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Abstract
Copyright ©The authors 2024 Background Transbronchial lung cryobiopsy (TBLC) is an alternative to surgical lung biopsy for
histopathological evaluation of unclassifiable interstitial lung disease (ILD) or ILD diagnosed with low
confidence. This meta-analysis synthesised current literature regarding cryobiopsy diagnostic performance
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meta-regression assessed methodological variables. PROSPERO registration: CRD42022312386.

Received: 21 Feb 2024 Results 70 studies were included with 6183 participants. Diagnostic yield of TBLC was 81% (95% CI

Accepted: 11 June 2024 79-83%, I°=97%), with better yield being observed with general anaesthesia (p=0.007), ILD
multidisciplinary meeting prior to cryobiopsy (p=0.02), 2.4 mm cryoprobe (p=0.04), higher mean forced
vital capacity (p=0.046) and higher mean diffusing capacity for carbon monoxide (p=0.023).
Pneumothorax rate was 5% (95% CI 4-5%, 1’=91%), with higher rates associated with a 2.4 mm
cryoprobe (p<0.00001), routine post-procedure imaging (p<0.00001), multiple lobe sampling (p<0.0001),
reduced mean diffusing capacity for carbon monoxide (p=0.028) and general anaesthesia (p=0.05).
Moderate-to-severe bleeding rate was 12% (11-14%, 1°=95%) and higher rates were associated with a
2.4 mm cryoprobe (p=0.001) and bleeding score selection (p=0.04).
Interpretation Patient characteristics and modifiable factors, including procedural methods and anaesthetic
techniques, impacted diagnostic yield and safety outcomes of TBLC in people with unclassifiable ILD and
contributed to heterogeneity of clinical outcomes. These variables should be considered for individualised
clinical decision making and guideline development and warrant routine reporting in future research.

Introduction
Interstitial lung disease (ILD) comprises a heterogeneous group of pulmonary disorders, manifesting with
fibrosis and inflammation in the lung interstitum [1]. Transbronchial lung cryobiopsy (TBLC) is
a established in clinical practice and within guidelines as an alternative approach to surgical lung biopsy
5r_nC (SLB) in the diagnostic evaluation of people with ILD.
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Best practice for ILD diagnosis mandates a multidisciplinary meeting of specialist clinicians, including
respiratory physicians, pulmonary radiologists and pathologists [2]. Consensus diagnosis must balance
detailed clinical assessment, examination findings, radiological assessment with high-resolution computed
tomography of the chest, serological evaluation and, on occasion, bronchoalveolar lavage [2, 3]. A
significant minority of people with ILD will receive a diagnosis that is unclassifiable or made with
low confidence, in which case lung biopsy may be recommended to increase diagnostic confidence,
provide accurate disease prognostication and guide treatment decisions regarding antifibrotic and
immunosuppressive pharmacotherapy [3-5]. Many patients will not be eligible to proceed to biopsy due to
comorbidities or other reasons, such as the severity of underlying ILD corresponding to unacceptable
procedural risk or patient preference.

Decision-making regarding the optimal approach to lung biopsy balances the benefits and risks of
available techniques. SLB is the gold standard for diagnostic yield, ranging between 93.5 and 98.0%
[6-8]. However, it is an invasive procedure requiring a multi-day hospital stay and placement of an
intercostal catheter. The risk of exacerbation of ILD is high (6.1%) [9] and 30-day mortality is
approximately 2% for elective procedures, which increases in high-risk groups [10]. TBLC is less invasive
than surgical biopsy and, while diagnostic yield is lower than SLB (approximately 80%), risks of
morbidity and mortality are lower [6, 11]. Predominant complications are bleeding and pneumothorax,
with serious complications of severe bleeding, ILD exacerbation and, rarely, death [11]. The largest study
to compare the diagnostic performance of TBLC and SLB found a high level of agreement between
techniques [12], although smaller studies have failed to replicate this outcome [13-15]. Consequently,
cryobiopsy has been recommended as a first-line method for lung sampling in experienced centres [3-5].

A persistent challenge in TBLC practice has been unexplained heterogeneity reported for the key outcomes
of diagnostic yield, bleeding and pneumothorax [6, 11]. A previous expert statement identified that notable
variations in procedural and sampling techniques were likely to contribute to disparity in complications
[16]. Other authors have reported that heterogeneous outcomes may arise from bias related to low-quality
evidence that is frequently nonrandomised or retrospective [11]. A recent meta-analysis attributed some
heterogeneity to experience, finding better outcomes in high-volume TBLC centres [6]. Despite these
analyses, heterogeneity remains incompletely understood. This study therefore aimed to address this
knowledge gap by systematically exploring the presence and impact of current variations in procedural and
sampling techniques for TBLC in people with unclassifiable or low diagnostic confidence ILD.

Methods

Search strategy and selection criteria

For this systematic review and meta-analysis, an electronic search for relevant studies from inception to 29
April 2022 was conducted using Medline R (ALL), Embase via OVID and CENTRAL (Cochrane Trials
database) via the Cochrane Library hosted by Wiley. Advanced search functions were used in all databases.
Two clinical trials registries were searched (International Clinical Trials Registry Platform and ClinicalTrials.
gov). Search strategies used a mix of thesaurus and free-text terms (see table S6 for full search strategies).
No study filters were used. Reference lists of included studies were hand-searched for qualifying studies.

Inclusion criteria were participants aged >18 years old with a diagnosis of ILD of undifferentiated subtype.
Included studies consisted of randomised controlled trials, observational studies and case series of three of
more patients. Studies were excluded if they were written in languages other than English or nonoriginal
research papers, including narrative reviews, editorials, conference abstracts and nonpeer-reviewed papers.
Trial registries, grey literature and unpublished studies were not included in the search.

The searches were sequentially undertaken by two authors (J.A. Lachowicz and P. Patel), with conflicts
resolved by discussion between authors or adjudication by a third author (D.P. Steinfort) if unable to reach
consensus.

Data analysis

Data extraction was performed by one author (J.A. Lachowicz) using a standardised form with verification
by a second author (P. Patel). Data were extracted based on the expert statement from the cryobiopsy
working group outlining sources of procedural and sampling variation [16]. These included patient factors,
study design, anaesthesia, imaging selection, sampling process, pathological assessment and safety
outcomes. When duplicate data were contained in two or more studies, the larger study was included.

Two authors (J.A. Lachowicz and P. Patel) independently assessed studies for risk of bias. Randomised
trials were assessed using the revised Cochrane risk-of-bias tool and nonrandomised trials were assessed
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using a modified Newcastle-Ottawa scale and QUADAS-2 [17-19]. Disagreements between authors were
adjudicated by a third author (D.P. Steinfort) or addressed by discussion between authors to reach consensus.

Primary outcomes of diagnostic yield, moderate-to-severe bleeding and pneumothorax were reported as a
pooled estimate with 95% confidence intervals. Diagnostic yield was reported as defined by individual
studies and, when two definitions of diagnostic yield were reported (relating to histological yield and
multidisciplinary discussion yield), histological yield was included. Bleeding was reported as moderate or
severe as per the classification of reporting studies. As a reference, the British Thoracic Society (BTS)
guidelines define moderate bleeding as requiring the use of cold saline, topical adrenaline or isolation of
the bleeding airway segment through intubation or wedging with the bronchoscope to obtain bleeding
control [20]. Severe bleeding is defined as requiring an endobronchial balloon blocker or equivalent, use of
fibrin sealant, requiring blood transfusion or resuscitation, warranting admission to an intensive care unit,
or causing death. Secondary outcomes included measures of procedural and sampling techniques employed
during TBLC.

Meta-analyses were performed using a random-effects, generic inverse variance model. Narrative
description was undertaken for factors unsuitable for meta-analysis. Variability between studies was
assessed using the I? estimate of study heterogeneity, with values between 75 and 100% representing
considerable heterogeneity. Pre-planned subgroup analyses included ILD multidisciplinary meeting
assessment, comorbidities, lung function and type of imaging guidance, and were undertaken for
categorical variables. Univariate meta-regression was undertaken for continuous variables. Multiple
regression was planned for variables of statistical significance but could not be performed due to
heterogeneous and incomplete reporting of statistically significant variables, limiting the number of studies
that could be included (<10 studies per primary outcome). Several variables found to be statistically
significant on univariate meta-regression had negligible R? values, suggesting they did not contribute to
study heterogeneity. Sensitivity analyses were performed for each primary outcome by removing individual
studies from the analysis and reassessing the effect size, confidence interval and I statistic.

Primary meta-analysis was performed using RevMan 5.4. Meta-regression was performed using
Comprehensive Meta-analysis Software version 4. The study was registered at PROSPERO, study number
CRD42022312386. There was no funding source for this study and there are no competing interests of the
review authors to declare.

Results

Of 916 studies screened, 70 were included, with 6183 pooled participants (range: 4-699 per study) (figure 1).
56 (80%) studies were single centre and 39 (55.7%) were retrospective. 58 (82.9%) were case series or cohort
studies. The remainder comprised single-arm intervention and observational studies; two studies randomised

‘ 916 studies imported for screening 31 duplicates removed |

A 4

‘ 885 studies screened 685 studies irrelevant |

A 4

130 studies excluded:

94 abstract only

16 overlapping patient populations
6 missing diagnostic yield

4 missing complications

4 non-English language

2 non-ILD

2 wrong study design

1 wrong indication

1 wrong patient population

‘ 200 full-text studies assessed for eligibility

v
‘ 70 studies included

]

FIGURE 1 Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) diagram. ILD: interstitial
lung disease
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participants to cryobiopsy or transbronchial forceps biopsy [21, 22]. Seven studies evaluated performance of
cryobiopsy versus transbronchial forceps biopsy [13, 21-26] and three studies compared cryobiopsy to SLB
[12-14]. Study characteristics are summarised in table 1, with details presented in table S1.

The overall quality of included studies was low, due to the reliance on nonrandomised, frequently
retrospective and nonconsecutive data. Few cohort studies compared the performance of cryobiopsy to a
histological reference standard. Risk of bias assessments are summarised in tables S3-S5.

The primary outcome of diagnostic yield was 81% (95% CI 79-83%), with significant heterogeneity
(1’=97%) (see figure S1). Definitions of diagnostic yield were presented in only 36 (51.4%) studies and
varied considerably. Variations included the presence of any histopathologic yield, final diagnosis at
multidisciplinary meeting, histopathologic yield as compared to surgical lung biopsy or whether sufficient
histological information was available to contribute to a multidisciplinary diagnosis.

The rate of pneumothorax was 5% (95% CI 4-5%) (see figure S2), 1’=91%. Pneumothorax was treated
with percutaneous drainage or insertion of an intercostal catheter in 62.5% of cases (3.1% of cryobiopsies).
The composite outcome of moderate-to-severe bleeding had an overall incidence of 12% (95% CI 11—
14%), 1=95% (see figure S3). Bleeding reporting and definitions were inconsistent. 46 (65.7%) studies
utilised a definition that was unvalidated or not previously published. Variations included unit of measure,
with categories based on factors such as bleeding volume or duration, need for additional therapeutic
drugs, or techniques such as endobronchial blockade, requirement for blood products, haemodynamic
instability and need for escalation of care to an intensive care unit or surgery. Seven (10%) studies used

TABLE 1 Summary of included study characteristics

Study characteristics

Study type Number of Number of
studies participants

Diagnostic accuracy studies

Prospective 3 102
Cohort studies and case series

Prospective 16 1417

Retrospective 35 3360
Randomised control trial

Prospective 2 51
Single-arm interventional studies using novel imaging guidance

Prospective 10 77

Retrospective 4 476
Study location Number of Number of

studies participants
American continent 14 858
Asia 13 1474
Europe 35 3444
Other 8 407
Study design Number of Number of
studies participants

Single centre 55 4775
Multicentre 13 1257
Unclear 2 151
Participant characteristics Range
Male, % 33-100
Mean age, years 46.2-64
Mean FVC, % pred 64.6-98.3
Mean D, co, % pred 49.1-76.3

D, co: diffusing capacity for carbon monoxide; FVC: forced vital capacity.
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the BTS bleeding score for bronchoscopy [27-33]. Interventions for the management of moderate-to-
severe bleeding varied with regards to the use of topical adrenaline (routinely or in response to bleeding),
cold saline, amchafibrin, bronchial occlusion, rigid bronchoscope ventilation, topical or intravenous
tranexamic acid, terlipressin, thrombin, double lumen intubation, a two-bronchoscopy technique, and other
procoagulant use.

Procedural and sampling techniques were explored as secondary outcomes. Reporting varied widely, as
summarised in table S2. 56 studies (80%) utilised fluorosocopy and 14 studies (20%) employed a novel
form of imaging guidance. 11 (15.7%) used radial endobronchial ultrasound [34-44], with a focus on
identifying blood vessels in the biopsy zone. Four (5.7%) used cone-beam computed tomography [45-48].
Two (2.9%) employed an integrated navigation system [49, 50] and one (1.4%) used confocal laser
endomicroscopy [51]. Target distance to the pleura varied between 0.5 and 2.0 cm.

Relative and absolute physiological parameters as a contraindication to cryobiopsy varied. A minimum
forced vital capacity (FVC) of equal to 50% pred was frequently cited [14, 22, 28, 32, 39, 44, 48, 50, 52-57].
Other exclusion criteria included total lung capacity <50% pred [12, 21, 26, 43], FVC <35% pred [11] and
diffusing capacity for carbon monoxide (Dyco) <30-50% pred [12, 14, 21, 26, 28, 31, 32, 39, 41, 43, 48,
50, 52, 53, 55-60].

40 (57.1%) studies outlined a target number of biopsies (range: 1-10). Mean+sp number of biopsies was
3.4+0.85. Three (4.3%) studies targeted areas of ground glass opacity over fibrosis or nonfibrotic areas if
an alternative radiological pattern was present [13, 56, 61]. Preferences to target lower lobes (18 studies,
25.5%) or the right lung were described [62]. Seven studies included cryobiopsies performed on aspirin
[27, 34, 41, 63-66]. Practice otherwise varied regarding antiplatelet and anticoagulant use and was
frequently unreported.

Contraindication to cryobiopsy based on respiratory status was inconsistent; the most frequent threshold
was alveolar oxygen tension <55-60 mmHg on arterial blood gas sampling and breathing room air [14, 21,
26, 28, 32, 43, 53, 54, 67]. Seven (10%) studies included patients requiring supplemental oxygen or
intubated for respiratory failure [23, 41, 55, 56, 64, 68, 69].

Post hoc subgroup analysis and meta-regression of diagnostic yield identified multiple significant factors
associated with improved yield (table 2). These included use of general anaesthesia versus sedation (83%
versus 75%, p=0.007), ILD multidisciplinary meeting prior to cryobiopsy versus none (82% versus 76%,
p=0.02), 2.4 mm cryoprobe size versus 1.9 mm (82% versus 75%, p=0.04), higher mean FVC (regression
coefficient 0.0063, p=0.046) and higher mean Do (regression coefficient 0.0072, p=0.023) (see figures
S4-S9).

TABLE 2 Impact of procedural and sampling variables on diagnostic yield

Variable Diagnostic yield (95% Cl) p-value, R?
analogue®

GA versus sedation 0.83 (0.81-0.85) versus 0.75 (0.69-0.80) p=0.007
ILD MDM prior to cryobiopsy versus no 0.82 (0.8-0.84) versus 0.76 (0.72-0.81) p=0.02

ILD MDM
2.4 mm versus 1.9 mm size cryoprobe 0.82 (0.77-0.87) versus 0.75 (0.71-0.79) p=0.04
Higher mean FVC (% pred) Coefficient 0.0063 (0.0001-0.013) p=0.046, R*=0.24
Higher mean D o (% pred) Coefficient 0.0063 (0.0001-0.013) p=0.022, R*=0.35
Single lobe versus one or more lobes 0.74 (0.067-0.82) versus 0.81 (0.78-0.85) p=0.08
Mean number of biopsies Coefficient —0.017 (—0.055-0.022) p=0.40, R*=0.0
Lower lobes targeted for biopsy versus 0.81 (0.74-0.88) versus 0.79 (0.77-0.82) p=0.61

not targeted
Review by a single pathologist versus 0.78 (0.71-0.85) versus 0.80 (0.72-0.89) p=0.69

>1 pathologist
DPLD versus non-DPLD (inclusion criteria) 0.80 (0.75-0.85) versus 0.79 (0.77-0.82) p=0.79

#. Reported for meta-regression analyses. D co: diffusing capacity for carbon monoxide; DPLD: diffuse

parenchymal lung disease; FVC: forced vital capacity; GA: general anaesthesia; ILD: interstitial lung disease;
MDM: multidisciplinary meeting.
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Variable Pneumothorax (95% CI) p-value, R?
analogue®
2.4 mm versus 1.9 mm size of cryoprobe 0.11 (0.08-0.15) versus 0.01 (0.00-0.01) p<0.00001
Routine post-procedure imaging versus no 0.07 (0.06-0.08) versus 0.02 (0.02-0.03) p<0.00001
routine imaging
One or more mean lobes versus single lobe 0.09 (0.07-0.11) versus 0.03 (0.01-0.05) p<0.0001
Reduced mean D, o Coefficient —0.0025 (—0.0047— —0.0003)  p=0.028, R*=0.17
GA versus sedation 0.06 (0.05-0.07) versus 0.05 (0.04-0.06) p=0.05
Increasing mean age Coefficient 0.0015 (0.0003-0.0027) p=0.013, R*=0.0
Higher mean FVC Coefficient 0.0036 (0.0012—0.006) p=0.0031, R*=0.0
No lobes targeted versus lower lobes targeted 0.05 (0.04-0.06) versus 0.04 (0.03-0.06) p=0.39
Mean number of biopsies Coefficient 0.0008 (—0.011-0.013) p=0.89, R?=0.0
No imaging guidance versus fluoroscopy 0.08 (0.04-0.11) versus 0.07 (0.06-0.08) p=0.89

(sole imaging guidance)

*: Reported for meta-regression analyses. D co: diffusing capacity for carbon monoxide; FVC: forced vital
capacity; GA: general anaesthesia.

Subgroup analysis of pneumothorax rate and meta-regression found multiple significant variables
associated with a higher complication rate (table 3). These included a 2.4 mm cryoprobe (11% versus 1%,
p<0.00001), routine post-procedure imaging (7% versus 2%, p<0.00001), multiple lobe sampling (9%
versus 3%, p<0.0001), reduced mean D;co (regression coefficient —0.0025, p=0.028) and general
anaesthesia (6% versus 5%, p=0.05) (see table 3 and figures S10-S14). Two factors showed a statistically
significant association with pneumothorax (mean age and higher mean FVC) but did not significantly
contribute to study heterogeneity, as demonstrated by low R? analogues (figures S15-S16).

Subgroup analysis and meta-regression of moderate-to-severe bleeding was associated with a 2.4 mm
cryoprobe size (12% versus 5%, p=0.001) and bleeding score used (13% versus 7%, p=0.04) (see table 4
and figures S17-S18). Severe bleeding was rare (see figure S19); no deaths occurred due to severe bleeding.

Sensitivity analysis was performed by removing each study individually from the forest plots for the three
primary outcomes. It did not significantly impact the overall effect sizes, confidence intervals or I? statistic.

Discussion
This is the largest meta-analysis of cryobiopsy in people with unclassifiable or low diagnostic confidence
ILD, with overall estimates of diagnostic yield, pneumothorax and moderate-to-severe bleeding being

TABLE 4 Impact of procedural and sampling variables on moderate-to-severe bleeding

Variable Moderate-to-severe bleeding (95% Cl) p-value, R?
analogue®
2.4 mm versus 1.9 mm size of cryoprobe 0.12 (0.08-0.16) versus 0.05 (0.03-0.07) p=0.001
Use of BTS bleeding score versus non-BTS 0.07 (0.02-0.13) versus 0.13 (0.11-0.15) p=0.04
bleeding score
Mean age Coefficient 0.0034 (—0.0006-0.0073) p=0.097, R*=0.0
GA versus sedation 0.11 (0.08-0.13) versus 0.15 (0.1-0.2) p=0.13
Lower lobes targeted versus no lobes targeted 0.15 (0.1-0.2) versus 0.12 (0.1-0.14) p=0.23
Mean D, o Coefficient —0.0038 (—0.01-0.0028) p=0.26, R?=0.08
Fluoroscopy (sole imaging guidance) versus no  0.11 (0.09-0.13) versus 0.15 (0.08-0.22) p=0.26
imaging guidance
Single lobe versus one or more lobe sampling 0.16 (0.01-0.3) versus 0.08 (0.06-0.1) p=0.29
Mean number of biopsies Coefficient 0.015 (—0.015-0.044) p=0.33, R*>=0.0
Prophylactic EBB versus no EBB 0.14 (0.11-0.18) versus 0.13 (0.08-0.18) p=0.65
Mean FVC Coefficient —0.0001 (—0.0065-0.0062) p=0.97, R?=0.0

#: Reported for meta-regression analyses. BTS: British Thoracic Society; D co: diffusing capacity for carbon
monoxide; EBB: endobronchial blocker; FVC: forced vital capacity; GA: general anaesthesia.
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consistent with previously published estimates, thus demonstrating cryobiopsy safety and efficacy [6, 11].
Critically, this study is the first to explore procedural and sampling variables contributing to heterogeneity
in diagnostic and safety outcomes. The identification of modifiable procedural characteristics affecting
diagnostic performance and complications, including general anaesthesia, discussion at an ILD
multidisciplinary meeting, FVC, Dy o, classification by bleeding score and post-procedure imaging, are
novel findings. The impact of multiple lobe sampling and cryoprobe size have not previously been
analysed at the level of meta-analysis. These factors must be considered both in routine clinical practice
and in research prior to performing cryobiopsy in people with ILD. Importantly, many of our findings
regarding modifiable procedural characteristics were described as key points by the expert working group
and the discussion of all candidates for cryobiopsy at an ILD multidisciplinary meeting prior to the
procedure is in accordance with international guideline recommendations [3, 5, 16]. Therefore, our findings
provide evidence to support these recommendations, including cryobiopsy performance via endotracheal
tube or rigid bronchoscopy, and validate previously unclear procedural aspects, including sampling from
multiple lobes.

Just as crucially, our findings demonstrate that some of the heterogeneity of cryobiopsy outcomes is due to
variable reporting, including differing use of definitions of diagnostic yield, bleeding severity and mode of
detection of pneumothorax. Notably, many of the included studies were published or performed prior to
the publication of the Nashville bleeding scale [70], which was developed with specific reference to
cryobiopsy. The Nashville and BTS scores have notable differences in the classification of bleeding, with
the use of cold saline or the use of an endobronchial balloon both corresponding to “moderate” bleeding in
BTS but categorised as grade 2 or 3 bleeding, respectively, in the Nashville classification [70]. The lack of
equivalence may lead to under or over-reporting of true bleeding rates in the meta-analysis. Equally,
routine chest radiography is associated with increased rates of pneumothorax, presumably to due greater
detection of asymptomatic, clinically insignificant pneumothorax. Reporting of intercostal catheter insertion
rates may be a more important measure than the presence of incidental pneumothorax.

Larger cryoprobe sizes affected all major outcomes, with higher diagnostic yield and increased
complication rates of pneumothorax and bleeding identified. Improvement in yield may relate to larger
biopsy specimens reported with larger probes [48]. The balance of risk to benefit when optimising yield
relative to traumatic complications through probe selection may vary with the clinical status of patients and
their physiological reserve to tolerate bleeding or pneumothorax. General anaesthesia was associated with
higher diagnostic yield but higher pneumothorax risk. Lentz et al. [71] hypothesised that general
anaesthesia increases pneumothorax due to positive pressure ventilation. The mechanism by which general
anaesthesia improves diagnostic yield relative to sedation is unknown but may relate to greater control of
cough and patient movement.

Lung function parameters were the key patient characteristic to impact outcomes, suggesting that
cryobiopsy performed earlier when lung function is higher may confer benefits for safety and diagnostic
performance compared to a procedure delayed until lung function declines with ILD progression. Higher
mean Dy o and FVC were associated with higher diagnostic yield and a lower mean Dy o was associated
with increased pneumothorax risk. The association between reduced total lung capacity, Dy co, FVC and
increased pneumothorax has been previously observed [64, 72]. Dense fibrosis, often associated with
advanced ILD, is less favourable for histological assessment than milder fibrosis [51] and may contribute
to the mechanism by which reduced lung function is associated with lower yield and pneumothorax.
While undertaking an ILD multidisciplinary meeting after lung biopsy is known to increase diagnostic
confidence [2], the positive impact on diagnostic yield of a meeting prior to cryobiopsy is novel. ILD
discussion may promote selection of appropriate patients and exclusion of inappropriate candidates. It
may also promote consensus discussion by relevant experts regarding the ideal target zone for cryobiopsy,
balancing issues such as proximity to pleura with the need to target radiological abnormalities [50, 73].

Due to incomplete reporting, participants could not be conclusively divided into single versus multiple
lobe sampling groups, rather, single lobe studies which allowed single or multiple lobe sampling
dependent on clinical judgement. This likely underestimated the impact of multiple lobe sampling,
although a trend to increased diagnosed yield was still observed in the “one or more lobes” group, as well
as the novel finding of increased pneumothorax. Multiple studies have reported an increased diagnostic
yield by sampling at least two separate pulmonary segments (especially in fibrotic disease) [57, 72] or
through multiple lobe sampling [33, 55]. The mean number of biopsies did not influence diagnostic yield,
contrasting with previous studies. An increase in yield has been reported between one and two but not two
and three biopsies [30, 57, 72]. As the mean number of biopsies per study exceeded three, this may have
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led to the lack of observed effect. Increased pneumothorax with higher mean number of biopsies has been
described but was not replicated in our systematic review [31, 72].

Other factors previously reported as altering cryobiopsy outcomes could not be evaluated due to
insufficient data, including proceduralist learning curve and patient periprocedural risk. Routine use of
endobronchial balloon blockers is recommended [16] and beneficial for bleeding management [54, 72, 74],
but did not impact moderate-to-severe bleeding in this systematic review. It is noted that severe bleeding
remained low.

A limitation of this meta-analysis, in keeping with previous assessments of the cryobiopsy literature, is the
reliance on studies of low quality and containing high levels of bias. Data were largely nonrandomised and
nonconsecutive, with inconsistent definitions and classifications were employed between studies in relation
to the key outcomes of diagnostic yield and bleeding severity.

In conclusion, this meta-analysis informs how clinicians and institutions can adopt procedural and
sampling decisions to optimise diagnostic performance and minimise complications for cryobiopsy in
people with unclassifiable ILD or with low diagnostic confidence. Patient selection at an earlier stage of
disease severity in relation to lung function is favourable and the procedure should be discussed at an
ILD multidisciplinary meeting prior to cryobiopsy. Selection of a 2.4 mm cryoprobe size and the
decision for multiple lobe sampling will augment the diagnostic yield, but also increases the
complication risk for patients. Delivery of general anaesthesia and routine screening for pneumothorax
post-procedure should be encouraged at an institutional level. Use of a validated bleeding score (such as
the BTS scale) supports accurate assessment of bleeding. The identification of these factors will inform
future cryobiopsy clinical practice guidelines and highlights key variables that must be reported in future
cryobiopsy research.

Points for clinical practice

Evidence before this study

TBLC is recommended as an alternative to SLB in the evaluation of unclassifiable ILD or ILD diagnosed with
low confidence. Previous studies identified heterogeneous outcomes in relation to diagnostic yield and
complication rate using low quality evidence, though factors contributing to this remain largely unknown.

Added value of this study

This systematic review has identified several variables that contribute to heterogeneity of outcomes following
TBLC in ILD, with multiple modifiable procedural factors noted to impact both diagnostic yield and
complication rates. Diagnostic yield is influenced by cryoprobe size, mode of anaesthesia, respiratory function
parameters and use of an ILD multidisciplinary meeting assessment prior to TBLC. Pneumothorax rates are
increased with a 2.4 mm cryoprobe, routine post-procedure imaging, multiple lobe sampling, reduced mean
D\ co and general anaesthesia. Moderate-to-severe bleeding in TBLC increased with a 2.4 mm cryoprobe and
bleeding score selection.

Implications of all the available evidence

TBLC procedural factors can be modified to maximise diagnostic yield and safety. These factors should be
considered for individualised clinical decision-making and guideline development. Guidelines for optimal TBLC
practice should be updated to reflect these findings in relation to patient pre-procedure assessment,
anaesthetic modality and sampling techniques. More consistent description of cryobiopsy techniques is
required in future studies to more accurately characterise patient outcomes.
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