, p=1.000) were found between the
two phases (Table 2).

Predictors of significant bleeding

In the univariable analysis, male sex [odds ratio (OR)
2.56, 95% CI 1.06—6.17, p=0.037] and fentanyl dosage
(OR 0.46, 95% CI 0.24—0.87, p=0.016) were significantly
associated with significant bleeding. In the multivariable
analysis, only fentanyl dosage per body weight and time
remained a significant predictor of significant bleeding
(OR0.51, 95% CI 0.27-0.97, p=0.041) (Table 3).

Subgroup analysis results

In the initial phase, logistic regression analysis revealed
a significant association between higher fentanyl dosage
and reduced risk of significant bleeding, with an odds
ratio of 0.20 (95% CI: 0.05-0.72, p=0.011). In the con-
solidation phase, a similar trend was observed, with an
odds ratio of 0.55 (95% CI: 0.25-1.21, p=0.138), suggest-
ing that higher fentanyl dosage was associated with lower
bleeding risk, although this association did not reach sta-
tistical significance.
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Table 2 Comparison between initial phase and consolidation

phase
Variable Initial Consolida-  P-val-
phase tion phase ues
(n=56) (n=63)
Demographics
Age (years) 68.3+83 68.7+9.6 0.806
Sex, male 27 (48.2) 38 (60.3) 0.202
BMI (kg/m?) 228+4.1 239+4.1 0.146
Never smoker 26 (46.4) 28 (44.4) 0.855
Pulmonary Function Tests
FVC %predicted (%) 803+192 8794241 0.073
FEV1/FVC (%) 80.7+13.3 785+16.9 0472
FEV1%predicted (%) 803+19.2 87.3+245 0.108
DLCO %predicted (%) 7384202  785+212 0.266
Procedural Details
Procedural time (min) 424+89 35.1+6.9 <0.001
Fentanyl (ug) 803+162  952+112 0.020
Fentany! (pg/kg/h) 2364077  278+092 0.008
Midazolam (mg) 11.2+38 124457 0.187
Midazolam (mg/kg/h) 0.29+0.11 034+0.16 0.024
Number of biopsies 19408 26+0.7 <0.001
Biopsy from upper lobes 14 (25.0) 24(38.1) 0.168
Complications
Pneumothorax 2(1.6) 0.0) 0.129
Significant bleeding 2(214) 19 (30.2) 0.303
Respiratory tract infection 2(3.6) 1(1.6) 0.601
Histopathological Findings
Alveolar tissue obtained 53 (94.6) 63 (100.0) 0.101
Pathological diagnosis achieved 45 (80.4) 51(81.0) 1.000

Data are presented as mean£SD or n (%). BMI, body mass index; DLCO, diffusing
capacity of the lung for carbon monoxide; FEV1, forced expiratory volumein 1s;
FVC, forced vital capacity

Post-hoc power analysis results

For the CUSUM analysis comparing procedural times
between the initial and consolidation phases, the effect
size (Cohen’s d) was 0.92. With a significance level of 0.05
(two-tailed), the post-hoc power was calculated to be
99.88%. In the logistic regression analysis of fentanyl dos-
age predicting significant bleeding, the post-hoc power
was 99.94%. Both analyses demonstrated very high sta-
tistical power, indicating the study was well-equipped to
detect the observed effects.

Discussion

This retrospective study investigated the safety, diag-
nostic yield and learning curve of TBLC for diagnosing
ILDs at a single centre in Japan. The overall diagnostic
yield was high, with adequate alveolar tissue obtained
in 97.5% of cases. However, a definitive diagnosis could
not be reached in 16.0% of patients, who were classified
as having UCIP. This finding highlights the limitations of
TBLC in providing a definitive diagnosis in some cases,
despite the high success rate in obtaining representative
lung tissue. The proportion of UCIP cases was higher in
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Table 3 Predictors of significant bleeding

Variable Univariable Analysis Multivariable
Analysis
OR (95% P-values OR P-val-
q) (95%  ues
cl)
Age 0.98 0412
(0.94-1.03)
Male 2.56 0.037 212 0.106
(1.06-6.17) (0.85-
5.28)
Never smoker 048 0.091
(0.20-1.13)
BMI (kg/m?) 1.08 0.151
(0.97-1.19)
FVC %predicted (%) 1.01 0.440
(0.99-1.03)
FEV1/FVC (%) 1.00 0.806
(0.97-1.02)
FEV1%predicted (%) 1.00 0.946
(0.98-1.02)
DL %predicted (%) 1.02(0.99-  0.059
1.05)
Number of biopsies 0.91 0.687
(0.56-1.47)
Biopsy from upper lobes 1.02 0.964
(0.43-2.45)
Fentanyl (ug/kg/h) 046 0016 0.51 0.041
(0.24-0.87) (027-
0.97)
Midazolam (mg/kg/h) 9.65 0.117
(0.57-165.0)
UIP in histopathology 1.28 0.667
(0.41-4.02)
Consolidation phase 1.58 0.281
(0.69-3.66)

BMI, body mass index; Cl, confidence interval, DLCO, diffusing capacity of the
lung for carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced
vital capacity, OR, odds ratio

our study than in previous studies, suggesting that fur-
ther refinement of the TBLC technique and standardisa-
tion of histopathological interpretation may be necessary
to improve diagnostic accuracy [10].

A key finding of our study is the significant improve-
ment in procedural efficiency after the initial 56 cases
observed in our CUSUM analysis of the learning curve.
The CUSUM analysis showed a reduction in procedure
time and an increase in the number of biopsies obtained
per case in the consolidation phase, indicating that
bronchoscopists became more proficient in performing
TBLC over time. The RA-CUSUM analysis, accounting
for patient-specific factors, corroborated our primary
CUSUM findings. This consistency suggests that the
observed improvement in procedural efficiency is robust
and not merely a result of patient characteristic varia-
tions. This finding is in a similar range to the study by
Almeida et al., which reported a learning curve plateau
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after approximately 70 procedures [7]. Almeida’s study
assessed the learning curve using diagnostic yield, sam-
ple length, and sample area. In contrast, Davidsen et al.
used CUSUM analysis for diagnostic yield and complica-
tions, finding satisfactory performance throughout their
study without a clear learning curve [10]. These diverse
approaches collectively enhance our understanding of
proficiency development in TBLC performance.

Another significant finding of our study is the asso-
ciation between fentanyl dosage and the risk of bleed-
ing during TBLC. In the multivariable analysis, lower
fentanyl dosage per body weight and time was found
to be a significant predictor of bleeding complications.
This novel finding suggests that adequate sedation with
fentanyl may have a crucial role in reducing the risk of
bleeding during TBLC, which is consistent with recent
reviews recommending the use of midazolam in com-
bination with short-acting opioids for their beneficial
cough suppression effects [11, 12]. The mechanism
behind this association may be related to fentanyl’s abil-
ity to minimise patient movement and coughing during
the procedure, thereby reducing the risk of trauma to the
lung tissue and blood vessels [13—15]. Additionally, fen-
tanyl has been shown to attenuate the haemodynamic
response to tracheal intubation, which may further con-
tribute to its protective effect against bleeding during
TBLC [16-18]. Our results highlight the importance of
optimising sedation protocols for TBLC and provide a
basis for further research into the role of sedative medi-
cations, particularly opioids, in reducing complications
during the procedure.

The safety profile of TBLC in our study was compara-
ble to that reported in previous studies, with a low inci-
dence of pneumothorax (1.6%) and no procedure-related
deaths. The rate of significant bleeding (26.9%) was simi-
lar to that reported in a recent meta-analysis, suggesting
that our results are generalisable to other centres per-
forming TBLC [4]. However, the risk of bleeding remains
a concern with TBLC, and our findings regarding the
association between fentanyl dosage and bleeding risk
may have important implications for the management of
patients undergoing this procedure.

This study had several limitations that should be con-
sidered when interpreting the results. First, the ret-
rospective nature of the study may have introduced
selection bias and limited the ability to control for con-
founding factors. A prospective study design would
enable more robust data collection and analysis. Second,
the single-centre setting may not reflect the experience
and outcomes of other institutions with different patient
populations, procedural protocols and operator experi-
ence. The small sample size (#=119) may not provide a
comprehensive representation of the complications and
outcomes associated with TBLC. However, our post-hoc
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power analysis demonstrated high statistical power for
our main findings, suggesting that the study was ade-
quately powered to detect the observed effects despite
the relatively small sample size. Nevertheless, larger
prospective studies would be valuable to confirm these
findings and potentially identify rarer complications or
more subtle effects. Third, we were unable to adjust for
operator experience as a potential confounding factor
in the association between fentanyl dosage and bleed-
ing risk. Procedures were performed by various doctors,
and we lacked detailed records linking specific operators
to each procedure. Since proficiency in TBLC requires
specialized training beyond years of medical experi-
ence, it’s possible that more experienced teams both
administered higher doses of fentanyl and performed the
procedures more safely, independent of fentanyl’s phar-
macological effects. This confounding could contribute
to the observed association between higher fentanyl dos-
age and reduced bleeding risk. Future prospective stud-
ies with detailed tracking of operator experience and
standardized sedation protocols are needed to clarify this
relationship. Finally, the relatively short follow-up period
(30 days) may not capture delayed complications and
long-term outcomes associated with TBLC. Extending
the follow-up period would provide a more comprehen-
sive assessment of the safety and efficacy of this diagnos-
tic modality.

In conclusion, our study demonstrated that TBLC is
a safe and effective diagnostic tool for ILDs, with a high
success rate in obtaining adequate lung tissue for histo-
pathological analysis. However, the significant propor-
tion of unclassifiable cases highlights the need for further
refinement of the TBLC technique and standardisation
of histopathological interpretation to improve diagnostic
accuracy. The learning-curve analysis using the CUSUM
method provides valuable insights into the development
of procedural efficiency and competency for bronchosco-
pists performing TBLC and emphasises the importance
of ongoing performance monitoring to ensure the main-
tenance of skills over time. Finally, our novel finding of an
association between fentanyl dosage and bleeding risk,
possibly related to its ability to minimise patient move-
ment and attenuate haemodynamic responses, suggests
that optimising sedation protocols may be an important
strategy for reducing complications during TBLC. How-
ever, due to the inability to adjust for operator experi-
ence, this association should be interpreted with caution.
Future studies should focus on validating this association
and exploring the mechanisms underlying the protective
effect of fentanyl on bleeding risk during TBLC.

Abbreviations

TBLC Transbronchial lung cryobiopsy
ILD Interstitial lung disease
SLB Surgical lung biopsy
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CUSUM  Cumulative sum

HRCT High-resolution computed tomography
FVC Forced vital capacity
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ucip Unclassifiable interstitial pneumonia

OR Odds ratio

cl Confidence interval
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