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1. In patients suspected of sarcoidosis stage I/Il, intrathoracic lymphnode sampling with the
EBUS scope can be performed trans- esophageal or bronchial with similar granuloma
detection rate. (this thesis)

2. Starting lung tissue sampling for ILD diagnosis with transbronchial cryobiopsy leads to similar
diagnostic yield but less pain, in hospital stay and serious adverse events over immediate
surgical lung biopsy. (this thesis)

3. Transbronchial cryobiopsy as the initial tissue sampling test for ILD diagnosis reduces
healthcare costs by half over immediate surgical lung biopsy. (this thesis)

4. Interobserver agreement for ILD histopathological pattern of lung biopsies is similar for both
transbronchial cryobiopsies and surgical lung biopsies. (this thesis)

5. Endobronchial PS-OCT enables quantification of fibrotic changes in ILD patients. (this thesis)

6. Endobronchial CLE is feasible and safe in mechanically ventilated patients with respiratory
failure. (this thesis)

7. HHG microscopy of transbronchial cryobiopsies allows for rapid recognition of adequate
tissue samples, with a sensitivity of 86.1%. (this thesis)

8. The whole is greater than the sum of its parts. (Aristotle)
9. Take a walk on the wild side. (Lou Reed)
10. Keep your heels, head and standards high. (Coco Chanel)
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GENERAL INTRODUCTION

This thesis evolves on bronchoscopic techniques within the diagnostic
pathway for interstitial lung disease (ILD). ILDs comprise a heteroge-
neous group of more than 100 diffuse parenchymal lung disorders that
can present with overlapping symptoms, imaging abnormalities, and
physiological impairment, yet different ILD subtypes may require distinct
treatments and carry markedly different prognoses (1, 2). This thesis
focuses on three complementary approaches to improve bronchoscopic
diagnostics in patients with suspected ILD: (1) optimizing bronchoscopic
sampling strategies when tissue is required; (2) investigating broncho-
scopic imaging techniques that provide tissue specific information in
vivo; and (3) exploring ex vivo imaging of lung biopsy specimens to pro-
vide immediate feedback on sample representativeness and complement
routine histopathology.

INTERSTITIAL LUNG DISEASE

ILD is not a single disease entity but refers to a broad category of over
200 disorders characterized by inflammation, fibrosis or both, of the
lung parenchyma. This leads to impaired gas exchange, which results
in dyspnea, reduced exercise capability and quality of life. Prognosis
vary across ILDs, but not rarely ILD leads to respiratory failure and ul-
timately death (3). Although many ILDs are individually rare, ILD as a
group is common, with an estimated 3,500-5,000 new cases annually in
the Netherlands, and incidence is rising (4-6). Sarcoidosis is the most
common of interstitial lung diseases. It is a systemic disorder that can
involve virtually any organ, but most frequently affects the lungs; when
the lung parenchyma is involved, sarcoidosis is classified as an ILD (7).
Other ILDs include idiopathic ILD (i.e. idiopathic pulmonary fibrosis and
idiopathic nonspecific interstitial pneumonia), auto-immune related
ILD (i.e. connective tissue disease associated ILD), exposure related ILD
(i.e. drug induced ILD, hypersensitivity pneumonitis), ILD with cysts or
airspace filling (i.e. Langerhans cell histiocytosis, pulmonary alveolar
proteinosis) and some others such as eosinophilic pneumonia (3).

The importance of early and precise diagnosis is fundamental given the
variation in treatment strategies and prognosis between the different ILD
subtypes. Correct and effective classification can guide specific treat-
ments, such as immunosuppression for certain inflammatory forms or
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antifibrotic strategies for progressive fibrosis(1, 8). Over the past decade,
the therapeutic landscape for ILD has evolved substantially, particularly
for progressive fibrosing phenotypes. Two antifibrotic agents, Nintedanib
and Pirfenidone, originally approved for idiopathic pulmonary fibrosis
(IPF), have become central to management by slowing the rate of lung
function decline (9) (10, 11). While these drugs do not reverse fibrosis,
they can substantially impact disease trajectory and quality of life, mak-
ing timely and accurate phenotyping increasingly important. Moreover,
with the introduction of a new antifibrotic agent (Nerandomilast) which
is currently under evaluation by the European Medicines Agency (EMA)
for registration, the need for precise patient identification becomes even
more critical (12, 13). As these medications require specialized care and
are expensive, ensuring the correct patient selection for these treatments
is a clinical and economic priority.

However, diagnosing ILD can be challenging due to the overlapping clini-
cal symptoms and radiological features among subtypes. No single test
serves as a gold standard for diagnosis. Instead, accurate diagnosis relies
on integrating clinical data, including medical history, laboratory tests,
high-resolution computed tomography (HRCT), bronchoalveolar lavage
(BAL), and, in some cases, lung biopsy. This multidisciplinary approach
involves input from at least pulmonologists, thoracic radiologists, and
pathologists specialized in ILD (8, 14).

Although HRCT plays a central role in the initial evaluation of suspected
ILD, it has limitations. Radiological patterns on HRCT are sometimes un-
classifiable, or different ILD subtypes may present with similar CT pat-
terns, complicating the diagnostic process. Additionally, HRCT may have
reduced sensitivity for detecting early fibrosis. It has been estimated that
in 10-40% of newly diagnosed cases, a lung biopsy may be necessary to
further confirm the diagnosis, especially when radiological and clinical
findings are insufficiently clear (15-18). However, biopsies are invasive
and are only performed in selected cases due to the associated risks. This
highlights the need for more refined and less invasive diagnostic tools,
which are further explored in this thesis.

When lung tissue is deemed necessary, the optimal approach depends
on the suspected disease and procedural risk. In stage I-II pulmonary
sarcoidosis, mediastinal and hilar lymph nodes provide an accessible
target. Diagnostic sampling of lymph nodes has shifted to minimally
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invasive endosonography, which is now recommended in international
guidelines(19).

Yet, endosonography can be performed via a transbronchial (EBUS) or
transesophageal (EUS-B) route, and the preferred approach remains
debated in terms of practicality and performance. In other ILDs, surgical
lung biopsy is considered the reference standard when histology is indi-
cated, but transbronchial lung cryobiopsy has emerged as a less invasive
technique and is now used in selected cases(8, 20, 21). Nevertheless,
uncertainty towards transbronchial cryobiopsy persists regarding the
balance between diagnostic yield, safety, and resource use remains a key
challenge, particularly in vulnerable ILD populations.

ADULT RESPIRATORY DISTRESS SYNDROME
(ARDS)

Acute respiratory distress syndrome (ARDS) is a clinical syndrome of
acute, diffuse, inflammatory lung injury (direct or indirect) that results
in hypoxemic respiratory failure and bilateral opacities on chest imaging
not fully explained by cardiac failure or fluid overload (22). ARDS is not
typically classified within the interstitial lung diseases (ILDs). However
it can be viewed pathobiologically as an acute diffuse parenchymal lung
disease, because the injury involves the alveolar-capillary unit with in-
terstitial and intra-alveolar damage. The histopathological pattern most
strongly associated with ARDS is diffuse alveolar damage (DAD), often
described as its histopathological hallmark. Importantly, DAD is also
the defining histopathologic pattern of what has historically been called
acute interstitial pneumonia (AIP) in the idiopathic interstitial pneumo-
nias. In the recent ERS/ATS update, AIP is explicitly renamed by the term
“idiopathic diffuse alveolar damage” to reflect the underlying pathology
more precisely(1). The shared histopathologic substrate (DAD) in both
ARDS (typically with an identifiable precipitating insult) and idiopathic
DAD (by definition without one) underscores that the distinction between
these entities depends largely on clinical context rather than histology
alone.

ARDS is a frequent cause of respiratory failure in the ICU. Among me-
chanically ventilated ICU patients, approximately one in four meets the
criteria for ARDS, and outcomes remain poor, with an in-hospital mor-
tality of around 40%(23) . Efforts are being made to identify clinically
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meaningful ARDS phenotypes, because prognosis and treatment response
may differ between subgroups. Phenotyping can be approached across
multiple domains, including biological, radiological, and physiologi-
cal characteristics (24). Histopathology is usually not incorporated into
phenotyping because lung tissue is rarely obtained in these critically ill
patients, given the risks associated with biopsy in this setting. However,
since diffuse alveolar damage (DAD) is present in only ~50% of clini-
cally defined ARDS cases, histologic heterogeneity may be clinically rel-
evant(25). This is further supported by reports showing that lung biopsy
can lead to changes in clinical management in a substantial proportion of
cases(26). This suggest that histopathologic information could add value
to ARDS phenotyping, but would likely need to be obtained through ap-
proaches other than conventional lung biopsy in the critically ill.

BRONCHOSCOPIC SAMPLING TECHNIQUES FOR
DIAGNOSING ILD

Sarcoidosis and Endosonography for intrathoracic Lymph
Node Sampling

Sarcoidosis is a multisystem granulomatous disease and is classified
within the ILD spectrum as a granulomatous ILD. Pulmonary sarcoidosis
frequently affects both the lungs and intrathoracic lymph nodes.
Diagnosis relies on a compatible clinical-radiological presentation, blood
biomarkers, non-caseating granulomas in tissue, and the exclusion
of alternative granulomatous diseases. Histological confirmation is
often required due to the nonspecific nature of symptoms and imaging
findings (19). Confirmation of the presence of non-caseating granulomas
typically requires tissue sampling, but biopsy sites in sarcoidosis are not
always easily accessible. Given that over 90% of patients have pulmonary
involvement, tissue is usually sampled from the thorax. Granulomas
can be detected from different intra-thoracic sites using different
bronchoscopic techniques: airway wall (mucosa biopsies); mediastinal
and hilar lymphnodes (endosonography using needle aspiration or
cryobiopsy) or lung parenchyma (transbronchial forceps or cryobiopsies)
(19). Ultrasound-guided needle aspiration of lymphnodes is a endoscopic
procedure in which the endoscope has an ultrasound probe at its distal
tip, allowing real-time visualization of intrathoracic lymph nodes and
needle guidance through the airway wall to obtain diagnostic material.
It offers a sensitivity for diagnosing sarcoidosis of ~85% with minimal
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complication risk, combining efficiency, accuracy, and safety in a single
procedure (19, 27).

Ultrasound guided lymph node sampling can be performed via endobron-
chial ultrasound (EBUS)-TBNA or, alternatively, through transesophageal
sampling using endoscopic ultrasound (EUS), with the latter referred to
as EUS-B when the EBUS-scope is used. Even though some lymphnodes
can only be sampled from the endobronchial route, it has been suggested
that the sensitivity for diagnosing sarcoidosis through the esophageal
route may be higher(27). Chapter 2 addresses the clinical question of
whether the sampling route (EUS-B versus EBUS) impacts granuloma
detection rates in suspected sarcoidosis, considering that sampling from
the esophagus may be better tolerated (e.g., avoiding coughing) and has
a different reach (Figure 1). Additionally, Chapter 2 evaluates the per-
formance of two different needle designs, the standard baffle shaped for
cytology vs a needle with a beveled side opening aiming for tissue cores,
as cytological aspirates can be difficult to interpret, and larger tissue
samples may improve diagnostic accuracy.
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Figure 1. Schematic overview of mediastinal and hilar lymph node stations that
can be sampled using endobronchial ultrasound (EBUS) or transoesophageal
endoscopic ultrasound with the EBUS scope (EUS-B). Red (solid) indicates stations
accessible only by EBUS; black (hatched) indicates stations accessible only by
EUS-B; black (solid) indicates stations accessible by both techniques. (Adapted
from images of P. Clementsen)
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Transbronchial cryobiopsy for diagnosing ILD

In ILD, diagnosis is generally established in a multidisciplinary discus-
sion (MDD), integrating clinical context, pulmonary physiology, serol-
ogy, and HRCT, with lung biopsy reserved for selected cases in which
non-invasive data do not allow a sufficiently confident classification. Al-
though many ILD patients can be diagnosed without tissue, lung biopsy
is still considered beneficial in an estimated 10-40% of newly evaluated
ILD cases to secure the diagnosis or to increase diagnostic confidence
when considering specific treatment decisions (15, 16, 28).

When tissue is required, surgical lung biopsy is considered the reference
standard because of its high diagnostic yield. It is usually performed by
video-assisted thoracoscopic surgery (VATS), but is associated with sub-
stantial morbidity, routine hospital admission with chest tube drainage,
and a procedure-related mortality of approximately 2% (29, 30).

In transbronchial cryobiopsy, a flexible cryoprobe is advanced through
the bronchoscope to the subpleural area of the lung. Brief freezing
(typically 5-8 seconds) adheres surrounding tissue to the probe, after
which the bronchoscope and probe are withdrawn ‘en bloc’ to retrieve
the specimen. Compared with conventional forceps biopsies, cryobiopsy
specimens are larger and typically better preserve alveolar architecture.
This can improve pathological interpretation by avoiding the alveolar
collapse that is common in forceps-derived samples(31). Because ILD can
be spatially heterogeneous, multiple biopsies from different segments are
commonly obtained to reduce sampling error. The main complications
are bleeding and pneumothorax, which may require chest tube drainage
(32). Procedure related mortality is rare, but has been reported at 0.3%

(33).

Considering the advantages of the transbronchial cryobiopsy procedure
but recognizing its lower diagnostic yield, a clinical guideline from an
European Respiratory Society Taskforce proposed a diagnostic step-up
strategy. This step-up strategy means when tissue sampling in ILD is
indicated, it is recommended to start with transbronchial cryobiopsy, and
pursue for an additional surgical lung biopsy procedure when the cryobi-
opsy is insufficient informative for a classifying ILD diagnosis. However
the supporting evidence for this diagnostic strategy was judged to be of
very low quality and prospective comparisons across the full diagnostic
pathway were lacking (32). To address this evidence gap, the COLD trial
(Chapter 3) compared a step-up strategy with immediate surgical lung
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biopsy, focusing on patient burden, length of hospital stay, and multidis-
ciplinary diagnostic yield. In addition, implementation of the proposed
step-up strategy also depends on whether it is an efficient use of health-
care resources at the pathway level. Therefore, Chapter 4 complements
the clinical trial by evaluating the cost-utility of the step-up strategy
versus immediate surgical lung biopsy.

NOVEL IN-VIVO BRONCHOSCOPIC IMAGING
TECHNIQUES

High-resolution CT provides an essential overview of the lungs, but its
spatial resolution is limited to approximately 1imm and it cannot directly
visualize microstructural changes at a histological level (34). In recent
years, bronchoscopic optical imaging techniques have emerged that can
provide real-time “in vivo microscopy” during a standard bronchoscopy,
thereby bridging the gap between HRCT and tissue sampling. Optical co-
herence tomography (OCT) and confocal laser endomicroscopy (CLE) are
two such techniques, offering complementary information at different
imaging depths and resolutions(35, 36). Chapter 5, provides a thematic
overview of OCT and CLE across pulmonary medicine, outlining their un-
derlying principles, practical integration into conventional bronchoscopy,
and potential clinical applications.

Optical coherence tomography

OCT uses near-infrared light to generate cross-sectional images of tissue
microstructure, conceptually comparable to ultrasound but based on light
rather than sound waves. Bronchoscopic endobronchial OCT (EB-OCT) is
performed by advancing a thin, flexible OCT probe through the working
channel of the bronchoscope towards the region of interest, after which
adjacent cross-sectional images can be acquired during pullback and
reconstructed into volumetric datasets. EB-OCT achieves a resolution in
the order of 10-15 pm with an imaging depth of approximately 2-3 mm,
enabling visualization of airway wall layers and peripheral lung micro-
structure (figure 2).
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Figure 2. OCT imaging airway wall and alveolar compartment. A: Bronchoscopic
view while the OCT probe is advanced through the guide sheath towards the right
lower lobe. The metal mark on the probe is used to maintain a standard pullback of
5.4cm. B: OCT image of a normal segmental airway wall showing the OCT-probe
(P) in the lumen of the airway, epithelium (E), lamina propria (LP), submucosa
(SM) and cartilage(C) as different layers of the airwaywall. OCT image of the
alveolar compartment showing normal alveoli(A) and septae (S). This image is
adapted from Goorsenberg et al., Respiration 2020;99:190-205 (Chapter 5 in this
thesis)

Polarization-sensitive EB-OCT

Polarization-sensitive OCT (PS-EB-OCT) extends conventional OCT by
adding tissue-specific contrast based on birefringence. Birefringence is
an optical property that is strongly associated with the presence of col-
lagen, which in the healthy lung is a key structural component of the
extracellular matrix in both the alveolar interstitium and the airway
wall, including the connective tissue surrounding airway smooth muscle.
In fibrotic lung disease, collagen accumulates as a hallmark of fibrotic
remodeling, providing a biological rationale for PS-EB-OCT to detect
increased birefringence in ILD. Endobronchial PS-OCT (PS-EB-OCT) is
performed in a similar bronchoscopic workflow as conventional OCT. In
addition to detecting birefringent tissue, PS-EB-OCT can provide infor-
mation on fiber orientation (optic axis), which may help characterize and
differentiate birefringent microstructural patterns in the airway wall and
distal lung parenchyma (37, 38).

Confocal laser endomicroscopy

Confocal laser endomicroscopy (CLE) is a fiber-optic imaging technique
that can be performed during bronchoscopy to obtain real-time mi-
croscopic images. Similar to EB-OCT, a thin probe is advanced through
the working channel of the bronchoscope and positioned at the site of
interest. The probe illuminates tissue with laser light, most commonly at
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488 nm, and detects the resulting autofluorescence signal, which in the
distal lung predominantly comes from elastin(39). Because the alveolar
scaffold is rich in elastin fibers, CLE enables in vivo visualization of al-
veolar architecture (40). In addition, auto fluorescent cellular elements,
including inflammatory cells such as alveolar macrophages, may also be
detected (41, 42). In pulmonary applications, CLE provides a lateral reso-
lution of up to 3.5 pm, an imaging depth of up to 70 pm, and a field of
view of up to 600 pym. CLE can be performed as probe-based CLE (pCLE),
in which the probe is placed directly onto the target tissue, or as needle-
based CLE (nCLE), in which the probe is introduced through the lumen of
a needle to access targets such as lymph nodes or masses. In this thesis,
only pCLE was used (Figure 3). In gastroenterology, nCLE is approved to
characterize pancreatic cystic lesions by imaging the cyst wall in vivo.
pCLE has also been applied during Endoscopic Retrograde Cholangiopan-
creatography to help characterize biliary strictures (43).

pCLE

Figure 3. pCLE imaging procedure in vivo with images of the normal alveolar
and airway wall compartment (a-c); A: bronchoscopic view of the CLE probe (P)
and blue laser light at the tip. B: CLE image of the distal airway wall showing a
helical ring-like pattern of the terminal bronchiole. C: CLE image of the alveolar
compartment showing air-filled alveoli (a) and thin alveolar septae (s). This image
is adapted from Goorsenberg et al., Respiration 2020;99:190-205 (Chapter 5 in
this thesis)

Novel bronchoscopic imaging techniques in ILD and acute
respiratory distress syndrome (ARDS)

HRCT is central to ILD assessment, but it cannot directly visualize mi-
croscopic changes at histological level. Specificity may be limited when
radiological patterns overlap, are inconclusive or when early remodel-
ing is subtle (34, 44, 45). Tissue sampling can add decisive information
for ILD classification, but it is invasive. In ARDS, tissue acquisition is
rarely feasible because lung biopsy procedures carry substantial risk in
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mechanically ventilated patients. However, histopathologic findings in
clinically defined ARDS are heterogeneous, suggesting that tissue-level
information could add value to phenotyping. Moreover, when tissue is
obtained, biopsy results have been reported to influence clinical man-
agement, indicating that histopathological information can be clinically
informative (25, 46). Bronchoscopic optical imaging aims to fill this di-
agnostic gap by providing in vivo microscopic tissue specific information
during routine bronchoscopy. In ILD, Chapter 6 investigates whether
in vivo EB-PS-OCT can detect and quantify fibrosis with histology as
reference, and further explores whether OCT-derived microscopic fea-
tures correspond to histopathological hallmarks. Chapter 7 comments on
(through correspondence) key requirements for EB-PS-OCT on clinical
translation, including reproducible acquisition and probe positioning.
In acute respiratory failure, Chapter 8 assesses the feasibility and safety
of bedside CLE in mechanically ventilated ICU patients and explores
whether CLE can distinguish patterns of alveolar filling and architectural
alteration. Together, these studies address how bronchoscopic tissue-
level microscopic information may contribute to a more precise and less
invasive diagnostic pathway in diffuse parenchymal lung disease.

NOVEL EX-VIVO IMAGING TECHNIQUE

Higher harmonic generation (HHG) microscopy

HHG microscopy is a laser-based imaging technique that can be used
on fresh, unprocessed biopsy tissue. In practical terms: it allows on-
site evaluation of histological tissue within minutes, without fixation,
embedding, sectioning or staining. HHG combines three complemen-
tary optical signals that each highlight different tissue components:
THG (third-harmonic generation) emphasizes cellular detail and tissue
boundaries, SHG (second-harmonic generation) highlights collagen, and
2PEF (two-photon excited autofluorescence) visualizes auto- fluores-
cence in tissue, mostly elastin in the lung. After sampling, the biopsy
is placed in a glass holder and inserted into the transportable micro-
scope. The system scans the specimen and generates images rapidly
(Figure 4). Because the microscope is transportable, it can be used not
only in the lab, but also in the operating room or bronchoscopy suite. In a
lung cancer cohort, HHG microscopy has shown to reliably visualize key
parenchymal structures in both normal and diseased lung tissue(47). In
Chapter 9, we introduce HHG microscopy as an ex vivo imaging approach
for biopsies from ILD patients. We focus on whether the technique is
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feasible and how HHG images relates to standard histology. Based on the
speed of HHG microscopy and the ability to recognize important lung
structures in biopsies, we then hypothesized that HHG could be used as
a rapid on-site evaluation (ROSE)-like tool to judge whether a biopsy is
adequate, similar to how ROSE is used in procedures that rely on cytol-
ogy. This is the rationale for Chapter 10, where two pathologists assess
transbronchial cryobiopsy adequacy using HHG images. Finally, Chapter
11 explores HHG microscopy in post-mortem lung tissue from COVID-19-
related ARDS, using the same rapid, label-free workflow enabled by the
availability of autopsy material.

G 2PEF HHG

S
colla elastin
4+ / + /

TH
/CSUS
/2%

NS

Biopsy

Microscope

Figure 4. Higher harmonic generation (HHG) microscopy workflow. A freshly
excised, unprocessed lung biopsy is placed in a glass sample holder and inserted
into a transportable HHG microscope. The specimen is raster-scanned with
a laser, producing three complementary imaging signals that are detected
simultaneously: third-harmonic generation (THG; green), highlighting tissue
interfaces and cellular morphology; second-harmonic generation (SHG; red),
highlighting collagen; and two-photon excited autofluorescence (2PEF; blue),
capturing autofluorescent signals, in lungs mostly elastin. The three channels
are combined into a single composite HHG image, providing rapid, label-free
visualization of tissue architecture and extracellular matrix components without
fixation or staining. (Courtesy of L.M.G. van Huizen)
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OUTLINE OF THIS THESIS

Aims and research questions of this thesis:

At the start of this PhD trajectory, several key questions regarding the
bronchoscopic diagnosis and assessment of interstitial lung disease (ILD)
remained unresolved. The overarching aim of this thesis was to evaluate
how diagnostic bronchoscopic techniques, including novel imaging, can
optimize the diagnostic work-up and assessment of parenchymal lung
disorders, including ILD and ARDS. To this end, the thesis consists of
three parts addressing the following research questions:

1. Bronchoscopic sampling techniques for diagnosing ILD

- In patients undergoing diagnostic evaluation for sarcoidosis
stage I/II, does the lymph node sampling approach: esophageal
(EUS-B) versus tracheobronchial (EBUS) influence granuloma
detection rate? (Chapter 2)

« Does the use of a core biopsy needle (ProCore) compared with a
standard 22G needle influence granuloma detection rates in me-
diastinal lymph node sampling for suspected sarcoidosis stage I/
I1? (Chapter 2)

« In patients with suspected ILD in whom a lung biopsy is in-
dicated, what is the optimal diagnostic strategy: transbronchial
cryobiopsy followed by surgical lung biopsy when needed versus
immediate surgical lung biopsy (Chapter 3)

« Is a diagnostic strategy starting with transbronchial cryobiopsy
cost-effective compared with immediate surgical lung biopsy?
(Chapter 4)

2. Bronchoscopic imaging techniques for the assessment of ILD and
ARDS

« In patients with ILD, can bronchoscopic in vivo PS-OCT assess
pulmonary fibrosis and characterize distinct microscopic imag-
ing features relevant to ILD evaluation? (Chapter 6)
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o In ICU patients with respiratory failure, is bronchoscopic CLE
feasible and safe, and can it characterize patterns of alveolar
filling and detect alterations in alveolar architecture (Chapter 8)

3. Novel imaging technique for rapid assessment of lung tissue in ILD

« Is HHG microscopy feasible for imaging fresh, unprocessed lung
biopsies from ILD patients; can it identify ILD-relevant ana-
tomical features that correlate with conventional histopathology;
and what additional value might HHG provide beyond standard
histopathological assessment? (Chapter 9)

o Can HHG microscopy assess the adequacy of transbronchial
cryobiopsy specimens? (Chapter 10)



24

Chapter 1

REFERENCES

Ryerson CJ, Adegunsoye A, Piciucchi
S, Hariri LP, Khor YH, Wijsenbeek
MS, et al. Update of the international
multidisciplinary classification of the
interstitial pneumonias: an ERS/ATS
statement. Eur Respir J. 2025;66(6).
Travis WD, Costabel U, Hansell DM,
King TE, Jr., Lynch DA, Nicholson AG,
et al. An official American Thoracic
Society/European Respiratory Society
statement: Update of the interna-
tional multidisciplinary classification
of the idiopathic interstitial pneu-
monias. Am ] Respir Crit Care Med.
2013;188(6):733-48.

Wijsenbeek M, Suzuki A, Maher TM.
Interstitial lung diseases. Lancet.
2022;400(10354):769-86.
Duchemann B, Annesi-Maesano I,
Jacobe de Naurois C, Sanyal S, Brillet
PY, Brauner M, et al. Prevalence and
incidence of interstitial lung diseases
in a multi-ethnic county of Greater
Paris. Eur Respir J. 2017;50(2).

Kaul B, Cottin V, Collard HR, Valenzu-
ela C. Variability in Global Prevalence
of Interstitial Lung Disease. Front
Med (Lausanne). 2021;8:751181.
Maher TM, Bendstrup E, Dron L,
Langley J, Smith G, Khalid JM, et al.
Global incidence and prevalence of
idiopathic pulmonary fibrosis. Respir
Res. 2021;22(1):197.

Van Woensel J, Koopman B, Schiefer
M, van Kan C, Janssen M, Ramiro S,
et al. Organ involvement in newly
diagnosed sarcoidosis patients in the
Netherlands: The first large European
multicentre prospective study. Respir
Med. 2024;226:107608.

10.

11.

12.

13.

14.

Raghu G, Remy-Jardin M, Richeldi
L, Thomson CC, Inoue Y, Johkoh T,
et al. Idiopathic Pulmonary Fibrosis
(an Update) and Progressive Pulmo-
nary Fibrosis in Adults: An Official
ATS/ERS/JRS/ALAT Clinical Practice
Guideline. Am ] Respir Crit Care Med.
2022;205(9):e18-e47.

Richeldi L, du Bois RM, Raghu G,
Azuma A, Brown KK, Costabel U, et al.
Efficacy and safety of nintedanib in
idiopathic pulmonary fibrosis. N Engl
J Med. 2014;370(22):2071-82.

Noble PW, Albera C, Bradford WZ,
Costabel U, Glassberg MK, Kardatzke
D, et al. Pirfenidone in patients
with idiopathic pulmonary fibrosis
(CAPACITY): two randomised trials.
Lancet. 2011;377(9779):1760-9.
Flaherty KR, Wells AU, Cottin V,
Devaraj A, Walsh SLF, Inoue Y, et al.
Nintedanib in Progressive Fibrosing
Interstitial Lung Diseases. N Engl J
Med. 2019;381(18):1718-27.

Maher TM, Assassi S, Azuma A, Cottin
V, Hoffmann-Vold AM, Kreuter M, et
al. Nerandomilast in Patients with
Progressive Pulmonary Fibrosis. N
Engl ] Med. 2025;392(22):2203-14.
Richeldi L, Azuma A, Cottin V, Kreuter
M, Maher TM, Martinez FJ, et al.
Nerandomilast in Patients with Idio-
pathic Pulmonary Fibrosis. N Engl J
Med. 2025;392(22):2193-202.

Cottin V, Hirani NA, Hotchkin DL,
Nambiar AM, Ogura T, Otaola M, et al.
Presentation, diagnosis and clinical
course of the spectrum of progres-
sive-fibrosing interstitial lung dis-
eases. Eur Respir Rev. 2018;27(150).



15.

16.

17.

18.

19.

20.

21.

Walsh SLF, Lederer DJ, Ryerson
CJ, Kolb M, Maher TM, Nusser
R, et al. Diagnostic Likelihood
Thresholds That Define a Working
Diagnosis of Idiopathic Pulmonary
Fibrosis. Am ] Respir Crit Care Med.
2019;200(9):1146-53.

Hetzel J, Wells AU, Costabel U, Colby
TV, Walsh SLF, Verschakelen J, et al.
Transbronchial cryobiopsy increases
diagnostic confidence in interstitial
lung disease: a prospective multicen-
tre trial. Eur Respir J. 2020;56(6).
Poletti V, Ravaglia C, Gurioli C,
Piciucchi S, Dubini A, Cavazza A, et
al. Invasive diagnostic techniques in
idiopathic interstitial pneumonias.
Respirology. 2016;21(1):44-50.

Radu D, Freynet O, Kambouchner M,
Boubaya M, Nunes H, Uzunhan Y,
et al. Diagnosis Yield and Safety of
Surgical Biopsy in Interstitial Lung
Diseases: A Prospective Study. Ann
Thorac Surg. 2022;114(5):1911-7.
Crouser ED, Maier LA, Wilson KC,
Bonham CA, Morgenthau AS, Patter-
son KC, et al. Diagnosis and Detection
of Sarcoidosis. An Official American
Thoracic Society Clinical Practice
Guideline. Am ] Respir Crit Care Med.
2020;201(8):e26-e51.

Raghu G, Remy-Jardin M, Myers JL,
Richeldi L, Ryerson CJ, Lederer DJ,
et al. Diagnosis of Idiopathic Pul-
monary Fibrosis. An Official ATS/
ERS/JRS/ALAT Clinical Practice
Guideline. Am ] Respir Crit Care Med.
2018;198(5):e44-€68.

Raghu G, Remy-Jardin M, Ryerson
CJ, Myers JL, Kreuter M, Vasakova
M, et al. Diagnosis of Hypersensitiv-
ity Pneumonitis in Adults. An Of-
ficial ATS/JRS/ALAT Clinical Practice
Guideline. Am ] Respir Crit Care Med.
2020;202(3):e36-€69.

22.

23.

24,

25.

26.

27.

28.

General introduction

Ranieri VM, Rubenfeld GD, Thompson
BT, Ferguson ND, Caldwell E, Fan E,
et al. Acute respiratory distress syn-
drome: the Berlin Definition. Jama.
2012;307(23):2526-33.

Bellani G, Laffey JG, Pham T, Fan
E, Brochard L, Esteban A, et al.
Epidemiology, Patterns of Care, and
Mortality for Patients With Acute
Respiratory Distress Syndrome in
Intensive Care Units in 50 Countries.
Jama. 2016;315(8):788-800.

Bos LDJ, Ware LB. Acute respiratory
distress syndrome: causes, patho-
physiology, and phenotypes. Lancet.
2022;400(10358):1145-56.

Thille AW, Penuelas O, Lorente JA,
Fernandez-Segoviano P, Rodriguez
JM, Aramburu JA, et al. Predictors of
diffuse alveolar damage in patients
with acute respiratory distress
syndrome: a retrospective analysis
of clinical autopsies. Crit Care.
2017;21(1):254.

Mir T, Regmi N, Saydain G, Kaul V,
Soubani AO, Qureshi WT. Outcome and
Post-Surgical Lung Biopsy Change in
Management of ARDS: A Proportional
Prevalence Meta-Analysis. Adv Respir
Med. 2022;90(4):267-78.

von Bartheld MB, Dekkers OM,
Szlubowski A, Eberhardt R, Herth FJ,
in ‘t Veen JC, et al. Endosonography
vs conventional bronchoscopy for the
diagnosis of sarcoidosis: the GRANU-
LOMA randomized clinical trial. Jama.
2013;309(23):2457-64.

Tomassetti S, Ravaglia C, Puglisi S,
Ryu JH, Colby TV, Cavazza A, et al.
Impact of Lung Biopsy Information
on Treatment Strategy of Patients
with Interstitial Lung Diseases. Ann
Am Thorac Soc. 2022;19(5):737-45.

25



26 | Chapter 1

29.

30.

31.

32.

33.

34.

35.

36.

Hutchinson JP, McKeever TM, Fog-
arty AW, Navaratnam V, Hubbard
RB. Surgical lung biopsy for the
diagnosis of interstitial lung disease
in England: 1997-2008. Eur Respir J.
2016;48(5):1453-61.

Fisher JH, Shapera S, To T, Marras
TK, Gershon A, Dell S. Procedure vol-
ume and mortality after surgical lung
biopsy in interstitial lung disease. Eur
Respir J. 2019;53(2).

Ganganah O, Guo SL, Chiniah M, Li
YS. Efficacy and safety of cryobiopsy
versus forceps biopsy for interstitial
lung diseases and lung tumours: A
systematic review and meta-analysis.
Respirology. 2016;21(5):834—41.
Korevaar DA, Colella S, Fally M,
Camuset J, Colby TV, Hagmeyer L,
et al. European Respiratory Society
guidelines on transbronchial lung
cryobiopsy in the diagnosis of in-
terstitial lung diseases. Eur Respir J.
2022;60(5).

Sethi J, Ali MS, Mohananey D, Nan-
chal R, Maldonado F, Musani A. Are
Transbronchial Cryobiopsies Ready
for Prime Time?: A Systematic Review
and Meta-Analysis. ] Bronchology
Interv Pulmonol. 2019;26(1):22-32.
Verleden SE, Vanstapel A, Jacob ],
Goos T, Hendriks J, Ceulemans LJ,
et al. Radiologic and Histologic Cor-
relates of Early Interstitial Lung
Changes in Explanted Lungs. Radiol-
ogy. 2023;307(1):e221145.

Wijmans L, d’Hooghe JN, Bonta PI,
Annema JT. Optical coherence to-
mography and confocal laser endomi-
croscopy in pulmonary diseases. Curr
Opin Pulm Med. 2017;23(3):275-83.
Wijmans L, Kalverda K, de Bruin D,
Brinkman P, van den Berk I, Roelofs
], et al. Bronchoscopic Journey of in
vivo Real-Time Microscopic Imaging
in ILD: A Case Series. Respiration.
2022;101(11):1006-14.

37.

38.

39.

40.

41.

42.

43.

Nandy S, Raphaely RA, Muniappan
A, Shih A; Roop BW, Sharma A, et al.
Diagnostic Accuracy of Endobronchial
Optical Coherence Tomography for
the Microscopic Diagnosis of Usual
Interstitial Pneumonia. Am ] Respir
Crit Care Med. 2021;204(10):1164-79.
Vaselli M, Wijsman PC, Willemse
J, Goorsenberg AWM, Feroldi F,
d’Hooghe JNS, et al. Polarization Sen-
sitive Optical Coherence Tomography
for Bronchoscopic Airway Smooth
Muscle Detection in Bronchial
Thermoplasty-Treated Patients With
Asthma. Chest. 2021;160(2):432-5.
Thiberville L, Moreno-Swirc S, Ver-
cauteren T, Peltier E, Cavé C, Bourg
Heckly G. In vivo imaging of the
bronchial wall microstructure using
fibered confocal fluorescence mi-
croscopy. Am ] Respir Crit Care Med.
2007;175(1):22-31.

Toshima M, Ohtani Y, Ohtani O.
Three-dimensional architecture of
elastin and collagen fiber networks in
the human and rat lung. Arch Histol
Cytol. 2004;67(1):31-40.

Thiberville L, Salaiin M, Lachkar S,
Dominique S, Moreno-Swirc S, Vev-
er-Bizet C, et al. Human in vivo fluo-
rescence microimaging of the alveolar
ducts and sacs during bronchoscopy.
Eur Respir J. 2009;33(5):974-85.
Wijmans L, Bonta PI, Rocha-Pinto R,
de Bruin DM, Brinkman P, Jonkers
RE, et al. Confocal Laser Endomi-
croscopy as a Guidance Tool for
Transbronchial Lung Cryobiopsies in
Interstitial Lung Disorder. Respira-
tion. 2019;97(3):259-63.

Facciorusso A, Crino SF, Gkolfakis
P, Spadaccini M, Arvanitakis M,
Beyna T, et al. Diagnostic work-up
of bile duct strictures: European
Society of Gastrointestinal Endos-
copy (ESGE) Guideline. Endoscopy.
2025;57(2):166-85.



44

45.

Hatabu H, Hunninghake GM, Richeldi
L, Brown KK, Wells AU, Remy-Jardin
M, et al. Interstitial lung abnor-
malities detected incidentally on
CT: a Position Paper from the Fleis-
chner Society. Lancet Respir Med.
2020;8(7):726-37.

Elicker BM, Kallianos KG, Henry TS.
The role of high-resolution computed
tomography in the follow-up of dif-
fuse lung disease: Number 2 in the
Series “Radiology” Edited by Nicola
Sverzellati and Sujal Desai. Eur Respir
Rev. 2017;26(144.).

46.

47.

General introduction

Thompson BT, Chambers RC, Liu KD.
Acute Respiratory Distress Syndrome.
N Engl ] Med. 2017;377(6):562-72.

van Huizen LMG, Radonic T, van

Mourik F, Seinstra D, Dickhoff
C, Daniels JMA, et al. Compact
portable multiphoton microscopy

reveals histopathological hallmarks
of unprocessed lung tumor tissue
in real time. Transl Biophotonics.
2020;2(4):€202000009.

27






PART I

Bronchoscopic sampling techniques for
diagnosing ILD






Chapter 2

EBUS versus EUS-B for diagnosing sarcoidosis:
The International Sarcoidosis Assessment (ISA)
randomized clinical trial

Laurence M. M. Crombag’, Kirsten Mooij-Kalverda', Artur Szlubowski?, Maciej Gnass?,
Kurt G. Tournoy*?, Jiayuan Sun®, Masahide Oki’, Maarten K. Ninaber®, Daniel P. Steinfort®,
Barton R. Jennings', Moishe Liberman", Semra Bilaceroglu'>, Peter I. Bonta', Daniél A.
Korevaar', Rocco Trisolini%, Jouke T. Annema’

1 Department of Respiratory Medicine, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands

2 Endoscopy Unit, Pulmonary Hospital, Zakopane, Poland

3 Endoscopy Unit, John Paul II Hospital, Krakéw, Poland

4 Department of Respiratory Medicine, Onze-Lieve-Vrouw Ziekenhuis, Aalst, Belgium

5 Faculty of Medicine and Health Sciences, Ghent University, Ghent, Belgium

6 Department of Respiratory Endoscopy and Interventional Pulmonology, Shanghai Chest Hospital, Shanghai Jiao Tong
University, Shanghai, China

7 Department of Respiratory Medicine, National Hospital Organization Nagoya Medical Center, Nagoya, Japan

8 Department of Respiratory Medicine, Leiden University Medical Center, Leiden, The Netherlands

9 Department of Respiratory Medicine, Royal Melbourne Hospital, Parkville, Victoria, Australia

10 Department of Respiratory Medicine, Monash Health, Clayton, Victoria, Australia

11 Division of Thoracic Surgery, University of Montreal, CR-CHUM, Montreal, Québec, Canada

12 Department of Respiratory Medicine, Health Sciences University, Izmir, Turkey

13 Dr. Suat Seren Training and Research Hospital for Thoracic Medicine and Surgery, Yenisehir Mahallesi, Izmir, Turkey

14 Interventional Pulmonology Unit, Fondazione Policlinico Universitario A. Gemelli IRCCS, Universita Cattolica del Sacro
Cuore, Rome, Italy

Respirology. 2022;27:152-160



32 | Chapter 2

ABSTRACT

Background and objective

Endosonography with intrathoracic nodal sampling is proposed as the
single test with the highest granuloma detection rate in suspected sar-
coidosis stage I/II. However, most studies have been performed in limited
geographical regions. Studies suggest that oesophageal endosonographic
nodal sampling has higher diagnostic yield than endobronchial endo-
sonographic nodal sampling, but a head-to-head comparison of both
routes has never been performed.

Methods

Global (14 hospitals, nine countries, four continents) randomized clinical
trial was conducted in consecutive patients with suspected sarcoidosis stage
I/1I presenting between May 2015 and August 2017. Using an endobronchial
ultrasound (EBUS) scope, patients were randomized to EBUS or endoscopic
ultrasound (EUS)-B-guided nodal sampling, and to 22- or 25-G ProCore
needle aspiration (2 x 2 factorial design). Granuloma detection rate was the
primary study endpoint. Final diagnosis was based on cytology/pathology
outcomes and clinical/radiological follow-up at 6 months.

Results

A total of 358 patients were randomized: 185 patients to EBUS trans-
bronchial needle aspiration (EBUS-TBNA) and 173 to EUS-B-fine-needle
aspiration (FNA). Final diagnosis was sarcoidosis in 306 patients (86%).
Granuloma detection rate was 70% (130/185; 95% CI, 63-76) for EBUS-
TBNA and 68% (118/173; 95% CI, 61-75) for EUS-B-FNA (p = 0.67).
Sensitivity for diagnosing sarcoidosis was 78% (129/165; 95% CI, 71-84)
for EBUS-TBNA and 82% (115/141; 95% CI, 74-87) for EUS-B-FNA (p =
0.46). There was no significant difference between the two needle types
in granuloma detection rate or sensitivity.

Conclusion

Granuloma detection rate of mediastinal/hilar nodes by endosonography
in patients with suspected sarcoidosis stage I/II is high and similar for
EBUS and EUS-B. These findings imply that both diagnostic tests can be
safely and universally used in suspected sarcoidosis patients.

Keywords: bronchoscopy and interventional techniques, diagnostic ac-
curacy, EBUS, endoscopic ultrasound using the EBUS scope, endosonog-
raphy, EUS-B, sarcoidosis
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SUMMARY AT A GLANCE

This global RCT in patients with suspected sarcoidosis stage I/II with an
indication for endosonographic nodal sampling showed a similarly high
granuloma detection rate and sensitivity for diagnosing sarcoidosis with
endobronchial ultrasound versus endoscopic ultrasound-B. The findings
imply that both diagnostic tests (endobronchial/oesophageal) can be used
safely and universally in suspected sarcoidosis patients.

INTRODUCTION

Sarcoidosis is a systemic disease of unknown cause that is characterized
by the formation of immune granulomas in various organs, mainly the
lungs and the lymphatic system.' Given that the clinical manifestations of
sarcoidosis are often non-specific, demonstration of tissue granulomas is
often required to establish the diagnosis.”? Transoesophageal endoscopic
ultrasound-guided fine-needle aspiration (EUS-FNA) of mediastinal
lymph nodes has a high diagnostic yield in patients with suspected sar-
coidosis.>” Since the development of endobronchial ultrasound-trans-
bronchial needle aspiration (EBUS-TBNA) using a bronchoscope in 2004,
this procedure has also proved to be successful for granuloma detection.
Besides, EBUS-TBNA has a higher diagnostic yield compared to conven-
tional bronchoscopic techniques including (trans)bronchial lung biopsies
(TBLB).5"® Frequently, both the hilar and mediastinal lymph nodes are
affected in sarcoidosis, with the mean number of affected lymph nodes of
8, including the subcarinal lymph nodes in all cases.’ Therefore, affected
sarcoid lymph nodes can be sampled from both the oesophagus and the
airways. EUS-B-guided nodal sampling is better tolerated by patients
(no cough/shortness of breath) and often easier to perform in compari-
son to EBUS (absence of cartilage rings).'*" Several previous studies have
compared endobronchial (EBUS-TBNA) and transoesophageal (EUS-FNA)
approaches for indications such as undiagnosed mediastinal lymph-
adenopathy™ or mediastinal staging of lung cancer,” but no such head-
to-head comparisons have been performed in patients with suspected
sarcoidosis.

Granuloma assessment on cytological specimens obtained by convention-
al FNAs can be challenging for pathologists. It is postulated that biopsy
needles (ProCore) allow tissue acquisition including core biopsies—in
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addition to the cytological aspirates—thereby increasing the granuloma
detection rate compared to conventional needles.

We performed a randomized clinical trial, comparing intrathoracic
nodal sampling from the airways (EBUS) with an oesophageal (EUS-B)
approach, for the detection of non-caseating granulomas in patients
with suspected pulmonary sarcoidosis stage I/II using an EBUS scope.
Additionally, patients were also randomized between the conventional
22-G needle (EchoTip® Ultra Endobronchial HD Ultrasound Needle, Cook
Medical, Limerick, Ireland) or the thinner 25-G biopsy needle (EchoTip
ProCore® Endobronchial HD Biopsy Needle, Cook Medical).? Based on
previous studies, we hypothesized that EUS-B sampling of intrathoracic
lymph nodes has a higher granuloma detection rate compared to EBUS-
guided nodal sampling in patients with suspected sarcoidosis stage I/II.

METHODS

Study design

The International Sarcoidosis Assessment (ISA) trial is a prospective
investigator-initiated, unblinded, randomized clinical trial using a 2 x
2 factorial design. In this global study (14 hospitals, nine countries, four
continents), patients were included in both university and general hos-
pitals. Data were entered with web-based case report forms. The study
was registered under number NCT02540694 at ClinicalTrials.gov. This
manuscript is reported according to the STARD 2015 (Standards for Re-
porting Diagnostic Accuracy studies) statement'* and CONSORT (Consoli-
dated Standards of Reporting Trials) statement.

Study participants

Consecutive patients, 18 years or older, with a clinical and radiological
suspicion of sarcoidosis stage I (mediastinal or hilar lymphadenopathy)
or stage II (lymphadenopathy and parenchymal abnormalities) and an
indication for tissue verification of non-caseating granulomas were eli-
gible. Patients meeting any of the following criteria were excluded from
participation in this study: obvious organ involvement of sarcoidosis with
the possibility to confirm granulomas with a minimally invasive diag-
nostic procedure (e.g., skin lesion or superficial lymph node), pregnancy,
a positive acid-fast bacilli sputum test, contra-indication for endosonog-
raphy or a life expectancy of less than 6 months. Patients were recruited
in outpatient clinics of respiratory medicine departments of participating



EBUS versus EUS-B for diagnosing sarcoidosis

hospitals. Diagnostic work-up consisted of a conventional clinical evalu-
ation (including medical history, physical examination and laboratory
tests) with radiography and contrast-enhanced computed tomography
(CT) of the chest. The decision to obtain tissue for diagnostic purposes
versus a clinical and radiological followup was made in dialogue between
the treating physician and the patient, weighing the risks and benefits of
biopsy. The indication to obtain tissue was either to confirm sarcoidosis,
to rule out other diseases, or before the start of treatment. Candidates for
study participation were identified in 14 university and regional hospitals
in the Netherlands, Belgium, Italy, Poland, Turkey, China, Japan, Canada
and Australia. This investigator-initiated trial was approved by the hu-
man research ethics committee or local institutional review board at each
centre. This study was conducted in accordance with the amended Dec-
laration of Helsinki. Written informed consent was obtained from every
participant before randomization.

Study endpoints

The pre-specified primary endpoint was the granuloma detection rate of
EBUS-guided sampling of intrathoracic lymph nodes compared to EUS-B
(using the EBUS scope)-guided sampling, defined as the number of pa-
tients with granulomas detected relative to the total number of patients
tested.

The pre-specified secondary study endpoints were: (1) sensitivity of
EBUS-TBNA and EUS-B-FNA for diagnosing sarcoidosis, defined as the
proportion of patients with granulomas relative to the total number of
patients who received a final diagnosis of sarcoidosis; (2) granuloma
detection rate of conventional 22-G needle versus 25-G ProCore needle in
the overall population and in the EBUS and EUS-B subgroups; (3) compli-
cation rate; (4) procedure duration (in minutes); and (5) sample quality
of conventional 22-G needle versus 25-G ProCore needle in the overall
population, defined as representative (i.e., [non-] caseating granulomas,
reactive lymph node or malignant disease) versus non-representative
samples (i.e., blood, squamous cells and bronchial epithelium).

Randomization

Both endoscopic procedures (EBUS and EUS-B) were performed using a
linear EBUS scope. Prior to endoscopy, patients were randomized using
web-based randomization software to an endobronchial (EBUS) or an
oesophageal (EUS-B) approach. In addition, patients in each arm were
also randomized between the standard 22-G COOK needle and the 25-G
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bevel-tipped COOK ProCore needle. We performed block randomization
stratified by centre.

Endosonography

Sedation was performed following institutional practices; commonly,
either deep sedation with propofol or mild sedation with low-dose mid-
azolam with or without opioids was used. All patients randomized to
EBUS underwent a systematic endosonographic evaluation of accessible
mediastinal/hilar nodes using the EBUS Assessment Tool (EBUSAT)."
For patients randomized to EUS-B, nodes were systematically assessed
using the EUS Assessment Tool (EUSAT).* Endosonographic nodal char-
acteristics were scored. Following endosonographic inspection, the most
suspected, prominent and easily accessible nodes were selected for tissue
sampling. In total, at least five nodal samples were taken per patient (at
least four samples were sent in for cytology and one for microbiology).
After insertion of the needle into the target lymph node, the stylet was
pulled out slowly (slow pull technique). In case no or limited material
was retrieved, suction using a 10-ml syringe during the aspirations was
advised for the next samples. Rapid on-site cytological evaluation (ROSE)
was available in some of the participating centres. In the absence of
ROSE, it was advised to sample at least two different nodal stations, as
this increases the diagnostic yield.”'” The aspirates were processed for
both cytologic smears and cell block analysis. Cytology staining (Papa-
nicolaou or Giemsa) and cell block preparation were performed following
local practice. The local pathologist analysed nodal aspirates for clinical
purposes. In addition, tissue samples were sent in routinely for Aura-
mine/Ziehl-Neelsen staining, as well as culture and PCR testing (where
available) for Mycobacterium tuberculosis.

Reference standard

Following endosonography—in the absence of granulomas—it was left
to the local treating physician on how to proceed. A non-diagnostic EBUS
could be followed by EUS-B or vice versa in the same session. Also, con-
ventional bronchoscopy including TBLBs and biopsies of the bronchial
mucosa could be performed in the same session.

Detection of granulomas does not equal diagnosing sarcoidosis, which
also requires a compatible clinical and radiological manifestation and
exclusion of other diseases capable of presenting similarly such as tu-
berculosis (TB) and lymphoma."*'® The diagnosis sarcoidosis was made
by the (unblinded) treating physician based on the findings of the local
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pathologist and other available clinical information using the ERS/ATS/
WASOG consensus statement.” The diagnosis of TB required a positive
microbiology (PCR and/or culture) or a compatible clinic on baseline or
follow-up (worsening of typical clinical features, radiological features of
progressive TB on CT) plus the resolution/ improvement of clinical radio-
logical findings during antimycobacterial treatment. Clinical and radio-
logical follow-up was performed in all patients 6 months after inclusion
to reassess the diagnosis. The diagnosis after 6 months as determined
by the treating physician was considered the reference standard for the
diagnosis of sarcoidosis.

Statistical analysis

Based on previous studies, we assumed that the sensitivity for granuloma
detection of EBUS-TBNA and EUS-B-FNA would be 75% and 90%,%%°
respectively, and the sarcoidosis prevalence would be 90%. This would
result in a granuloma detection rate of 67% (0.75 x 0.90) in the EBUS
arm and of 81% (0.9x 0.9) in the EUS-B arm. This required a sample size
of 167 patients per group with a power of 1- B= 0.80, a = 0.05, two-sided
testing. Compensating for 5% drop-outs, we aimed to include 350 pa-
tients. Chi-square tests were used for the comparison of categorical data
between EBUS and EUS-B, including comparison of the detection rate and
sensitivity. Patients in whom endosonography was initiated but in whom
a complete procedure could not be performed were also included in the
analysis. Analysis were performed with SPSS statistical package version
24.0 (IBM corporation). A p value of <0.05 was considered statistically
significant.

RESULTS

Between May 2015 and August 2017, 381 consecutive patients with sus-
pected sarcoidosis stage I/II were assessed for eligibility. Ultimately, 358
patients were included and randomized: 185 patients for EBUS (n = 96
standard 22 G needle; n = 89 25 G ProCore needle) and 173 patients for
EUS-B (n = 82 standard 22 G needle; n = 91 ProCore 25 G needle). In
four patients, a different needle type or size was used. According to the
protocol, these patients were analysed in the group into which they were
randomized. At baseline, patients in both groups were well balanced for
the major clinical characteristics (Table 1). Fatigue (in 49%) and cough
(in 41%) were the most prevalent symptoms. Study flow of enrolled pa-
tients is presented in Figure 1.
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Sex, no. (%)

Race, no. (%)

Asian 30 (16) 25 (15)

Other 4 (2) 1(0.5)

Symptoms, no. (%)

Cough 78 (42) 67 (39)

Weight loss 25 (14) 28 (16)

Laboratory

Radiology, no. (%)

Stage I 97 (52) 95 (55)

Stage III 2(1) 0 (0)

No chest radiograph performed 29 (16) 38 (22)

Stage I 89 (48) 87 (50)

Stage IV 1(0.5) 0 (0)

No chest CT performed 0 (0) 1(0.5)

Enlarged LN in reach of EBUS resp. EUS-B, no. (%)
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Table 1. Continued

No 3(1.5) 5(3)
Unknown 3 (1.5) 3(2)

Abbreviations: ACE, serum angiotensin-converting enzyme; CT, computed
tomography; EBUS, endobronchial ultrasound; EUS, endoscopic ultrasound; IQR,
interquartile range; LN, lymph node.

?ACE (U/L) was determined in 69 patients in the EBUS group and 57 patients in
the EUS-B group, respectively.

381 patients screened for
eligibility

Excluded

not eligible

( !
4 eligible but declined study entry
} 17

inclusion in other endoscopy study

[ 359 randomized

1 withdrawal informed consent 2 ]

—

185 EBUS 173 EUS-B

96 standard 22G needle 82 standard 22G needle

89 ProCore 25G needle 91 ProCore 25G needle

[ 130 granulomas detected } [ 55 no granulomas detected J [ 118 granulomas detected } [ 55 no granulomas detected }

[ 6 months follow-up (clinical, radiological, information from additional procedures) ® ]

Figure 1. Flow diagram of enrolment and intervention in the International
Sarcoidosis Assessment (ISA) trial. *One patient refused endoscopy after
randomization and was excluded from analysis. *Seventeen patients did not
complete the study: three due to death and 14 lost to follow-up
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EBUS group

Among 185 patients undergoing an endobronchial procedure, the vast
majority (179/185, 97%) of enlarged lymph nodes were located within the
reach of EBUS, with a median short axis of the largest lymph node of 19
mm (interquartile range [IQR], 15-23). In 179 of 185 (97%) patients, the
endoscopist was able to perform a complete systematic endosonographic
evaluation of accessible mediastinal and hilar nodes using the EBUSAT"
and perform five or more lymph node needle aspirations. The most
prevalent ultrasound B-mode characteristics identified for the lymph
nodes in patients with a final diagnosis of sarcoidosis were hypervascu-
larization in 43% (71/165), node clustering in 64% (105/165), oval shaped
in 70% (115/165), homogeneity in 75% (123/165), distinct margins in
86% (142/165), absence of coagulation necrosis sign in 81% (134/165) and
absence of central hilar structure in 70% (115/165) of patients. The mean
number of sampled lymph node stations per patient was 2.2 (range, 1-4).
Median procedure time was 20 min (IQR, 17-25). Prophylactic antibiot-
ics were used in 31 (17%) of 185 patients. Further procedural endoscopy
details are provided in Table 2. Of the 185 patients, 37 (20%) underwent
an additional (endoscopy) procedure (e.g., EUS-B [n = 25], bronchoscopy
[n = 37], mediastinoscopy [n = 5]), resulting in granuloma detection in
three additional patients not found by EBUS (one by EUS-B, one by bron-
choscopy and one by mediastinoscopy).

EUS-B group

Among 173 patients undergoing an oesophageal procedure, the vast ma-
jority (165/173, 95%) of enlarged lymph nodes were located within the
reach of EUS-B, with a median short axis of the largest lymph node of
18 mm (IQR, 15-22). In 164 of 173 (94%) patients, the endoscopist was
able to perform a complete systematic endosonographic evaluation of ac-
cessible mediastinal nodes using the EUSAT"® and perform at least five
lymph node needle aspirations. Common B-mode findings for the lymph
nodes of patients with a final diagnosis of sarcoidosis were hypervascu-
larization in 43% (61/141), node clustering in 67% (95/141), oval shaped
in 74% (104/141), homogeneity in 83% (117/141), distinct margins in 90%
(127/141), absence of coagulation necrosis sign in 89% (125/141) and ab-
sence of central hilar structure in 79% (111/141) of patients. The mean
number of sampled lymph node stations per patient was 1.8 (range, 0-3).
Median procedure time was 18 min (IQR, 14-24). Prophylactic antibiot-
ics were used in 77 (45%) of 173 patients. Further procedural endoscopy
details are provided in Table 2. Of the 173 patients, 48 (28%) underwent
an additional (endoscopy) procedure (e.g., EBUS [n = 35], bronchoscopy
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[n = 4], mediastinoscopy [n = 4]) resulting in granuloma detection in six

additional patients not found by EUS-B.

Table 2. Endosonography findings

Characteristics

Sedation, no. (%)?

None
Propofol
Midazolam
Opioid

General anaesthesia

Prophylactic antibiotics use, no. (%)

Endosonographic characteristics of sampled LNs
with final diagnosis of sarcoidosis, no (%)"

Hypervascularized LN
Multiple clustered LN
Oval-shaped LN
Homogeneous LN

Distinct margin LN

Absence of coagulation necrosis sign
Absence of hilar structure
Needle use randomization

Standard 22 G, no. (%)

ProCore 25 G, no. (%)

No. of sampled LN stations, mean (range)
On-site cytological evaluation, no. (%)
Procedure time, median (IQR), min®

LN station (%) [median number of needle passes]

2R
2L
4R
4L

O 00 N o U

EBUS (n = 185)

1 (0.5)
74 (40)
117 (63)
97 (52)
0

31 (17)

71 (43)

105 (64)
115 (70)
123 (75)
142 (86)
134 (81)
115 (70)

96 (52)

89 (48)
2.2 (1-4)
76 (41)

20 (17-25)

2 (1) [1]
1(2) [3]
105 (57) [3]
20 (11) [2]
0 (0)

1(1) [5]
155 (84) [3]
0 (0)

0 (0)

EUS-B (n = 173)

2 (1)

54 (31)
120 (69)
90 (52)
(0]

77 (45)

61 (43)
95 (67)
104 (74)
117 (83)
127 (90)
125 (89)
111 (79)

82 (47)

91 (53)

1.8 (0-3)
67 (39)

18 (14-24)

2 (1) [3]

0 (0)

1(1) [5]

91 (53) [3]
0 (0)

0 (0)

168 (97) [3]
48 (28) (3]
1(1) (2]
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Table 2. Continued

Characteristics EBUS (n =185) EUS-B (n = 173)
10R 13 (7) [3] 0 (0)
10L 1(1) [1) 0 (0)
11R 46 (25) [2.5] 0 (0)
1L 66 (36) [3] 0 (0)

Abbreviations: EBUS, endobronchial ultrasound; EUS, endoscopic ultrasound; IQR,
interquartile range; LN, lymph node.

?Patients could receive a combination of benzodiazepines with opioids, or propofol
and opioids. "In the EBUS group, 165 patients had a final diagnosis of sarcoidosis,
and in the EUS-B group 141 patients had a final diagnosis of sarcoidosis. ‘Procedure
time not recorded for 24 patients in the EBUS-group, and for 12 patients in the
EUS-B group.

Final diagnoses

Final diagnoses determined at 6 months after randomization were
sarcoidosis in 306 patients (86%), malignancy in 16 patients (4%), TB
in two patients (0.5%) or another diagnosis in 34 patients (9.5%). The
diagnosis of sarcoidosis was supported by the presence of granulomas in
280 of 306 patients, whereas in the remaining 26 patients it was based
on clinical and radiological findings at baseline and during follow-up
or on the results of additional (endoscopy) procedures (other than the
randomization arm procedure) (Table 3).

Study outcomes

The granuloma detection rate was 70% (130/185; 95% CI, 63-76) for
EBUS, and 68% (118/173; 95% CI, 61-75) for EUS-B (p = 0.67; Table 3)
and independent of the geographic localization. Sensitivity for diagnos-
ing sarcoidosis was 78% (129/165; 95% CI, 71-84) for EBUS, and 82%
(115/141; 95% CI, 74-87) for EUS-B (p = 0.46; Table 3).

In the overall study population, the percentage of representative TBNA/
FNA samples defined as (non-)caseating granulomas, reactive lymph
node or malignant disease was 90.4% (161/178; 95% CI, 85-94) in the
standard 22-G needle group and 91.1% (164/180; 95% CI, 86-94) in
the 25-G ProCore needle group (p = 0.829). Among patients in whom
a standard 22-G needle was used, granuloma detection rate was 70%
(125/178; 95% CI, 63-76) in the overall study population, 70% (67/96;
95% CI, 60-78) in the EBUS procedural subgroup and 71% (58/82; 95%
CI, 60-79) in the EUS-B procedural subgroup (p = 0.89). Among pa-
tients in whom a 25-G ProCore needle was used, granuloma detection
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rate was 68% (123/180; 95% CI, 61-75) in the overall study population,
71% (63/89; 95% CI, 61-79) in the EBUS procedural subgroup and 66%
(60/91; 95% CI, 56-75) in the EUS-B procedural subgroup (p = 0.48).

One serious adverse event was reported: a patient with a final diagnosis
of sarcoidosis developed mediastinitis 10 weeks after an EBUS procedure
with a standard 22-G needle, requiring antibiotics; no prophylactic an-
tibiotics had been administered in this patient prior to the endoscopy
procedure. The patient recovered completely. No serious adverse events
were reported in the EUS-B group.

Table 3. Granuloma detection rate, sensitivity and final diagnoses by group
EBUS (n = 185) EUS-B (n = 173)
Granuloma detection rate, no. (%, 95% CI) 130 (70, 63-76) 118 (68, 61-75)

Sensitivity for diagnosing sarcoidosis, 78 (71-84) 82 (74-87)
% (95% CI)

Final diagnosis at 6 months after
randomization, no. (%)

Sarcoidosis 165 (89) 141 (82)
Lymphoma 4 (2) 3(2)
Lung cancer 2 (1) 5 (3)
Post-inflammation/reactive nodal disease 8 (4.5) 13 (7)
Tuberculosis 0 2 (1)
Other 6 (3.5) 5(3)
Unknown 0 4 (2)

Abbreviations: EBUS, endobronchial ultrasound; EUS, endoscopic ultrasound;
95%CI, 95% confidence interval

DISCUSSION

In this randomized clinical trial, we found that endobronchial (EBUS) and
oesophageal (EUS-B) sampling of intrathoracic lymph nodes have a sim-
ilar granuloma detection rate and sensitivity in patients with presumed
sarcoidosis stage I and II, irrespective of the needle type used. Adverse
events were rare for both procedures, indicating that they can both be
safely applied in this clinical setting. Procedure time of both approaches
was in the same range.

Some of our findings are in line with the results of previous, non-
randomized, studies on the diagnostic accuracy of endosonography in
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granuloma detection in patients with suspected sarcoidosis. Two sys-
tematic reviews showed a diagnostic yield of EBUS-TBNA ranging from
33% to 100% in individual studies, with a pooled diagnostic accuracy of
79% (95% CI, 71-86).>>* Multiple studies evaluated the diagnostic yield
of transoesophageal EUS-FNA using the conventional EUS scope, which
ranged from 82% to 100% in patients with a final diagnosis of sarcoid-
osis.>” A study on transoesophageal bronchoscopic ultrasound-guided
FNA using the EBUS scope (EUS-B-FNA) showed granulomas in 86% of
patients with the final diagnosis of sarcoidosis.*

To the best of our knowledge, EBUS-TBNA and EUS-B-FNA have not
been directly compared previously among patients with suspected sar-
coidosis. The granuloma randomized clinical trial compared conven-
tional bronchoscopy (with TBLB and endobronchial lung biopsies) with
endosonography (EBUS or conventional EUS) and showed that the use
of endosonographic nodal aspiration resulted in greater diagnostic yield
for a tissue confirmation of sarcoidosis. In contrast to our findings, the
authors reported in the endosonography group that EUS-FNA (with a
conventional EUS scope) seemed to have a higher diagnostic yield than
EBUS-TBNA (88% vs. 66%; p < 0.01).® However, patient selection bias
can possibly explain this difference, as the decision to perform an oe-
sophageal or endobronchial procedure was left to the local investigator.
In sarcoidosis, the mean number of affected intrathoracic lymph node
stations can be as high as 8 per patient and the subcarinal station (that
can be reached both endobronchially and oesophageally) is affected in
almost all patients with stage I/II.° This seems a likely explanation for
the similar granuloma detection rate of both routes (EBUS and EUS-B)
that was found in the current trial.

EBUS-TBNA and EUS-B-FNA are safe procedures. Mediastinitis/medi-
astinal abscess is described in 1% of patients after an EUS-FNA proce-
dure in sarcoidosis.’ Mediastinitis as a complication of EBUS-TBNA is
described in 0.10% (95% CI, 0.02-0.17) of procedures for evaluation of
mediastinal or hilar lymph node lesions,* although bacteraemia without
clinically significant infection was found in 7% of patients.** In the pres-
ent study, a single patient developed mediastinitis after an EBUS-TBNA
of a mediastinal lymph node (after 10 weeks).

Several limitations apply to the present study. The final diagnosis was
sarcoidosis in the vast majority of cases as the majority of the partici-
pating centres were not located in a region with high prevalence of TB.
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Therefore, the results may not be reproducible to such settings. The
diagnosis after 6 months as determined by the treating physician was
considered the reference standard in this study. Although this strategy
has been used in other studies on sarcoidosis diagnosis, we acknowledge
that this contains a level of subjectivity. Based on previous literature, we
assumed granuloma detection rates of 75% for EBUS-TBNA and 90% for
EUS-B- FNA in our sample size calculation. However, these were only
70% and 68%, respectively, in our study. Most likely, the retrospec-
tive nature of most previous studies resulted in selected patients and
an overestimation of diagnostic yield, which cannot be extrapolated to
a consecutive unselected sample of patients with suspected sarcoidosis.
The outcomes of this study demonstrate that it is important to conduct
multicentre, prospective, international studies as the results are likely
to be a better reflection of the true diagnostic value than single-centre
retrospective studies.

To the best of our knowledge this is the largest randomized clinical trial
on diagnostic approaches for sarcoidosis. Strong points of the study are
its randomized design, multicentre and global setting. The current study
was performed in a well-defined study population, and endosonography
procedures were performed with a structured and well-documented ap-
proach. Patients were included in both general and university hospitals
of four continents in the world.

There is an ongoing clinical debate whether it is essential to establish
a pathological diagnosis in all patients with suspected sarcoidosis, as a
clinical presentation of stage I/II disease can be characteristic based on
clinical presentation and imaging only, and invasive diagnostic testing
may be unnecessary.?>2¢ However, sarcoidosis can mimic serious disorders
which, if undiagnosed and untreated, may be associated with significant
morbidity or mortality. In our study population, over 15% of patients had
a final diagnosis other than sarcoidosis including lymphoma and lung
cancer, underlining the need for appropriate and careful patient selec-
tion for invasive nodal sampling, both in a clinical setting and for study
participation. In clinical practice, endoscopists may be inclined to initiate
the endobronchial procedure with standard bronchoscopy, followed by
EBUS. In our study, we only evaluated EBUS, and adding bronchoscopy
with mucosal and transbronchial biopsies could increase granuloma de-
tection rate. However, this added value is likely to be limited, as of the
37 patients in the EBUS group who underwent subsequent bronchoscopy,
granulomas were found in only one patient. Our findings also imply that
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adding EBUS to EUS-B (or the other way around) is not likely to improve
granuloma detection rate to a considerable extent: 25 patients (14%) in
the EBUS group underwent subsequent EUS-B, revealing granulomas not
detected by EBUS in only one patient. Of the 35 patients (20%) in the
EUS-B group who underwent subsequent EBUS, no additional granulo-
mas not already detected by EUS-B were found. These findings imply
that performing additional endoscopic techniques may only be useful in
selected patients, for example, in case lymph nodes cannot be sampled
during the initial diagnostic procedure.

Despite a similar granuloma detection rate identified between EBUS and
EUS-B in the current trial, parameters affecting the choice of a diagnostic
procedure for confirming sarcoidosis include endoscopists’ competence,
and availability of the diagnostic test and availability of moderate/deep
sedation. An advantage of EBUS is that hilar (station #10) and inter-lobar
(station #11) lymph nodes, which are very commonly involved in sar-
coidosis, can be sampled from the airways and not from the oesophagus.
Besides, the endobronchial route allows to perform, in a single session,
both EBUS-TBNA and additional sampling procedures such as bron-
choalveolar lavage and endobronchial and transbronchial biopsies. This
strategy has been shown to optimize the diagnostic yield in sarcoidosis,
especially in stage II disease.®?’” On the other hand, lymph nodes more
difficult to sample (station #4L) or inaccessible (station #8L) from the
airways can be sampled from the oesophagus through EUS-B. Other ad-
vantages of an EUS-B procedure are the fewer doses of anaesthetics and
sedatives generally needed, and fewer oxygen desaturations."

In conclusion, granuloma detection rate of mediastinal/hilar nodes by
endosonography in patients suspected of sarcoidosis stage I/II is high,
geographic independent and does not significantly differ for endobron-
chial versus transoesophageal sampling routes. Parameters affecting
the choice of a diagnostic procedure for confirming sarcoidosis include
endoscopists’ competence, patient’s general status, availability of bron-
choscopy/endosonography equipment and availability of sedation.
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SUMMARY

Background

An adequate diagnosis for interstitial lung disease (ILD) is important
for clinical decision making and prognosis. In most patients with ILD,
an accurate diagnosis can be made by clinical and radiological data as-
sessment, but in a considerable proportion of patients, a lung biopsy
is required. Surgical lung biopsy (SLB) is the most common method to
obtain tissue, but it is associated with high morbidity and even mortal-
ity. More recently, transbronchial cryobiopsy has been introduced, with
fewer adverse events but a lower diagnostic yield than SLB. The aim of
this study is to compare two diagnostic strategies: a step-up strategy
(transbronchial cryobiopsy, followed by SLB if the cryobiopsy is insuf-
ficiently informative) versus immediate SLB.

Methods

The COLD study was a multicentre, randomised controlled trial in six
hospitals across the Netherlands. We included patients with ILD with an
indication for lung biopsy as assessed by a multidisciplinary team dis-
cussion. Patients were randomly assigned in a 1:1 ratio to the step-up
or immediate SLB strategy, with follow-up for 12 weeks from the initial
procedure. Patients, clinicians, and pathologists were not masked to the
study treatment. The primary endpoint was unexpected chest tube drain-
age, defined as requiring any chest tube after transbronchial cryobiopsy,
or prolonged (>24 h) chest tube drainage after SLB. Secondary endpoints
were diagnostic yield, in-hospital stay, pain, and serious adverse events.
A modified intention-to-treat analysis was performed. This trial is reg-
istered with the Dutch Trial Register, NL7634, and is now closed.

Findings

Between April 8, 2019, and Oct 24, 2021, 122 patients with ILD were as-
sessed for study participation; and 55 patients were randomly assigned to
the step-up strategy (n=28) or immediate SLB (n=27); three patients from
the immediate SLB group were excluded. Unexpected chest tube drainage
occurred in three of 28 patients (11%; 95% CI 4-27%) in the step-up
group, and the number of patients for whom the chest tube could not be
removed within 24 h was 11 of 24 patients (46%; 95% CI 28-65%) in the
SLB group, with an absolute risk reduction of 35% (11-56%; p=0-0058).
In the step-up strategy, the multidisciplinary team diagnostic yield after
transbronchial cryobiopsy alone was 82% (64-92%), which increased to
89% (73-96%) when subsequent SLB was performed after inconclusive
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transbronchial cryobiopsy. In the immediate surgery strategy, the multi-
disciplinary team diagnostic yield was 88% (69-97%). Total in-hospital
stay was 1 day (IQR 1-1) in the step-up group versus 5 days (IQR 4-6)
in the SLB group. One (4%) serious adverse event occurred in step-up
strategy versus 12 (50%) in the immediate SLB strategy.

Interpretation

In ILD diagnosis, if lung tissue assessment is required, a diagnostic
strategy starting with transbronchial cryobiopsy, followed by SLB when
transbronchial cryobiopsy is inconclusive, appears to result in a sig-
nificant reduction of patient burden and in-hospital stay with a similar
diagnostic yield versus immediate SLB.

Funding

Netherlands Organisation for Health Research and Development (ZonMW)
and Amsterdam University Medical Centers.

RESEARCH IN CONTEXT

Evidence before this study

Transbronchial cryobiopsy is a relatively new bronchoscopic technique
to obtain lung tissue for diagnosing interstitial lung disease (ILD). Com-
pared with surgical lung biopsy (SLB), transbronchial cryobiopsy appears
to have a favourable safety profile. Because the diagnostic yield of trans-
bronchial cryobiopsy is estimated to be less than that of SLB, it might be
beneficial to start with the less invasive transbronchial cryobiopsy and
to revert to SLB only in the case of inconclusive transbronchial cryobi-
opsy for ILD diagnosis (step-up strategy). We searched PubMed on May
2, 2023, using the terms “cryobiopsy” or “cryo probe” and “interstitial
lung disease” or “diffuse parenchymal disease” for all reports from da-
tabase inception without restrictions to language. No studies were found
in which a step-up diagnostic strategy was compared with immediate
SLB. Studies in which transbronchial cryobiopsy alone was compared
with SLB were mostly indirect or retrospective. A few studies focused on
a direct comparison of transbronchial cryobiopsy and SLB in the same
patient, but because of the design of those studies, safety aspects and
patient-related outcomes of either technique could not be assessed.
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Added value of this study

The COLD study is the first randomised study comparing two strategies
for diagnosing ILD (step-up strategy of transbronchial cryobiopsy only
followed by SLB in the case of an inconclusive transbronchial cryobiopsy
vs immediate SLB). The diagnostic strategy starting with transbronchial
cryobiopsy resulted in a reduction of chest tube drainage, in-hospital
stay, pain, and serious adverse events, whereas the diagnostic yield of
both strategies was similar.

Implications of all the available evidence

Current guidelines recommend SLB for tissue acquisition for ILD diag-
nosis with a conditional recommendation of a first step of transbronchial
cryobiopsy in centres with bronchoscopists experienced in transbronchial
cryobiopsy. The results of the COLD study justify starting with trans-
bronchial cryobiopsy and pursuing additional surgical tissue sampling
in the case that transbronchial cryobiopsy is inconclusive for classifying
ILD diagnosis. Widespread implementation of the transbronchial cryobi-
opsy technique in centres with less experience warrants more insight in
the requirements for transbronchial cryobiopsy training, which should
include all stakeholders such as interventional pulmonologists and pa-
thologists.
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INTRODUCTION

Interstitial lung diseases (ILDs) comprise a wide variety of disease enti-
ties. Treatment and prognosis vary across different ILDs, and establishing
a correct diagnosis is therefore clinically important. A multidisciplinary
team discussion, resulting in a consensus diagnosis, is considered the
reference standard for diagnosing ILD." In most cases, a high-confidence
diagnosis can be established from clinical and radiological data, yet it
is estimated that in 10-40% of newly diagnosed ILD, a lung biopsy is
deemed necessary to establish a diagnosis or improve diagnostic confi-
dence.?>”> The addition of histopathology to clinical and radiological data
has been shown to change the treatment strategy in a third of cases.®

Historically, lung biopsies for an ILD diagnosis have been obtained
through surgical lung biopsy (SLB). Adding SLB findings to a multidis-
ciplinary team discussion results in a diagnostic yield of approximately
90%, but is associated with considerable procedure-related morbidity
and even mortality of approximately 2%.77° In addition, patients under-
going SLB require hospital admission for post-surgical chest tube drain-
age, resulting in a high patient and health-care burden. More recently,
transbronchial cryobiopsy has been introduced as a less invasive alterna-
tive technique to obtain lung tissue. Major advantages of transbronchial
cryobiopsy include that post-procedure chest tube drainage is usually not
needed and the procedure is therefore associated with a short in-hospital
stay and a less than 1% procedure-related mortality rate.>'*> However,
the diagnostic yield of transbronchial cryobiopsy is lower than that of
SLB, and varies between 70-80%."

In a 2022 clinical guideline on the role of transbronchial cryobiopsy in the
diagnostic tests of ILD, a step-up strategy is proposed: patients initially
undergo transbronchial cryobiopsy and, if insufficiently informative, it is
followed by a subsequent SLB.”” However, the quality of the evidence was
deemed very low for this guideline outcome, and so far no studies have
been published that directly compare the outcomes of immediate SLB
with the step-up strategy. The available studies that were considered in
the guidelines were either single-arm or retrospective.>’">3™"> The only
prospective studies in which transbronchial cryobiopsy was compared
with SLB were those in which patients underwent both transbronchial
cryobiopsy and SLB during the same procedure.’*™ Additionally, most
studies focused mainly on adverse events and the diagnostic yield of
transbronchial cryobiopsy and SLB as single procedures, whereas studies
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on patient-related outcomes of the entire diagnostic strategy were
scarce. This is of importance, because shared decision making regarding
diagnostic tests should be based on both patients’ preferences and
evidence.? In addition, there is wide variability in the applied diagnostic
strategies used to obtain lung tissue in patients with ILD. Therefore,
direct comparative studies across diagnostic strategies are needed.

The aim of the COLD study was to compare two diagnostic strategies
(step-up strategy vs immediate SLB) in terms of the patient burden (with
the primary outcome being unexpected chest tube drainage), in-hospital
stay, and diagnostic yield.

METHODS

Study design and participants

We performed a randomised clinical trial in six hospitals across the Neth-
erlands, including academic and general hospitals. In the Netherlands,
ILD care is embedded in expertise centres and affiliated treatment centres.
All patients newly diagnosed with ILD are discussed in a multidisciplinary
team that includes at least two pulmonologists, a chest radiologist, and
a pathologist, all with ILD expertise."* > In the present study, the need
for a biopsy was assessed at the local multidisciplinary team discussion
and was part of standard care. Patients were consecutively recruited
from the respiratory outpatient clinic of participating hospitals. Patients
were eligible for inclusion when their clinical and radiological data were
insufficient for the establishment of a classifying ILD diagnosis and the
multidisciplinary team discussion advice was to obtain lung tissue for
an ILD diagnosis. A full list of inclusion and exclusion criteria is pre-
sented in the appendix (p 1). The follow-up time was 12 weeks. The trial
was approved by the Medical Ethics Committee of the Academic Medical
Center Amsterdam (identifier number 2018_224), and was performed in
accordance with Good Clinical Practice guidelines and the Declaration of
Helsinki. All patients provided written informed consent before random
assignment. The study was sponsored by the Netherlands Organisation
for Health Research and Development (ZonMW) and was prospectively
registered at the Dutch Trial Register (number NL7634).

Randomisation and masking

Included patients were randomly assigned in a 1:1 ratio either to the
step-up strategy (starting with transbronchial cryobiopsy, followed by
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SLB if the cryobiopsy was insufficiently informative) or to an immediate
SLB. Random assignment was performed by the local study coordinator
using the Castor Electronic Data Capturing System using variable block
sizes (4 and 6), stratified by participating centre. Patients and clinicians
were not masked to the diagnostic strategy.

Procedures

Transbronchial cryobiopsy was performed in accordance with a published
consensus statement, including secured airway, prophylactic endobron-
chial balloon placement, and fluoroscopy guidance.** A minimum of two
biopsies were obtained from two different segments using the 1-9 mm
reusable cryoprobe (Erbe Elektromedizin, Tiibingen, Germany)." After
transbronchial cryobiopsy, patients received a chest x-ray to screen
for pneumothorax. The need for chest tube insertion, in the case of a
pneumothorax, was assessed by the treating physician. Patients were not
given pain medication routinely. All participating bronchoscopists were
experienced interventional pulmonologists but not necessarily experi-
enced in transbronchial cryobiopsy. To train and to secure the harmoni-
sation of the transbronchial cryobiopsy procedure, all participating bron-
choscopists attended a 2-day international workshop at the University
Hospital of Tiibingen, Germany, before study initiation, which included
live demonstrations and a training session of transbronchial cryobiopsy
on a porcine model.

Patients were considered for a subsequent SLB if the results were insuf-
ficient for a classifying diagnosis as assessed by the multidisciplinary
team. SLBs were obtained through standard local procedures, allowing
uni-portal and multi-portal video-assisted thoracoscopic surgery or
thoracotomy at the discretion of the thoracic surgeon. At least two biop-
sies were obtained from two lobes. In all cases a prophylactic chest tube
was placed after lung biopsies. In the case of an uncomplicated surgical
procedure, the chest tube could be removed within 24 h.*® Patients re-
ceived an erector spinae block and a combination of analgesics, including
opioids, as needed (appendix p 2).

Criteria for chest tube removal were prespecified and protocolised in the
standard operation procedure. Twice per day, whether the chest tube
could be removed was evaluated, which was considered to be the case in
the absence of an air leak, and less than 125 cc pleural effusion per 12 h.
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All biopsies were evaluated by a local pathologist with expertise in ILD,
in accordance with international guidelines for diagnosing idiopathic
pulmonary fibrosis and idiopathic interstitial pneumonia.?»**** Biopsy
results were discussed during the multidisciplinary team discussions.
Both a histopathological and a multidisciplinary team diagnosis were re-
corded after a multidisciplinary team discussion. Pathologists and other
multidisciplinary team participants were not masked to the randomisa-
tion group.

After study completion, all biopsies were reviewed by a reference pa-
thologist (JvdT) with specific ILD expertise who was masked to clinical
multidisciplinary team results and initial histology reports. The time
between local evaluation and this repeated evaluation was at least 12
months. The reference pathologist recorded histopathological diagnosis
and diagnostic confidence (high, low, or unclassifiable; definitions for
histopathological confidence are described in the appendix [p 3]). In
case a patient underwent both transbronchial cryobiopsy and SLB in the
step-up strategy, the overall histopathological pattern and diagnostic
confidence was obtained.

Outcomes

The primary outcome was unexpected chest tube drainage, defined as
the proportion of patients in need of any chest tube drainage after trans-
bronchial cryobiopsy, or prolonged (>24 h) chest tube drainage after SLB.
This primary outcome was chosen after a consultation with patients’
representatives and in discussion with the medical ethical committee,
and was considered to best reflect patient burden.

The prespecified secondary outcomes were: diagnostic yield, length of
hospital stay, pain, and serious adverse events. Diagnostic yield was
defined as the proportion of patients with a classifying multidisciplinary
team diagnosis after a procedure and diagnostic strategy. Length of hos-
pital stay was recorded in days, starting with the day of hospital admis-
sion and adding 1 day per overnight stay covering the total number of
admitted days during 3 months of follow-up (including hospital admit-
tance due to a second procedure or adverse event). Post-procedural pain
was measured with a visual analogue scale for pain, ranging from 0 (no
pain) to 100 (worst pain imaginable). Pain scores exceeding 30 were con-
sidered clinically relevant.”” Pain scores were recorded at baseline, once
per day during the first week after the biopsy procedure, and once at 2,
4, 6, 8, and 12 weeks after the procedure. In case a patient underwent a
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second procedure, this procedure had to be performed within 6 weeks of
the first procedure.

Adverse events were defined as any untoward medical events that oc-
curred during the study period. When adverse events resulted in death,
were life-threatening, or required admission to hospital or an increase in
the length of stay of an existing inpatient hospital stay, an adverse event
was classified as a serious adverse event. On the basis of local protocols
and the available literature, the increase of an in-hospital stay due to a
serious adverse event was defined as longer than 2 days (one overnight
stay) for transbronchial cryobiopsy and 4 days (three overnight stays)
for SLB.” The agreement of histopathology results between the reference
pathologist and local pathologist was a post-hoc analysis.

Statistical analysis

A sample size calculation was performed before study initiation. On the
basis of previous literature and our own expertise, we expected that less
than 10% of patients would require unexpected chest tube drainage in
the step-up strategy,'“™ versus 50% after immediate SLB.>> We calcu-
lated that two groups of 23 patients would achieve 81% power to detect
such a difference, using a two-sided Fisher’s exact test at a significance
level of 0-05. Therefore, we aimed to include at least 50 patients, an-
ticipating a 10% dropout rate. The analysis for primary and secondary
outcomes was performed on patients who were randomly assigned and
who underwent the allocated study procedure (modified intention-to-
treat analysis). Because a high dropout rate in one of the two groups
could lead to a major underestimation of unexpected chest tube drainage
in that group, a modified intention-to-treat analysis was considered
more appropriate than overall intention-to-treat analysis. However, the
robustness of the main treatment effect on the primary outcome was as-
sessed in a worst-case scenario. Hereby, patients who were randomly
assigned to transbronchial cryobiopsy but did not undergo the procedure
were assumed to have had unexpected chest tube drainage, whereas
patients who were randomly assigned to immediate SLB but did not
undergo SLB were assumed not to have had unexpected chest tube drain-
age. Baseline demographic variables were reported as absolute numbers
with proportions for categorical data, and as means with SDs or medi-
ans with IQRs for continuous variables. A Fisher’s exact test was used
for the between-group comparison of categorical data, with the Wilson
score method to report 95% CIs. A Student’s t test and Mann-Whitney
U test were used for continuous outcomes in the case of parametric or
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non-parametric distributions, respectively. Visual analogue scale pain
scores were reported as median (IQR) and as number (proportion) of
patients with clinically relevant pain scores, with the between-group
differences in pain scores at distinct points in time compared using
Mann-Whitney U tests and the differences in proportions compared us-
ing Fisher’s exact tests. For interobserver variability for histopathological
diagnosis, Cohens k was used.

After peer review, a post-hoc logistic regression on unexpected chest tube
drainage (dependent variable) was applied with random assignment as
the independent variable (reference group: SLB) and unevenly distributed
baseline percentage of predicted forced vital capacity and percentage of
predicted Hb-corrected diffusion capacity of the lungs for carbon monox-
ide as covariates. An odds ratio (OR) of less than 1 would indicate a lower
odds of unexpected chest tube drainage in the step-up strategy compared
with immediate SLB, and vice versa for an OR of more than 1. An OR of
exactly 1 indicated that the odds of unexpected chest tube drainage were
similar for both diagnostic strategies. A p value of less than 0-05 was
considered statistically significant. Analyses were performed in IBM SPSS
version 28.0.1.1 or WinPepi version 11.65.

Role of the funding source

The funder of the study had no role in study design, data collection, data
analysis, data interpretation, or writing of the report.

RESULTS

Between April 8, 2019, and Oct 24, 2021, 122 patients with ILD were as-
sessed for study participation after multidisciplinary team discussions
from participating centres advised a lung biopsy. 66 patients (54%) were
excluded for various reasons and 56 patients (46%) signed informed
consent (figure 1). After informed consent, one patient was excluded
because they showed sudden rapid lung function decline. The remaining
55 patients were randomly assigned to the step-up strategy (n=28) or
immediate SLB (n=27). In the step-up strategy, all patients underwent
transbronchial cryobiopsy, but in the immediate SLB group, three did not
undergo SLB and were excluded from the analysis. Therefore, a total of 52
patients (step-up strategy n=28 vs immediate SLB n=24) were included
in the modified intention-to-treat analysis.
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122 patients were assessed for eligibility
(patients with ILD in whom a
multidisciplinary team discussion
advised a lung biopsy)

66 excluded
44 declined study participation*
> 9 underwent upfront SLBT
8 did not meet inclusion criteria
5 study participation was not considered

A

56 signed informed consent

1 excluded
> 1 rapid lung function decline after
informed consent

A

| 55 included and randomly assigned |

v v

28 assigned to step-up strategy 27 assigned to immediate SLB
28 underwent transbronchial cryobiopsy 24 underwent SLB
3 underwent additional SLB
3 did not receive allocated
procedure
1died before allocated
procedure
1 withdrew consent
1 spontaneous improvement
v \4
28 included in final analysis population | | 24 included in final analysis population

Figure 1. Trial profile

ILD=interstitial lung disease. SLB=surgical lung biopsy. *Reasons for declining
participation were: patients preferred SLB (n=13), patients preferred transbronchial
cryobiopsy (n=21), patients declined any lung biopsy procedure (n=5), patient did
not want to participate in a clinical trial (n=1), and no reason provided (n=5).
tPatient underwent upfront SLB as indicated by their physician due to suspicion
of lung cancer in addition to underlying ILD (n=7), it was expected that large lung
biopsies were needed and transbronchial cryobiopsy would be too small (n=1), or
patient underwent upfront SLB because this was considered to be a maximally
controlled setting for a very frail patient (n=1).

Baseline characteristics (table 1) were evenly distributed between the
two groups except for percentage of predicted forced vital capacity and
percentage of predicted Hb-corrected diffusion capacity of the lungs for
carbon monoxide, which were higher in the step-up group (by 13% and
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11%, respectively). Patients had moderate comorbidities as shown by a
median Charlson comorbidity index of 3 (IQR 2-5) for both groups. Fi-
nal multidisciplinary team diagnoses after lung biopsy included chronic
hypersensitivity pneumonitis (n=27/52; 52%), idiopathic non-specific
interstitial pneumonia (n=7; 13%), and idiopathic pulmonary fibrosis
(n=4; 8%). Details on the number of biopsies, maximum diameter, and
technical aspects of biopsy procedures are provided in the appendix (p 4).

In the step-up strategy group, one patient (4%) of 28 needed chest tube
drainage after transbronchial cryobiopsy due to a pneumothorax. In ad-
dition, three patients underwent step-up SLB after inconclusive trans-
bronchial cryobiopsy; the chest tube could not be removed within 24 h in
two of these patients. Thus, in total, three of 28 patients (11%; 95% CI
4—27%) received an unexpected chest tube. In the immediate SLB group,
the chest tube could not be removed within 24 h in 11 of 24 patients
(46%; 28-65%). The difference in primary outcome was 35% (11-56%)
in favour of the step-up approach (p=0-0058), with a corresponding OR
for unexpected chest tube drainage of 0-14 (0-03-0-60). Patients ran-
domly assigned to the step-up group had a median in situ chest tube
duration of 25 h (IQR 25-170), versus 30 h (IQR 24-66; n=11) for the
immediate SLB group. Adjusted for baseline forced vital capacity and the
Hb-corrected diffusion capacity of the lungs for carbon monoxide val-
ues, the OR of 0-18 (0-04-0-87) was in favour of the step-up approach
(p=0-033). The worst-case scenario with the three patients who dropped
out in the immediate SLB group assumed not to have had unexpected
chest tube drainage showed a difference in the primary outcome of 30%
percentage points (7-50%) in favour of the step-up approach (p=0-014);
after adjustment for baseline forced vital capacity values, the OR of 0-22
(0-05-0-99) was in favour of the step-up approach (p=0-0438).

Table 1. Baseline characteristics

Total (N=52) Step-up Immediate SLB
strategy (n=24)
(n=28)
Age, years 66 (59-72) 68 (61-73) 65 (57-70)
Sex
Male 42 (81%) 22 (79%) 20 (83%)
Female 10 (19%) 6 (21%) 4 (17%)

BMI, kg/m? 28 (26-30) 28 (26-30) 28 (25-30)
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Table 1. Continued

Total (N=52) Step-up Immediate SLB
strategy (n=24)
(n=28)
Smoking status
Never 7 (13%) 2 (7%) 5 (21%)
Former 40 (77%) 23 (82%) 17 (71%)
Current 5 (10%) 3 (11%) 2 (8%)
Pulmonary function test
Forced vital capacity, % predicted 84 (16) 90 (14) 77 (15)
value
Hb-corrected diffusion capacity 56 (16) 61 (15) 50 (16)
of the lungs for carbon monoxide,
% predicted value
Charlson comorbidity index 3 (2-5) 3 (2-5) 3 (2-5)
Visual analogue scale pain 0 (0-26) 0 (0-19) 0 (0-44)

Final multidisciplinary team discussion diagnosis

Hypersensitivity pneumonitis 27 (52%) 12 (43%) 15 (63%)
Idiopathic non-specific interstitial 7 (13%) 5 (18%) 2 (8%)
pneumonia

Idiopathic pulmonary fibrosis 4 (8%) 3 (11%) 1 (4%)
Sarcoidosis 2 (4%) 1 (4%) 1 (4%)
Unclassifiable 6 (12%) 3 (11%) 3 (13%)
Other* 6 (12%) 4 (14%) 2 (8%)

Data are n (%), median (IQR), or mean (SD). ILD=interstitial lung disease.
SLB=surgical lung biopsy. *Other included: respiratory bronchiolitis-associated
ILD (n=2), connective tissue disease-related ILD (n=2), organising pneumonia
with small airway disease in patient with common variable immunodeficiency
(n=1), and drug-related ILD (n=1).

Diagnostic yield and patient-related outcomes are summarised in table 2.
In the step-up strategy group, after transbronchial cryobiopsy alone, the
multidisciplinary team reached a classifying diagnosis in 23 of 28 patients,
resulting in a diagnostic yield of 82% (95% CI 64-92%). The other five
patients were all discussed in a second multidisciplinary team discussion
and considered for subsequent SLB. Three of them underwent subsequent
SLB, reaching a classifying diagnosis in two patients, resulting in a
diagnostic yield of the step-up strategy of 89% (73-96%). Two patients
did not undergo subsequent SLB, although a classifying diagnosis was
not reached after transbronchial cryobiopsy. In these cases, integration
of the transbronchial cryobiopsy results during multidisciplinary team
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discussion limited the differential diagnosis sufficiently to decide on the
first-line treatment. In the immediate SLB group, a multidisciplinary
team discussion after SLB reached a classifying diagnosis in 21 of 24
patients, resulting in a diagnostic yield of 88% (69-97%; figure 2).

Table 2. Diagnostic yield for ILD diagnosis and patient-centred outcomes

Step-up Immediate SLB p value
strategy (n=28) (n=24)
Diagnostic yield 89% (73-96) 88% (69-97) 0:841
Diagnostic yield after 82% (64-92)

transbronchial cryobiopsy alone
Total need for a chest tube 4 (14%) 24 (100%) <0-0001

After transbronchial cryobiopsy 1 (4%)

After SLB 3 (11%) 24 (100%)
Unexpected chest tube* 3 (11%) 11 (46%) 0:0058
After transbronchial cryobiopsy 1 (4%)
After SLB 2 (7%) 11 (46%)
Chest tube in situ
<24 h 1 (4%) 13 (54%)
24-36 h 2.(7%) 7 (29%)
36-48 h 0 1 (4%)
>48 h 1 (4%) 3 (13%)
Total in-hospital stay 1(1-1) 5 (4-6) <0:0001
Completed visual analogue scale 25 (89%) 20 (83%)
pain score on day 1
Visual analogue scale pain score 15 (0-38) 45 (21-50) 0-0057
Visual analogue scale pain 7/25 (28%) 14/20 (70%) 0:0073
score >30
Completed visual analogue scale 25 (89%) 21 (88%)
pain score on day 4
Visual analogue scale pain score 1 (1-21) 20 (6-30) 0-056
Visual analogue scale pain 3/25 (12%) 421 (19%) 0-69
score >30

Data are n or n/N (%), median (IQR), or percentage (95% CI), unless otherwise
stated. Visual analogue scale scores for pain ranged from 0 (no pain) to 100 (worst
pain imaginable). A visual analogue scale score of more than 30 was considered
moderate pain. ILD=interstitial lung disease. SLB=surgical lung biopsy. *Definition
of unexpected chest tube was any chest tube after transbronchial cryobiopsy or
chest tube for more than 24 h after SLB.
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Figure 2. Primary and secondary endpoints

All outcomes are presented as percentages (left y axis), with the exception of
in-hospital stay, which is presented as duration in days (right y axis). The bars
represent 95% CIs (%) or IQR (days). Diagnostic yield refers to the proportion of
patients in whom a classifying multi-disciplinary team diagnosis was reached.
Unexpected chest tube was defined as any chest tube following transbronchial
cryobiopsy or prolonged (>24 h) chest tube following surgical lung biopsy.
Moderate to severe pain refers to a pain score of >30 on the visual analogue scale
ranging from 0 (no pain) to 100 (worst pain imaginable). Duration of in-hospital
stay included the day of hospital admission, adding 1 day per overnight stay.
Severe adverse events were defined as: any medical events that occurred during
the study period that resulted in death, were life-threatening (at the time of the
event), or required admission to hospital or prolongation of existing inpatients’
stay in hospital.

23 of 28 patients (82%) who underwent transbronchial cryobiopsy
were treated in an outpatient setting. None were readmitted during
the 3-month follow-up, except for the three patients who underwent
subsequent SLB. The median in-hospital stay was 1 day (IQR 1-1; range
1-15 days; n=28) for the step-up strategy, versus 5 days (IQR 4-6; range
2-17 days; n=24) for the immediate SLB group (p<0-0001).

Of the 52 patients, 48 (92%) responded to the study pain-related ques-
tionnaires, although they did not always complete the questionnaire.
On the first day after transbronchial cryobiopsy in the step-up strategy,
28% (n=7/25) of patients had a visual analogue scale pain score of more

67
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than 30 versus 70% (n=14/20) after SLB in the immediate SLB strategy
(p=0-0072). At day 4, this difference was reduced to 12% (n=3/25) versus
19% (n=4/21; p=0-69; table 2). During further follow-up, pain scores
remained similar between the groups, and at 3 months the median visual
analogue scale scores were 0 (IQR 0-25) for the step-up strategy and 1
(0-10) for the immediate SLB strategy.

Overall, 13 serious adverse events and 34 adverse events were registered
(table 3). Intensive care unit admission and death did not occur. In the
step-up strategy group, one patient (4%) of 28 had a serious adverse
event, which was a pneumothorax with a persistent air leak requiring
chest tube drainage leading to an increased hospital stay of 15 days in
total. In six other patients (21%), a pneumothorax was observed but con-
sidered clinically insignificant without the need for chest tube insertion.
Moderate bleeding occurred in ten patients (36%), which were all con-
trolled by bronchoscopic procedures such as re-inflation of the balloon or
instillation of cold saline. In the immediate SLB group, 11 (46%) patients
had one or more serious adverse event; these events were: long-term
need for chest tube drainage due to a persistent air leak leading to an
increased length of in-hospital stay (n=5/24; 21%), pneumonia resulting
in rehospitalisation (n=2/24; 8%), uncontrolled pain (2/24; 8%), em-
pyema requiring surgical intervention (n=1/24; 4%), exacerbation of an
underlying ILD (n=1/24; 4%), and a pneumothorax following chest tube
removal (n=1/24; 4%). The patient with an exacerbation of an underlying
ILD was treated with prednisolone and recovered completely.

Table 3. Adverse events
Step-up strategy Immediate SLB

(n=28) (n=24)

Patients without adverse events 11 (39%) 6 (25%)
Patients with =1 adverse event 17 (61%)* 18 (75%)*t

One adverse event 12 (43%) 14 (58%)

Two adverse events 3 (11%) 3 (13%)

Three adverse events 2 (7%) 1 (4%)
30-day mortality 0 0
Patients with serious adverse events} 1 (4%) 11 (46%)

Pneumothorax in need of chest tube 1 (4%) 0

Air leak 0 5 (21%)

Pneumonia 0 2 (8%)
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Table 3. Continued
Step-up strategy Immediate SLB

(n=28) (n=24)
Uncontrolled pain 0 2 (8%)
Empyema 0 1 (4%)
Exacerbation of ILD 0 1 (4%)
Pneumothorax after chest tube removal 0 1 (4%)
Patients with non-serious adverse events 16 (57%) 9 (38%)
Moderate bleed 10 (36%) 0
Prolonged need for chest tube§ 291 (7%) 6 (25%)
Pneumothorax without need for chest tube 6 (21%) 0
Pneumothorax after chest tube removal|| 0 2 (8%)
Pneumonia 1 (4%) 1 (4%)
Laryngeal spasm 2 (7%) 0
Allergic reaction 1 (4%) 0]
Uncontrolled pain 191 (4%) 0
Nausea 0 1 (4%)
Wound leakage 0 1 (4%)

Data are n (%). ILD=interstitial lung disease. SLB=surgical lung biopsy. *Patients
with >1 adverse event consisted of only non-serious adverse events. tPatients
with two adverse events consisted of one patient with one serious and one non-
serious adverse event; one patient with two serious adverse events; and one patient
with two non-serious adverse events; and the one patient with three adverse
events had one serious and two non-serious adverse events. Adverse events were
considered serious adverse events if they resulted in an unexpected admission to
hospital or an increased length of an existing inpatient hospital stay, in all events.
The increased length of stay in hospital due to an adverse event was defined as
longer than 2 days (one overnight stay) for transbronchial cryobiopsy and 4 days
(three overnight stays) for SLB. §Patients in whom prolonged (>24 h) chest tube
drainage did not lead to an increase in the length of hospital stay. flAdverse
events that occurred after SLB that was performed subsequent to inconclusive
transbronchial cryobiopsy results. ||Patients in whom pneumothorax did not lead
to an increased length of hospital stay.

Of 52 included patients, the biopsies from 51 patients (98%) were
reviewed by the reference pathologist (table 4). Biopsies from one patient
(immediate SLB) were unavailable for review for logistical reasons. In
four patients, the reference pathologist was also involved in the initial
assessment. For 32 of 51 (63%) patients, the new histopathological
diagnosis was in agreement with the histopathological pattern diagnosed
by the local pathologist (x 0-53; 95% CI 0-36-0-70): 17 of 28 patients
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(61%) in the step-up strategy (0-53; 0-31-0-75) and 15 of 23 patients
(65%) in the immediate SLB group (0-51; 0-26-0-76; p=0-740). Diagnostic
confidence of the reference pathologist was lower for the step-up strategy
than for immediate SLB: a high-confidence histopathological diagnosis
was obtained in 13 of 28 patients (46%) in the step-up strategy versus 17
of 23 patients (74%) after immediate SLB (p=0-047).

Table 4. Interobserver agreement and diagnostic confidence for histopathological
pattern

Total (N=51) Step up Immediate SLB  p value
strategy (n=28) (n=23)
Observed agreement 32 (63%) 17 (61%) 15 (65%) 0:740
Observed disagree- 19 (37%) 11 (39%) 8 (35%) 0-740
ment
Cohens’ « for 0-53 (0:36-0-70) 0-53 (0-31-0-75) 0-51 (0:26-0-76)

agreement, 95% CI

Diagnostic confidence of reference pathologist

High 30 (59%) 13 (46%) 17 (74%) 0-047
Low 14 (27%) 9 (32%) 5 (22%) 0-686
Unclassifiable 7 (14%) 6 (21%) 1 (4%) 0-078

Data are n (%), unless otherwise specified. An agreement between a local
pathologist and reference pathologist was required for histopathological diagnosis.
In all patients, the histopathological diagnosis was reviewed on the basis of all
available biopsies per patient. Diagnostic confidence in the histopathological
pattern of the biopsies was obtained from the reference pathologist only. In case a
patient underwent two procedures, the confidence level refers to the overall score
of all biopsies per patient. SLB=surgical lung biopsy.

DISCUSSION

In patients with an undiagnosed ILD in whom the multidisciplinary team
advised a lung biopsy for an accurate diagnosis, this study shows that
starting with a transbronchial cryobiopsy, followed by an SLB only if the
transbronchial cryobiopsy is inconclusive, appears to result in a signifi-
cant reduction in patient burden. Although maintaining a similar high
diagnostic yield, patients in the step-up strategy had reduced chest tube
drainage, a shorter in-hospital stay, less pain, and fewer serious adverse
events compared with immediate SLB.

Previous studies on transbronchial cryobiopsy and SLB were mostly
single-arm, making comparisons between the tests difficult, because
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outcome differences might be explained by heterogeneity in the popula-
tion and methods.>”**2 The COLD study provides the first randomised
data for two diagnostic strategies in terms of patient burden. Including
diagnostic yield as a secondary outcome adds information to the existing
literature on the performance of both tests, which is welcome because
existing studies directly comparing transbronchial cryobiopsy and SLB
are limited to a total of 123 patients across four studies.’®* Regarding
patient burden, we observed a significant difference between strate-
gies in favour of the step-up strategy (with an absolute risk reduction
of 35%) for the need of an unexpected chest tube. In 86% (n=24/28) of
patients who started with transbronchial cryobiopsy, chest tube inser-
tion was not needed at all. Compared with immediate SLB, the step-up
strategy resulted in a substantial reduction of in-hospital stay of 4 days.
In fact, 82% (n=23/28) of patients in the step-up strategy underwent
transbronchial cryobiopsy as an outpatient diagnostic procedure. After
transbronchial cryobiopsy, patients had significantly less pain than those
undergoing SLB, despite standard pain medication being given to them
including an erector spinae block and opioids after SLB. Considering
safety, adverse events were common for both diagnostic strategies, but
were more likely to be serious in the immediate SLB group.

The observed results on patient burden are mostly in line with findings
of previous observational studies and meta-analyses. A systematic review
of 31 studies in patients with ILD undergoing transbronchial cryobiopsy
found an overall complication rate of 23%, mostly pneumothorax (9%)
and significant endobronchial bleeding (14%), and a 30-day mortality
rate of 0-3%.11 A similar systematic review of 24 studies on SLB found
an overall morbidity rate of 13% and a 30-day mortality rate of 2:3%.10
Ravaglia and colleagues9 compared patients with ILD undergoing trans-
bronchial cryobiopsy (n=297) and SLB (n=150), and a long-term chest
tube was required in one patient (0-3%) and five patients (3%), respec-
tively, but was defined as lasting 5 days or longer after the procedure (as
opposed to 224 h in our study). The mean time of hospital stay was 2-6
days versus 6-1 days, respectively, and no severe bleeding occurred in
either group.’

In the current study, the diagnostic yield was 82% for the multidisciplinary
team diagnosis after transbronchial cryobiopsy. This finding is somewhat
above average as compared with findings in the previous literature,
in which a systematic review of studies on transbronchial cryobiopsy
found a summary diagnostic yield of 73%." The diagnostic yield for
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multidisciplinary team diagnosis after immediate SLB was 88% in our
study, in line with the 88% found in a systematic review of studies on
SLB.?® To date, four prospective studies directly compared transbronchial
cryobiopsy and SLB in the same individuals.”*™* The diagnostic yield
for multidisciplinary team diagnosis was reported by three of those
studies:'*"7" for transbronchial cryobiopsy, it was 63%,”7 87%, and
91%,'® whereas for SLB, this was 93%''° and 95%.° These results indicate
that SLB has a higher diagnostic yield as a single procedure. The step-
up strategy was not included in previous studies. In the present study,
when an SLB was done after an inconclusive transbronchial cryobiopsy,
the diagnostic yield increased to 89%,with the advantage that four of five
SLBs could be omitted.

In the absence of a gold standard for diagnosing ILD, comparing diag-
nostic tests is difficult. Although the diagnostic yield of both strategies in
this study was similar, it is impossible to establish whether both strat-
egies were equally close to the true diagnosis. The average diagnostic
confidence of the reference pathologists was lower for transbronchial
cryobiopsy, possibly suggesting that this is not the case. A previous study
showed similar prognostic separation of transbronchial cryobiopsy-based
or SLB-based idiopathic pulmonary fibrosis, suggesting a similar actual
diagnostic accuracy. However, in addition to its retrospective design, the
study dichotomised ILD diagnosis to idiopathic pulmonary fibrosis versus
non-idiopathic pulmonary fibrosis and did not provide information on
specific ILD diagnosis.?® Therefore, more long-term data including large
prospective cohorts are needed, using the final multidisciplinary team
diagnosis as the diagnostic endpoint because of the uncertainty of a his-
topathological diagnosis alone.

The difficulty of comparing biopsy procedures was further illustrated by
the fact that agreement between pathologists was only 63% (x 0-53; 95%
CI 0-36-0-70), which was similar for both transbronchial cryobiopsy and
SLB and in line with other studies. Other studies showed the low agree-
ment of histopathological diagnosis: Walsh and colleagues® found a «x
value of 0-31 for SLB in 70 cases, and Tomassetti and colleagues28 also
included transbronchial cryobiopsy, which performed slightly favour-
ably over SLB (x 0-52 for SLB vs x 0-66 for transbronchial cryobiopsy;
n=500). The COLDICE study evaluated the histopathological agreement of
pathologists prospectively and found no difference between tests (trans-
bronchial cryobiopsy k 0-52 vs SLB x 0-50; n=65) although in a post-hoc
analysis it was shown that high-confidence histopathological diagnoses
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were reported more often for SLB.'**° The present study reports a similar
observation. It has been suggested that this, in part, might be because
guideline definitions of histopathological patterns are based on SLBs. No
formal guidelines for the assessment of usual interstitial pneumonia and
hypersensitivity pneumonitis based on transbronchial cryobiopsies ex-
ist. Differences in classifications and observed confidence levels possibly
highlight the need for further research and validation to formalise these
findings.

The four studies directly comparing transbronchial cryobiopsy with SLB
had conflicting results regarding the concordance of histopathological
patterns as detected by either technique. Agreements for histological
diagnosis between the two biopsy techniques ranged from 38% (x 0-22;
n=21)18 to 69% (x 0-47; n=65)." Differences might be explained by the
small sample sizes,16,17 differences in the number of biopsies taken, and
the number of reference pathologists.’®*

The low agreement between not only pathologists but also ILD multidis-
ciplinary teams'®** highlights difficulties and limitations in the evalua-
tion of histopathology in ILD, which are present for both transbronchial
cryobiopsy and SLB. Whether the immediate surgery strategy leads to
more confident multidisciplinary team diagnoses compared with the
step-up strategy could not be assessed by the present study. Neverthe-
less, the clinical contribution of histopathology has been shown to change
the prebiopsy multidisciplinary team diagnosis," and increase diagnostic
confidence**° and its ability to change clinical decisions.®

This study had several limitations. First, although adequately powered
for the primary outcome, the sample size of 52 is relatively small. Sec-
ond, a notable limitation is the non-masked nature of this study. Both
pathologists and the multidisciplinary team discussion participants were
aware of the random assignment group. It was considered not feasible
to mask the pathologist because the difference between a surgical and
a cryobiopsy specimen is easily recognised. Along this line, the decision
was made not to mask the multidisciplinary team discussion participants,
because this would limit the pathologists’ ability to interactively present
the biopsy during the discussion, possibly lowering the quality of the
multidisciplinary team discussions. Additionally, masking the multidisci-
plinary team would only have affected one of our secondary outcomes (ie,
diagnostic yield), but not outcomes related to patient burden (including
the primary outcome). However, not masking the multidisciplinary team
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might have created bias, because the multidisciplinary team might per-
ceive transbronchial cryobiopsies with lower confidence. Given the high
diagnostic yield of transbronchial cryobiopsy in our study and the re-
sulting low proportion of patients in which subsequent SLB was advised,
the effect of this bias on our study results is likely to be limited. Third,
most patients had a final diagnosis of chronic hypersensitivity pneumo-
nitis, whereas idiopathic pulmonary fibrosis accounted for less than 10%
of the final diagnoses, which is less than in other studies reporting on
the diagnostic yield of lung biopsy in patients with ILD."** Fourth, the
baseline data of both groups showed imbalances for forced vital capacity
and Hb-corrected diffusion capacity of the lungs for carbon monoxide,
which were higher in the step-up group. However, when correcting for
these differences in the analysis, results were similar. Fifth, although not
recommended in current guidelines, it might have been of added value to
record the diagnostic confidence of the multidisciplinary team diagnosis.
Finally, all patients underwent an intubated surgical procedure. We are
aware that surgical techniques evolve and the interest in awake, non-
intubated video-assisted thoracoscopic surgery is rising.*" It is likely that
such new techniques would result in a lower patient burden, but how
they compare to transbronchial cryobiopsy has yet to be established. In
addition, novel endobronchial imaging techniques are being evaluated,
possibly reducing the need for biopsies altogether.>*3

The strengths of this study include its randomised and multicentre de-
sign with recruitment of consecutive patients. Recent guidelines express
the need for data from randomised trials comparing transbronchial cryo-
biopsy and SLB."* Additionally, the clinical importance of this study is
underlined by the observation that 28% (n=34/122) of patients who were
eligible for study participation declined because of a strong preference
for a specific biopsy technique (either transbronchial cryobiopsy or SLB;
figure 1). In addition, our design shows a strong emphasis on patient-re-
ported outcomes, which creates the possibility to directly improve shared
decision making with regard to obtaining lung tissue in patients with
ILD. Unique to the study is that we compared two diagnostic strategies
instead of two diagnostic techniques alone. This implies that the COLD
study provides the first prospective data to support a recently advocated
diagnostic strategy starting with transbronchial cryobiopsy, followed by
SLB if the transbronchial cryobiopsy results are inconclusive.” Finally, the
central training workshops allowed us to harmonise the transbronchial
cryobiopsy technique, ensuring that all participating interventional pul-
monologists would perform transbronchial cryobiopsy in a similar way.
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In conclusion, in patients with ILD with an indication for lung biopsy,
the results of our study support patient counselling towards a step-up
strategy, starting with the less invasive transbronchial cryobiopsy.
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SUPPLEMENTARY APPENDIX

Full list of in- and exclusion criteria

Inclusion: clinical and radiological data are insufficient for the establish-
ment of a classifying ILD diagnosis and the MDT discussion advised to
obtain lung tissue for ILD diagnosis. At least 18 years of age, being able
to provide informed consent and be considered medically fit to undergo a
SLB as assessed by the treating physician and the local MDT.

Exclusion criteria: prothrombin time international ratio >1.3, use of clop-
idogrel or other new anti-platelet therapy or anticoagulant drugs that
could not be temporarily halted, thrombocytopenia < 70x10A9/L, history
of pulmonary hypertension, diffusing capacity <30% of predicted value,
forced vital capacity < 50% of predicted value, forced expiratory volume
in the first second <0.8L or <50% of predicted value, body mass index
>35 kg/m?, or pregnancy.

Standard pain medication protocol

TBCB
Prior and following TBCB patients are not prescribed standard analgesics.
However, are advised to take paracetamol in the case of any discomfort.

SLB

At the end of the surgical procedure patients receive an erector spinae
block to reduce post-operative pain. Besides, while the chest tube is in
situ, all patients are prescribed paracetamol 1000mg 4 times daily and
metamizol 1000mg 4 times daily and piritramide 5-10mg subcutaneously
upon request. When the chest tube is removed patients are prescribed
paracetamol 1000mg 4 times daily with oxycodone 5-10mg twice daily
with short acting oxynorm 5mg as needed as long as patients experience
pain.
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Definitions of histopathological confidence (1,2,3)

Histopathological Defined as
confidence

High -for UIP: the coexistence of patchy fibrosis/architectural
distorsion and fibroblastic foci with or without honeycomb
changes and absence of features favouring an alternative
hypothesis.

-for HP: UIP like pattern associated with ancillary findings such
as granulomas/giant cells; centrilobular fibrosis/bronchiolitis
OR centrilobular fibrosis associated with the presence of
granulomas/giant cells /organizing pneumonia.

-for NSIP: areas of diffuse thickening of alveolar septa by fibrosis
and/or lymphocytic infiltrate

-for less common other patterns clear histopathological features
consisting of specific patterns without inconsistent features

Low -for UIP: presence of patchy fibrosis or honeycomb changes or

fibrosis with isolated fibroblastic foci.

-for HP: a “probable” HP pattern with criteria as above for a con-
fident diagnosis but lacking poorly formed granulomas (2).

-for NSIP: only focal changes and/or in overlap with other minor
patterns

-for less common other patterns histopathologic features
observed in specimens with a diameter < 5 mm or mainly
representative of centrilobular structures (bronchi/bronchioles)
and/or in overlap with other minor patterns

Unclassifiable -no specific histopathological pattern is recognizable or
inconsistent pattern overlap is present

(1) Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ, Behr J,et
al; American Thoracic Society, European Respiratory Society, Japanese Respiratory
Society, and Latin American Thoracic Society. Diagnosis of Idiopathic Pulmonary
Fibrosis. An Official ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am ] Respir
Crit Care Med. 2018 Sep 1;198(5):e44-€68. doi: 10.1164/rccm.201807-1255S8T.
PMID: 30168753.
(2) Raghu G, Remy-Jardin M, Ryerson CJ, Myers JL, Kreuter M, Vasakova M, et al.
Diagnosis of Hypersensitivity Pneumonitis in Adults. An Official ATS/JRS/ALAT
Clinical Practice Guideline. Am J Respir Crit Care Med. 2020 Aug 1;202(3):e36-€69.
doi: 10.1164/rccm.202005-2032ST. Erratum in: Am J Respir Crit Care Med. 2021 Jan
1;203(1):150-151. Erratum in: Am J Respir Crit Care Med. 2022 Aug 15;206(4):518.
PMID: 32706311; PMCID: PMC7397797.
(3) Ravaglia C, Rossi G, Tomassetti S, Dubini A, Piciucchi S, Chilosi M et al. Report
Standardization in Transbronchial Lung Cryobiopsy. Arch Pathol Lab Med. 2019
Apr;143(4):416-417. doi: 10.5858/arpa.2018-0438-LE. PMID: 30920865.
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Table, Specifications of transbronchial cryobiopsy and
surgical biopsy procedure.

Step up strategy Immediate SLB
(n=28) (n=24)
TBCB
Flexible endotracheal tube 27 (96%) -
Rigid endotracheal tube 1 (3.6%) -
Number of biopsies, median (IQR) 4 (3-5) -
Maximum biopsy diameter in cm 0.6 (+0.25) -
Total number of biopsies 116 -
RB 8 42 (36%) -
RB 9 48 (41%) -
RB 10 14 (12%) -
LB3 4 (3.4%) -
LB8 2 (1.7%) -
LB9 6 (5.2%) -
SLB
mVATS - 13 (54%)
uVATS 3 (11%) 9 (38%)
Mini-thorocotomy - 2 (8%)
Number of biopsies, median (IQR) 3 (3-3) 3(2-3)
Maximum biopsy diameter in cm 4.5 (£1.0) 4.5 (£1.6)
Total number of biopsies 9 58
RUL 3 (33%) 20 (34%)
RML 3 (33%) 14 (24%)
RLL 3 (33%) 20 (34%)
LUL - 1 (1.7%)
LLL - 3 (5.2%)

Data is shown as n (%) or mean (SD) unless otherwise stated. TBCB= transbronchial
cryobiopsy; RB= right bronchus; LB= left bronchus; SLB= surgical lung biopsy;
mVATS= multi portal video assisted thoracoscopic surgery; uVATS= uniportal
video assisted thoracoscopic surgery; RUL= right upper lobe; RML= right middle
lobe; RLL= right lower lobe; LUL= left upper lobe; LLL= left lower lobe
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ABSTRACT

Background and objective

This study focused on the economic evaluation of the step-up diagnos-
tic strategy (transbronchial cryobiopsy followed by surgical lung biopsy
(SLB) when needed) compared with the immediate SLB strategy (imme-
diate SLB) for diagnosing interstitial lung disease (ILD).

Methods

A cost-utility analysis was conducted from both a healthcare and a
societal perspective. The societal perspective extended the healthcare
perspective by including productivity losses and patient out-of-pocket
expenses. This study was performed alongside a randomised controlled
trial in which patients were randomised to the step-up strategy or the
immediate SLB strategy, with a time horizon of 12 weeks. The primary
outcome was the cost per quality-adjusted life-year (QALY). Costs were
addressed irrespective of payer source and included healthcare costs by
providers, costs of productivity loss by employers and disease-related
out-of-pocket expenses by patients.

Results

47 patients were included: 25 patients in the step-up diagnostic strategy
group and 22 in the immediate SLB strategy group. A mean difference
of 0.025 (96% confidence interval (CI) 0.004-0.047; p=0.04) QALYs was
found in favour of the step-up strategy. The cost per patient from the
healthcare perspective was €4644 (95% CI €3683-€5803) for the step-
up strategy group and €8935 (95% CI €8019-€9979) for the immedi-
ate SLB group. From a societal perspective, the cost was €6873 (95% CI
€5014-€9113) in the step-up strategy group versus €12 924 (95% CI €10
745-€15 325) in the immediate SLB group.

Conclusion

The step-up diagnostic strategy is a cost-effective strategy for patients
undergoing lung tissue acquisition for diagnosing ILD; therefore, imple-
mentation of this strategy is recommended.
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BACKGROUND

Interstitial lung disease (ILD) comprises a heterogeneous group of dif-
fuse parenchymal lung disorders, characterised by varying degrees of
inflammation and/or fibrosis in the lung parenchyma. Accurate diagnosis
is crucial for treatment decisions and prognosis, but can be challeng-
ing. In some patients, lung biopsy is required for definitive diagnosis.
Historically, surgical lung biopsy (SLB) has been the standard method for
obtaining lung tissue, but in the past decade, the less invasive transbron-
chial biopsy technique has gained acceptance. Transbronchial cryobiopsy
is an endoscopic procedure and is less invasive. However, the diagnostic
yield is somewhat lower than the diagnostic yield of SLB, meaning that
some patients will have to undergo a step-up SLB when results from
transbronchial cryobiopsy are insufficiently informative. Recently, a
head-to-head comparison of the step-up strategy and immediate SLB
for the diagnosis of ILD was performed (COLD study) [1]. The step-up
strategy consisted of transbronchial cryobiopsy, followed by SLB if its
outcome was inconclusive. The results from the randomised clinical trial
showed that the step-up strategy reduced the patient burden in terms
of unexpected chest tube drainages (11% versus 46%), in-hospital stay
(median of 1 versus 5 days), and serious adverse events (4% versus 50%),
without a loss in diagnostic yield (89% versus 88%). This means that,
even when inconclusive transbronchial cryobiopsies are followed by an
SLB, the step-up diagnostic strategy is less invasive while maintaining
a comparably high diagnostic yield. However, full acceptance and imple-
mentation of the step-up strategy and willingness to adjust existing
guidelines, in part, depends on proven cost-effectiveness. The aim of
this study is to provide a cost-utility analysis (CUA) of both diagnostic
strategies.

METHODS

General approach and analysis set

This economic evaluation of the step-up strategy for ILD compared with
immediate SLB from a Dutch societal perspective was conducted as part of
the COLD study, registered at the Dutch Trial Register (number NL7634).
The study was approved by the Medical Ethics Committee of the Academic
Medical Center Amsterdam (identifier number 2018_224). The primary
bivariate outcome in the CUA was the cost per quality-adjusted life-year
(QALY). Costs were addressed irrespective of payer source and included



86 | Chapter 4

healthcare costs by providers, costs of productivity loss by employers,
and disease-related out-of-pocket expenses by patients. A CUA provides
information for health policy decision makers to decide upon efficient
and affordable healthcare in general, based on nationally accepted evalu-
ation criteria regarding the cost ceiling level (or willingness to pay) per
additional QALY in view of patients’ disease burden [2, 3].

The time horizon was 12 weeks following initial biopsy procedure, allow-
ing sufficient follow-up time after an inconclusive transbronchial cryobi-
opsy in the step-up strategy to conduct a subsequent SLB within 6 weeks.
It was expected that complications such as pneumothorax, bleeding and
infections could be handled adequately within these 12 weeks. With this
limited time horizon, differential discounting of health outcomes and
costs to account for time preference over years was disregarded. The cur-
rent report follows the ISPOR Consolidated Health Economic Evaluation
Reporting Standards 2022 [4].

An extensive report on clinical data was published separately [1]. The
COLD study was a multicentre, randomised controlled trial in six hos-
pitals across the Netherlands, including academic and general hospitals.
Patients with ILD, who were fit for surgery and indicated for lung biopsy
as assessed by a multidisciplinary team discussion as part of standard
care (Dutch Trial Register number NL7634), were randomly allocated to
the step-up strategy or immediate SLB strategy in a 1:1 ratio. Patient re-
cruitment ran from 8 April 2019 to 24 October 2021. The planned sample
size of 23 patients per group was reached, with 28 clinically evaluable pa-
tients in the step-up strategy group and 24 in the immediate SLB strat-
egy group. Of the 56 patients who signed informed consent, one patient’s
lung function declined rapidly and no randomisation was performed.
Three patients randomised to the immediate SLB strategy did not proceed
to SLB and were excluded. Hence, the 52 remaining patients constituted
the modified intention-to-treat population used for the clinical report
[1]. The analysis set used in this piggyback economic evaluation included
the subset of patients from this modified intention-to-treat population
who completed the patient questionnaires during follow-up.

Resources and data gathering

Healthcare resource use data were gathered for 1) in-hospital diagnostic
and therapeutic procedures, inpatient hospital stays, emergency care,
day-care treatment, specialist consultations, rehabilitation physicians
and ambulance transport; 2) other institutional care at a rehabilitation
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centre, nursing home or care hotel; 3) out-of-hospital care by a general
practitioner, physiotherapist, psychologist, psychiatrist or company phy-
sician; and 4) formal home care (home help, personal care, nursing). In
addition, data on informal home care and health-related out-of-pocket
expenses of patients for transport, over-the-counter medication and
devices were gathered. Data of productivity loss resulting from absence
from work due to sick leave (absenteeism) and lowered efficiency while
at work (presenteeism) were also registered. Finally, data on productivity
loss from unpaid work were gathered.

Clinical report forms, medical files and self-reports by patients using the
Institute for Medical Technology Assessment (iMTA) Medical Consump-
tion Questionnaire (iMCQ) [5] at 12 weeks (complemented with questions
on out-of-pocket expenses) and the iMTA Productivity Cost Question-
naire (iPCQ) [6] at 4, 8 and 12 weeks after randomisation were used as
data sources.

Unit costs and costs

The unit costs of (non-)hospital resources and lost working hours were
obtained from the most recent Dutch Manual for Costing in healthcare
research (DMC) [7]. If unit costs for laboratory analyses, diagnostics and
therapeutic procedures were not listed in the DMC, they were derived
from hospital unit costing sheets or tariffs for mutual services. The fric-
tion cost method [8] was applied in the case of costs of productivity loss
and were based on the most recent friction period (n=115 days) as listed
in the DMC. Table S1a,b shows the unit costs of the resources used. Unit
costs were assumed for the base year 2022 and unit costs originating
from other calendar years were price-indexed with general yearly con-
sumer price indices from Statistics Netherlands [9].

The costs of resources were calculated by multiplying the frequency of
distinct resources used by their respective unit costs. Volumes and costs
are reported separately as means per patient by randomisation group.
Mean subtotal costs were reported for hospital care, other healthcare,
out-of-pocket expenses, productivity loss and lost unpaid work. A
healthcare perspective was taken by summing the mean subtotal costs
for hospital care and other healthcare, while the societal perspective was
taken by summing all mean subtotal costs.
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Health outcomes

The health outcome in the CUA was the number of QALYs, which was
assessed using the five-level, five-dimension EuroQol questionnaire
(EQ-5D-5L) as the utility measure. The EQ-5D-5L contains five items:
mobility, self-care, usual activities, pain/complaints and mood (anxiety/
depression). Each item has five response options: no problems, slight
problems, moderate problems, severe problems and extreme problems/
inability to perform. EQ-5D-5L scoring profiles at successive measure-
ments (baseline and days 4, 14, 28, 42, 56 and 84 of follow-up) were
converted into health utility scores using general population-based tar-
iffs of time trade-off ratings of health states, with health utility scores
potentially ranging between -0.44 (worst health) and 1 (best health)
[10]. QALYs were calculated by first taking the average of health util-
ity scores during follow-up, weighted by the lengths of the preceding
periods in between successive measurements, and multiplying them by
12/52. Hence, the maximum achievable QALY during the 12 weeks for a
patient was 0.2307.

Study population, missing data and analyses

The CUA was performed in the subset of patients of the modified inten-
tion-to-treat population who completed patient questionnaires during
follow-up. Although few patients dropped out for this reason, and overlap
with the published patient characteristics in the clinical report [1] can
be expected, it was decided to provide an updated baseline table for the
current analysis set for comparative purposes and add scores from the
Eastern Cooperative Oncology Group (ECOG) performance status scale [11].

Initial data cleaning accounted for routing of questions dependent on pa-
tients’ responses and for out-of-range values (such as confusing week-
days with working days). Three patients in the step-up strategy group
and two patients in the immediate SLB strategy group did not respond to
the invitations to complete questionnaires. These patients were excluded
from the analysis, because the trial size limits the feasibility of advanced
imputation approaches aimed at reducing uncertainty.

After data cleaning, missing data in the returned iMCQ and iPCQ were
limited to about 1.0% of planned data points in the step-up strategy group
and 2.7% in the immediate SLB group. These missing data were imputed
with the mean group scores per input parameter, based on the available
data. Because of the availability of, at most, seven within-patient assess-
ments over time, missing data in the returned EQ-5D-5L questionnaires
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were imputed at the level of the health utility scores following predictive
mean matching with baseline predictors and the available health util-
ity scores in the model. Five imputation sets were generated and further
calculations were based on aggregated mean scores per patient over the
distinct imputation sets for computational convenience. To account for
the ignored variance between imputation sets by using the aggregated
mean score of each patient as source data, the group mean results on
health utilities were reported with 96% confidence intervals (CIs) and
critical p-value of 0.04 two-sided, instead of the 95% CIs and critical
p-values of 0.05 for the mean group results on costs. Uncertainty was
reported with CIs of the means derived after correction for bias and using
accelerated nonparametric bootstrapping [12], drawing 2500 samples of
the same sizes as the original samples and with replacement. CIs were
mainly used for interpretation of study results, with significance testing
reluctantly reserved for the main components of total healthcare costs,
total societal costs and QALYs. Differences in mean costs and QALYs were
assessed using two-sample t-tests applying the abovementioned non-
parametric bootstrapping procedure.

In view of the limited size of the trial, differences in QALY scores over 12
weeks may be affected by baseline health utility levels. Adjustment for
baseline was done by subtracting the baseline health utilities multiplied
by 12/52 from the QALYs generated during the 12 weeks of follow-up.
Both, the unadjusted and baseline adjusted results were reported.

Incremental CUA was applied by relating the observed differences in
costs between the step-up strategy and the immediate SLB strategy to
the corresponding observed differences in QALYs. Because of a strong in-
dication for dominance by the step-up strategy over the immediate SLB
strategy based on the differences between groups in costs and QALYs,
no incremental cost-effectiveness ratio was calculated and visualisations
of results with cost-effectiveness planes and cost-effectiveness accept-
ability curves were forgone.

The observed difference in healthcare cost between the step-up strat-
egy and the immediate SLB strategy was related to the expected yearly
national number of patients with a need for diagnosis of ILD in order
to forecast the budget impact for healthcare when the step-up strategy
would replace the immediate SLB strategy.

Analyses were done with IBM SPSS and Microsoft Excel software.
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RESULTS

Baseline characteristics

The baseline characteristics of 47 patients who participated and com-
pleted follow-up questionnaires are shown in table 1. 25 were in the
step-up strategy group, and 22 in the immediate SLB strategy group.
Unless otherwise stated, these patient numbers also hold for the sub-
sequent tables with study results. For characteristics of the full clinical
analysis cohort (step-up strategy, n=28; immediate SLB, n=24), see the

published clinical report [1].

Table 1. Baseline characteristics by diagnostic strategy

Characteristic Total (n=47)
Age, years 66 (9)

Male sex, n (%) 38 (81)

Body mass index, kg-m™ 28 (3)
Smoking status, n (%)

Never 7 (15)
Ex-smoker 35 (74)
Active smoker 5 (11)

ECOG performance status, n (%)

Fully active 17 (36)
Symptotic, ambulant, light work 17 (36)
>50% waking time ambulant, 12 (26)
no work

>50% waking time confined to 1(2)
bed/chair

Lung function

Forced vital capacity, % predicted 84 (16)
value

Diffusion capacity, % predicted 55 (16)
value

Health utility 0.771 (0.226)

Step-up strategy
(n=25)

67 (8)
20 (80)
28 (3)

2 (8)
20 (80)
3 (12)

9 (36)
10 (40)
6 (24)

91 (14)

61 (15)

0.757 (0.247)

Immediate SLB
(n=22)

64 (9)
18 (82)
29 (4)

5 (23)
15 (68)
2(9)

8 (36)
7 (32)
6 (27)

1(5)

76 (16)*

48 (15)**

0.786 (0.205)

Data are presented as mean (SD) unless otherwise stated. SLB: surgical lung
biopsy; ECOG: Eastern Cooperative Oncology Group. *: p=0.001; **: p=0.005.
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In this economic analysis set, the step-up strategy and immediate SLB
strategy were comparable for age, sex, body mass index and smoking
status. ECOG performance status was also comparable, despite signifi-
cantly higher forced vital capacity and carbon monoxide diffusion capac-
ity mean scores in the step-up strategy group. The mean baseline health
utility score was 0.757 (96% CI 0.644-0.850) in the step-up strategy
group and 0.786 (96% CI 0.691-0.871) in the immediate SLB strategy
group, with the difference of -0.029 (96% CI -0.163 to 0.095; p=0.67).

Use and costs of hospital resources

The mean use of hospital care directly related to offering patients the
step-up strategy or the immediate SLB strategy was similar for both
groups (table S2). Chest computed tomography (CT) and the lung func-
tion test were standard in both strategies. Three patients (12%) received
an SLB after the initial transbronchial cryobiopsy was inconclusive. The
step-up strategy included a post-procedural chest X-ray and could be
performed in an outpatient setting, whereas the immediate SLB strategy
was associated with in-hospital stay. Medical specialists were equally
frequently consulted by the patients from the two groups.

Applying the step-up strategy reduced the mean hospital healthcare cost
during the first 12 weeks (table 2) by 47.7%: €4459 was spent, versus
€8524 in the immediate SLB group, the difference being -€4065 (95% CI
-€5642 to -€2447). The mean cost in the step-up strategy group mainly
originated from the transbronchial cryobiopsy procedure itself (35.2%),
inpatient hospital stay (19.1%), care by medical specialists (10.9%), day-
care treatment (7.5%) and receiving SLB due to inconclusive results from
transbronchial cryobiopsy (6.9%). The mean cost in the immediate SLB
strategy group was mostly caused by inpatient hospital stay (43.6%), the
SLB procedure itself (30.2%), need for chest tube drainage (9.3%) and
care by medical specialists (5.9%).

Table 2. Mean costs (€) of hospital resources per patient by diagnostic strategy

Resource Step-up strategy ~ Immediate SLB Difference
CT-thorax 188 (-) 188 (-) -

Lung function tests 228 (-) 228 (-) -
Multidisciplinary 164 (157-170) 154 (=) 9 (0-22)
team

Transbronchial 1572 (=) - 1572 (=)

cryobiopsy
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Table 2. Continued
Resource
SLB

Erector spinae
plane block

Chest tube drainage
NSAIDs

Opioids

Chest radiography

Emergency
department

Ambulance
non-acute

Day-care treatment
Hospital stay
Medical specialist

Rehabilitation
physician

Total cost of

Step-up strategy
309 (103-515)
29 (10-48)

127 (63-222)
17 (14-22)

3 (1-5)

82 (-)

21 (10-31)

35 (12-59)

335 (281-389)
850 (309-1623)
485 (327-658)
15 (0-29)

4459 (3489-5622)

Immediate SLB
2574 (=)
240 (-)

793 (-)
22 (20-24)
18 (-)

39 (2-80)

46 (15-76)
3718 (2898-4654)
505 (397-619)

8524 (7675-9547)

Difference
-2265 (-2471- -1853)
-211 (-240- -173)

=666 (-730- -571)
-5 (-9-1)

-15 (-16- -13)

82 (-)

-18 (-122-46)

35 (12-82)

289 (207-372)

-2868 (-4293- -1416)
-20 (-222-199)

15 (1-43)

-4065 (-5642— -2447)

hospital care

Data are presented as mean (95% confidence interval). SLB: surgical lung biopsy;
CT: computed tomography; NSAID: nonsteroidal anti-inflammatory drug.

Use and costs of other healthcare resources

Use of non-hospital healthcare during the 12 weeks in both groups was
limited to general practitioner, physical therapist, company physician
and formal domestic help at home, while one patient in the step-up
strategy group received formal nursing care at home and two patients
in the immediate SLB strategy group received mental support, one from
a psychologist and one from a psychiatrist (table S3). Institutionalised
care in a nursing home, rehabilitation centre or care hotel was not re-
ported in either group. The difference of -€226 in the mean total cost
of healthcare other than hospital care between the groups (table S4) was
non-significantly in favour of the step-up strategy, mainly driven by the
SLB patient visiting the psychiatrist.

Use and costs of informal care, out-of-pocket expenses
and productivity losses

Patients in the step-up strategy group reported 13.16 (95% CI 0.2-36.11)
hours of informal care (mainly personal care) on average, while patients
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in the immediate SLB strategy group reported 4.29 (95% CI 1.13-8.29)
hours of informal care, mainly domestic help. The corresponding costs
in table S5 show a cost difference of €167 at the expense of the step-
up strategy group. Table S5 also shows that out-of-pocket expenses for
extra domestic help at home, over-the-counter drugs and devices were
limited or non-existent. The cost of health-related transport too was
non-significantly increased in the step-up strategy group (€152 versus
€35), contributing to the difference of €265 in total out-of-pocket ex-
penses.

The mean productivity loss due to absence from paid work in the im-
mediate SLB strategy group was quadruple that in the step-up strategy
group (table 3). Productivity loss due to presenteeism was limited and
comparable in both groups. As a result, a threefold higher productivity
loss from paid work in the immediate SLB strategy group was observed,
amounting to a mean additional cost of €1957. Absence from unpaid work
between the groups was comparable. The mean total cost per patient of
productivity loss of paid and unpaid work was €1827 (95% bias-corrected
and accelerated (BCa) CI €847-€2868) in the step-up strategy group and
€3852 (95% BCa CI €1823-€6388) in the immediate SLB strategy group,
with a difference of -€2025 (95% BCa CI -€5155-€579) in favour of the
step-up strategy.

Table 3. Mean productivity loss and related costs (€) per patient by diagnostic
strategy

Resource Step-up strategy Immediate SLB Difference

Paid work, hours

Absenteeism 15.60 (1.76-32.77)  64.64 (18.91-122.98) -49.04 (-117.52-3.71)
Presenteeism 7.13 (1.08-16.18) 7.16 (1.05-15.88) -0.03 (-11.58-12.49)
Total, hours 22.73 (5.34-43.77)  71.79 (26.31-129.71) -49.06 (-117.27-6.40)
Total cost of 906 (213-1746) 2863 (1049-5173) -1957 (-4677-255)

productivity loss, €
Unpaid work, hours
Absenteeism 48.96 (17.44-87.68) 52.59 (10.77-109.08) -3.63 (-91.58-65.01)

Total cost of lost 920 (328-1648) 989 (203-2051) -68 (-1722-1222)
unpaid work, €

Data are presented as mean (95% confidence interval). SLB: surgical lung biopsy.
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Costs from healthcare and societal perspectives

From a healthcare perspective, the mean cost per patient was €4644
(95% CI €3683-€5803) in the step-up strategy group and €8935 (95% CI
€8019-€9979) in the immediate SLB group. From a societal perspective,
which included the healthcare costs, the productivity losses of paid and
unpaid work and the out-of-pocket expenses of patients and their social
networks, the mean cost per patient was €6873 (95% CI €5014-€9113) in
the step-up strategy group and €12 924 (95% CI €10 745-€15 325) in the
immediate SLB group.

From both a healthcare perspective and a societal perspective, significant
cost savings were observed in favour of the step-up strategy, summing
to -€4291 (95% CI -€5898- -€2687; p<0.001) and -€6051 (95% CI
-€9749- -€2531; p=0.001).

Health outcomes

Patients in the step-up strategy group generated, on average, 0.194 (96%
CI 0.177-0.209) QALYs, while patients in the immediate SLB group gen-
erated 0.176 (96% CI 0.149-0.199) QALYs, a difference of 0.018 (96% CI
-0.010-0.045) in favour of the step-up strategy. Corrected for baseline
health utility scores, the difference in favour of the step-up strategy was
0.025 (96% CI 0.004-0.047; P=0.04).

Incremental cost-utility and budget impact

The point estimates of differences in mean healthcare costs and mean
societal costs were in favour of the step-up strategy. The same obser-
vation holds for the point-estimated mean difference in QALYs. More-
over, the observed differences in costs and (after justifiable correction
for baseline health utility) in QALYs were significant and of economic
relevance. The step-up strategy dominated the immediate SLB strategy
regarding healthcare efficiency.

The dominance of the step-up strategy over immediate SLB suggests that
replacing immediate SLB with the step-up strategy and reserving SLB
only for ILD patients with inconclusive transbronchial cryobiopsy results
is the most rational decision from an economical perspective. There are
31.6 (25.6-39) incident ILD cases per 100 000 Dutch inhabitants per year
[13]. About a third of these patients, or 10 per 100 000, experience fibrotic
ILD and an estimated 30% of that third require a histological lung biopsy.
Therefore, about 560 patients in the Netherlands would be eligible for the
step-up strategy. Full implementation of the step-up strategy, assuming
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that approximately 12% of patients will remain in need of SLB after
inconclusive transbronchial cryobiopsy, could save 560x€4291, or a total
of about €2.40 million in healthcare expenditures annually.

DISCUSSION

The COLD clinical study showed that a step-up diagnostic strategy
starting with transbronchial cryobiopsy (followed by SLB if results are
inconclusive), versus immediate SLB, results in a significant reduction
of patient burden and in-hospital stay with a similar diagnostic yield
in ILD patients requiring lung tissue diagnosis [1]. The reduced patient
burden was reflected in QALY gains in the first 12 weeks, we observed
substantial savings in hospital costs and we noted lower productivity
losses during paid work. The current report of the piggyback economic
evaluation alongside the clinical study confirms and further strengthens
the arguments in favour of the step-up strategy.

Previous studies, which primarily relied on retrospective data, reported
comparable findings [14, 15]. However, these prior investigations focused
exclusively on comparing biopsy techniques alone (either transbronchial
cryobiopsy or SLB). In contrast, the present study evaluates the entire
diagnostic strategy, providing a more comprehensive reflection of real-
world clinical practice. The evaluation includes a societal perspective,
capturing not only direct healthcare costs, but also productivity losses,
informal care and out-of-pocket expenses, which are key components of
the broader economic impact. The multicentre setting across both aca-
demic and general hospitals enhances the generalisability of the findings.

A methodological consideration in this evaluation is the choice of time
horizon. The 12-week time horizon was chosen to capture the key
short-term differences between strategies, including initial diagnostic
procedures, complications such as pneumothorax and bleeding, follow-
up SLB when needed, hospitalisation, recovery and changes in quality
of life. Most clinically relevant effects and most of the costs of the
diagnostic workup manifest within this period. Extending the analysis
beyond this time horizon would require modelling long-term outcomes
such as survival, which are influenced more by post-diagnostic treatment
decisions than by the diagnostic pathway itself. Moreover, any long-
term health benefits of avoiding unnecessary surgery would probably
further strengthen the dominance of the step-up strategy. This approach
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is consistent with previous trial-based cost-effectiveness evaluations
within this clinical field, such as the Assessment of Surgical sTaging
versus Endosonographic ultrasound in lung cancer: a Randomised
clinical trial (ASTER), which concluded that long-term modelling was
not necessary given the short-lived nature of utility differences observed
[16].

Although long-term outcomes were not modelled, future research could
consider whether the early advantages of the step-up strategy persist
over time, especially in terms of survival, long-term morbidity and
treatment trajectories. Nevertheless, in the Dutch context, trial-based
evaluations with limited horizons are commonly used to inform reim-
bursement and policy decisions. Our results are informative for national
health policymakers, reimbursement authorities and clinical guideline
developers. Although the current analysis is based on a single trial with
47 participants and a 12-week follow-up period, its pragmatic design
reflects routine clinical practice and yields timely evidence relevant for
decision-making. These findings may support the national implementa-
tion of the step-up strategy and provide a foundation for future model-
ling or health technology assessment.

Limitations of the current study include that the current findings are
specific to the Dutch healthcare context, where costs for healthcare and
non-healthcare resources may differ from those in other countries, po-
tentially limiting the generalisability of these results.

In addition, surgical approaches are evolving towards less invasive tech-
niques, such as non-intubated video-assisted thoracoscopic surgery,
resulting in shorter hospital stays. The cost-effectiveness of the step-up
strategy compared with these newer surgical methods remains to be de-
termined. Furthermore, this analysis assumes that the equipment neces-
sary for transbronchial cryobiopsy is already available, as the purchase
cost of the cryosurgery unit was not included in the evaluation. However,
the initial cost of acquiring cryo equipment is relatively low and repre-
sents a one-time investment. Importantly, this equipment is increasingly
utilised for other diagnostic and therapeutic bronchoscopic applications,
such as cryo-endobronchial ultrasound, sampling of peripheral lung le-
sions and removal of foreign bodies or endobronchial blood clots, further
justifying its cost. Lastly, while the trial-based approach provides robust
short-term evidence, it cannot capture longer-term outcomes such as
survival, diagnostic accuracy beyond 12 weeks and downstream treatment
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effects. These uncertainties should be acknowledged when interpreting
the cost-effectiveness results.

In conclusion, the step-up strategy proved to be superior economically
over an immediate SLB strategy. It has a favourable healthcare budget
impact and may support healthcare policies to contain costs and real-
locate healthcare resources in the Netherlands more appropriately. Full
effort should be directed at implementation of the step-up strategy, in
close collaboration with lung professionals and healthcare insurers.

Data availability: Requests for data sharing should be directed to M.
Dijkgraaf, who is the custodian of the complete set of data encompassing
this study.
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SUPPLEMENTARY MATERIAL

Table Sia. Dutch unit costs (€) for used hospital resources

Resource

Hospital care
CT-thorax
Function tests

Total lung capacity
Diffusion measurement
Multidisciplinary team

Transbronchial cryo-
biopsy

Surgical lung biopsy

Erector spinae plane
block

Chest tube drainage
NSAIDs
Opioids

Chest X-ray
Emergency department
Ambulance acute
Day-care treatment
Hospital stay

Medical specialist

Rehabilitation physician

Unit

procedure

test

test

meeting
procedureA
procedureA
add-on
procedure
procedure
drainage day
SLB discharge
procedure
visit

ride

day

day

visit

visit

A including pathological evaluation

Unit costs in
euros 2022

188

148

81

77

1572

2574

240

793

82
258
293
335
644
120
347

Source

DCM

Mutual services 2023
UMC

Mutual services 2023
UMC

Hospital unit costing
sheet 2018

Mutual services 2023
UMC

Hospitals’ unit costing
sheets 2017/2018

Hospital unit costing
sheet 2018

Mutual services 2023
UMC

Pharmacotherapeutic
Compass 2024

Pharmacotherapeutic
Compass 2024

DCM
DCM
DCM
DCM
DCM
DCM
DCM
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Table S1b. Dutch unit costs (€) for used non-hospital resources

General practitioner visit 31 DCM

Psychologist visit 121 DCM

Company physician visit 120 DCM*

Nursing home day 290 DCM

Care hotel day 150 www.hotels.nl

Help at home hour 33 DCM

Home nursing hour 75 DCM

Paid work hour 40 DCM

Out-of-pocket expenses

Devices as reported as reported as reported

Transport as reported as reported as reported

A including pathological evaluation *assumed equal to unit costs of medical
specialist #not accounting for costs of travel expenses by professional
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Table S2. Mean use of hospital resources per patient by diagnostic strategy

Resource

CT-thorax
Lung function tests

Multidisciplinary
team

Transbronchial
cryo-biopsy

Surgical lung biopsy

Erector spinae plane
block

Chest tube drainage
NSAIDs (days)

Opioids (SLB
discharge)

Chest X-ray

Emergency
department

Ambulance non-acute
Day-care treatment
Hospital stay

Medical specialist

Rehabilitation
physician

Table S3. Mean use of other health care resources per patient by diagnostic strategy

Resource

Step-up strategy
Mean (95% CI)

1(-)
1(-)
2.12 (2.04-2.20)

1(-)

0.12 (0.04-0.20)
0.12 (0.04-0.20)

0.16 (0.08-0.28)
0.76 (0.08-1.84)
0.16 (0.08-0.28)

1(-)
0.08 (0.04-0.12)

0.12 (0.04-0.20)
1 (0.84-1.16)

1.32 (0.48-2.52)
4.04 (2.72-5.49)
0.04 (0.00-0.08)

Step-up strategy
Mean (95% CI)

Out-of-hospital consultations

General practitioner
Physical therapist
Psychologist
Psychiatrist
Company physician
Formal home care
Help at home
Personal care

Home nursing

1.25 (0.49-2.20)
2.33 (0.09-5.08)

0.16 (0.00-0.32)

1.04 (0.00-2.08)

0.04 (0.00-0.08)

Immediate SLB
Mean (95% CI)

1(-)
1(-)
2.0 (-)

1(-)
1(-)

1(-)
1.77 (1.41-2.18)
1(-)

0.15 (0.01-0.31)

0.14 (0.05-0.23)
5.77 (4.50-7.23)
4.21 (3.30-5.16)

Immediate SLB
Mean (95% CI)

0.84 (0.56-1.13)
1.00 (0.14-1.95)
0.57 (0.00-1.14)
1.43 (0.00-2.86)
0.48 (0.16-0.84)

0.27 (0.00-0.55)

Difference
Mean (95% CI)

0.12 (0.04 to 0.28)

1(-)

-0.88 (-0.96 to -0.72)
-0.88 (-0.96 to -0.72)

-0.84 (-0.92 to -0.72)
-1.01 (-1.97 to 0.25)
-0.84 (-0.92 to -0.72)

1(-)
-0.07 (-0.44 t0 0.17)

0.12 (0.04 to 0.20)
0.86 (0.62 to 1.11)
-4.45 (-6.67 to -2.20)
-0.17 (-1.85 to 1.66)
0.04 (0.00 to0 0.12)

Difference
Mean (95% CI)

0.40(-0.42 t0 1.43)
1.33 (-1.27 t0 4.74)
-0.57 (-1.69 to -0.03)
-1.43 (-4.22 to -0.06)
-0.31(-0.73 to 0.08)

0.77 (-0.82 to 3.12)

0.04 (0.04 to 0.16)
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Table S4. Mean costs (€) of other health care resources per patient by diagnostic
strategy

General practitioner 39 (15-69) 26 (17-35) 12 (-13 to 44)

Psychologist - 69 (0-138) -69 (-204 to -3)

Company physician 19 (0-38) 57 (19-101) -38 (-87to 9)

Formal home care# 34 (0-68) 9 (0-18) 25 (-27 to 102)

subtotal 37 (0-74) 9 (0-18) 28 (-18 to 102)

#Excluding costs of professional transport.

Table S5. Mean out-of-pocket expenses (€) per patient by diagnostic strategy

Informal care 247 (4-679) 81 (21-156) 167 (-107 to 629)

Over-the-counter 3 (0-6) 7 (1-14) -4 (-13 to 5)

drugs

Transport 152 (17-399) 35 (11-62) 117 (-29 to 372)
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ABSTRACT

Diagnosing and monitoring pulmonary diseases is highly dependent
on imaging, physiological function tests and tissue sampling. Optical
coherence tomography (OCT) and confocal laser endomicroscopy (CLE)
are novel imaging techniques with near-microscopic resolution that
can be easily and safely combined with conventional bronchoscopy.
Disease-related pulmonary anatomical compartments can be visualized,
real time, using these techniques. In obstructive lung diseases, airway
wall layers and related structural remodelling can be identified and
quantified. In malignant lung disease, normal and malignant areas of
the central airways, lung parenchyma, lymph nodes and pleura can be
discriminated. A growing number of interstitial lung diseases (ILDs)
have been visualized using OCT or CLE. Several ILD-associated structural
changes can be imaged: fibrosis, cellular infiltration, bronchi(ol)ectasis,
cysts and microscopic honeycombing. Although not yet implemented in
clinical practice, OCT and CLE have the potential to improve detection
and monitoring pulmonary diseases and can contribute in unravelling
the pathophysiology of disease and mechanism of action of novel
treatments. Indeed, assessment of the airway wall layers with OCT might
be helpful when evaluating treatments targeting airway remodelling.
By visualizing individual malignant cells, CLE has the potential as a
real-time lung cancer detection tool. In the future, both techniques
could be combined with laser-enhanced fluorescent-labelled tracer
detection. This review discusses the value of OCT and CLE in pulmonary
medicine by summarizing the current evidence and elaborating on future
perspectives.

Keywords: Optical coherence tomography - Confocal laser endomicros-
copy - Obstructive lung disease - Bronchoscopy + Lung cancer - Interstitial
lung disease
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INTRODUCTION

Diagnosing pulmonary diseases is highly dependent on imaging tech-
niques such as high-resolution computed tomography of the chest
(HRCT) or minimal invasive procedures like bronchoscopy for tissue
sampling. HRCT imaging contributes to the diagnosis of many pulmonary
diseases; however, spatial resolution is limited and patients are subjected
to ionizing radiation. Endobronchial sampling, such as mucosal and pa-
renchymal biopsies and needle aspiration, is associated with a complica-
tion risk, subject to sampling error and provides only information on one
specific sampling site.

To diagnose and understand the pathophysiology of pulmonary diseases
and monitor treatments, higher imaging resolution beyond HRCT on a
histological/cellular level might be helpful. Optical coherence tomogra-
phy (OCT) and confocal laser endomicroscopy (CLE) are 2 novel imaging
techniques that can fill this gap between invasive and selective tissue
sampling and the limited resolution of HRCT. All these techniques are
complementary: from a large overview of the lung (HRCT) to near-
microscopic imaging (CLE; Fig. 1). In this review, we discuss the value
of bronchoscopic OCT and CLE in pulmonary diseases by summarizing
OCT and CLE-based imaging studies using the anatomical compartments
related to obstructive lung diseases, pulmonary malignancies and inter-
stitial lung diseases (ILD; Fig. 2, Table 1). Furthermore, potential future
clinical applications of these imaging techniques in pulmonary disease
management are discussed (Table 1). The applicability of OCT in pul-
monary vascular diseases has been described in a previously published
review and is discussed less extensively [1].
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Figure 1. Imaging techniques applied to the alveolar compartment with their
corresponding resolution and imaging depth. a CLE. b OCT. ¢ HRCT of the chest.
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Figure 2. Overview of the pulmonary anatomical compartments with corresponding
OCT and CLE images. Airway wall: OCT, cross-sectional view of airway wall in
segmental airway; CLE, pCLE image showing a typical helical ring-like pattern
of terminal bronchiole. Lymph nodes: OCT, image in a reactive lymph node; CLE,
nCLE image showing abundant lymphocytes in a reactive lymph node. Pleura:
OCT, image of subpleural area, pl is indicated by the white arrow; CLE, lamellar
organized elastin fibres in the pl as seen with pCLE. Alveolar compartment: OCT,
cross-sectional view of alveolar compartment with network of alveolar s; CLE,
PCLE image of alveolar compartment showing alveolar septae with rectangular
airspaces. Pulmonaryvasculature: OCT, cross-sectional view from pulmonary artery;
CLE, nCLE image of an mv in a lymph node. OCT, optical coherence tomography;
CLE, confocal laser endomicroscopy; Ln, lymph node; pl, pleura; s, septa; mv,
microvessel.
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TECHNICAL BACKGROUND

Optical Coherence Tomography

OCT is an imaging technique using near-infrared light to generate high-
resolution images of tissue structures with a resolution of +10-15 pm and
depth of 2-3 mm (Fig. 1) [2, 3]. The conceptual idea of OCT is comparable
to ultrasound, but instead of using the reflection of acoustic waves, OCT
uses the scattering of near-infrared light to generate images. An advan-
tage of OCT over (radial) endobronchial ultrasound is that light waves
do not need a transducing medium or direct contact with the tissue and
therefore has excellent properties to be used in air filled anatomical
compartments such as the airways. In short, in OCT, an optical beam
generates near-infrared light and focuses on the tissue. The difference
in time of light backscattering in structures is measured and compared
with a reference beam by using principles of optical interferometry. This
enables the OCT system to generate 2D cross-sectional images (Fig. 2,
3). Subsequently, consecutive 2D images generated by pullbacks can be
reconstructed to 3D structures. Although many applications in medicine
are explored, at first, OCT was clinically implemented in ophthalmology
to image the retina [4-6]. Furthermore, OCT is nowadays applied to as-
sess stenosis and stent apposition in coronary arteries in interventional
cardiology [7-10]. For pulmonary purposes, OCT has not yet been clini-
cally implemented. However in the last decade, studies have shown that
OCT is feasible, safe and has added value in pulmonary medicine for a
broad field of indications (Table 1). The studies in this review investigat-
ing the use of OCT in pulmonary medicine have used either company
build OCT probes (St. Jude Medical Inc., Abbott, IL, USA; Pentax Corp.,
Tokyo, Japan; light-CTTM scanner, LLTech, France; LightLab Imaging
Inc., Westford, USA; Niris Imaging System, Imalux Corp., Cleveland, OH,
USA) or custom build devices. OCT images of the airways and/or alveolar
compartment are captured during bronchoscopy (Fig. 3a-c). The OCT
catheter is inserted through the working channel of a bronchoscope
and advanced until the region of interest is reached. Subsequently by
manual or automated pullback, the OCT catheter generates sequential
cross-sectional images of segments of the anatomical compartment of
interest including the airways, lung parenchyma and pulmonary arteries
(Fig. 3, Table 1). This review summarizes the advances that OCT made
in improving diagnosis and management of obstructive lung diseases,
malignancies and ILDs.
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Endobronchial OCT

i *“' g f‘MetaI mark 1

- ocT Guide sheath

&

Vascular OCT

Figure 3. OCT imaging procedures of the airway wall and alveolar compartment
(endobronchial OCT; a-c) and pulmonary artery (vascular OCT, d-f).
a Bronchoscopic view of an OCT imaging procedure showing the guide sheath and
the OCT catheter positioned in the right lower lobe. The metal mark guides the
distance of 5.4 cm to the distal tip of the OCT catheter. b OCT image of a normal
segmental airway wall showing the airway wall layer identification. ¢ OCT image
of the alveolar compartment showing normal alveoli and septae. d Angiography of
the left lower lobe pulmonary artery with a stenosis in a chronic thromboembolic
pulmonary hypertension (CTEPH) patient (white bracket). e OCT image of a normal
proximal pulmonary artery. f OCT image of a pulmonary artery with webs/bands
in a CTEPH patient. (Images provided by H.J. Bogaard, MD, PhD; N. van Royen,
MD, PhD and M. Beijk, MD, PhD). OCT, optical coherence tomography; P, probe;
A, alveolar space; S, septae; E, epithelium; LP, lamina propria; SM, submucosa; C,
cartilage.
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Advances in OCT and CLE in Pulmonary Diseases

Confocal Laser Endomicroscopy

CLE is an imaging technique compatible with bronchoscopy, thoracos-
copy and transthoracic needle-based interventions [11], which provides
real-time images of the airways, alveoli, lung tumours, pleura and lymph
nodes with a resolution up to 3.5 pym, with a maximum depth of 70 pm
and a maximum field of view of 600 pm (Fig. 1, 2). A fibre-optic probe is
advanced through the working channel of a bronchoscope, thoracoscope
or needle and directed to the area of interest where it illuminates tissue
with laser light (most commonly used 488 nm). Reflected light is redi-
rected back through a pinhole. Only light that is exactly in focus will pass
through the pinhole, resulting in high-resolution images. Moving the
laser beam vertically or horizontally enables reconstruction of 3D images
by special software. In literature, CLE is also referred to as fibred confo-
cal fluorescence microscopy, confocal micro-endoscopy or alveoloscopy.
In this paper, we use the term CLE for this imaging technique. When the
CLE probe is combined with a needle (CLE probe advanced through a hol-
low needle), the term “needle-based CLE” (nCLE) is used. “Probe-based
CLE” (pCLE) refers to the technique where the CLE probe is advanced to
the tissue, thereby directly omitting the need of a needle (Fig. 4).

Most evidence for the application of CLE in clinical practice is available
in gastro-intestinal diseases, for instance, in the detection of neoplasia
in the oesophagus [12, 13] and pancreatic cysts [14]. In non-malignant
diseases like ulcerative colitis, CLE has been shown to be superior to any
other imaging modality to assess mucosal healing [15].

First in vivo, in humans, reports on pCLE in the respiratory tract date
back to 2007. Earliest studies showed feasibility of imaging of the air-
way wall and demonstrated that the images obtained by pCLE rely on
the presence of elastin fibres, which is auto-fluorescent at 488 nm laser
light [16, 17]. As elastin forms the backbone of structural components
in the alveolar compartment including alveolar septae and microvessels
[18-20] and the pleura, these can be visualized, real time and in vivo, us-
ing pCLE. Additionally, cellular components including inflammatory cells
such as alveolar macrophages can be imaged based on auto-fluorescence
as well [21].

Currently, in pulmonary diseases, one CLE system is commercially avail-
able (Cellvizio Endomicroscopy System, Mauna Kea Technologies, Paris,
France). For pCLE, a miniprobe compatible with 1.9 mm working channel
(Alveoflex™) can be used to visualize all segments of the bronchial tree
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and lung parenchyma (Fig. 2). However, when reaching for the upper
lobes (apical and posterior segments) a thinner, more flexible, probe
(Cholangioflex™) might be advisable [22].

Imaging the bronchi and alveolar compartment with pCLE does not
require additional staining. Studies have shown no advantage using
fluorescein to visualize epithelial cells. Indeed, it has been reported that
the visualization of alveoli is reduced using fluorescein because of a
foam-like substance that appears [23, 24].

pCLE

nCLE

Figure 4. pCLE imaging procedures in vivo with corresponding images of the
normal alveolar and airway wall compartment (a-c); nCLE imaging in vivo with
corresponding images of reactive lymph node capsula and cortex (d-f). a pCLE
with the probe (p) positioned in the central airways of the right lower lobe on its
way to be advanced to the alveolar compartment. 488 nm laser light reflecting
at the airway wall (blue). b pCLE image of the distal airway wall showing a
helical ring-like pattern of the terminal bronchiole. ¢ pCLE image of the alveolar
compartment showing air-filled alveoli (a) and alveolar septae (s). d nCLE during
an EUS procedure for staging of lung cancer, with the probe (p) extending 2 mm
distal to the tip of the needle (n). e nCLE image showing elastin fibres (e) of the
capsula of a lymph node. f nCLE image showing lymphocytes (1) in a reactive
lymph node Wijmans et al. [85]. pCLE, probe based confocal laser endomicroscopy;
S, septae; A, alveolar space; nCLE, needle based confocal laser endomicroscopy.
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For imaging of lung masses and/or mediastinal lymph nodes, the needle-
based CLE technique can be used. For this purpose, the thinnest confocal
probe (AQ-flexTM) is advanced through a 19-Gauge needle. Unlike using
PCLE in the respiratory tract, intravenous fluorescein-dinatrium should
be administrated. Fluorescein enables the visualization of individual cells
by enhancing fluorescence of the stromal background. Single cells are not
stained by fluorescein, which results in a negative-like image where the
individual cells are seen as dark dots on a bright background (Fig. 4f).
With nCLE, different anatomical structures in lymph nodes can be identi-
fied. The capsula with auto fluorescent elastin fibres can be distinguished
from the cortex in which the lymphoid cells can be identified (Fig. 4), as
well as the lymphoid follicles, which appear as large dark discs [25, 26].

OBSTRUCTIVE LUNG DISEASES

Optical Coherence Tomography

Obstructive lung diseases such as asthma and chronic obstructive pul-
monary disease (COPD) are characterized by airway remodelling, which
includes structural changes and thickening of the airway wall [27-29].
Next to inflammation, airway remodelling is a key pathophysiologi-
cal characteristic in asthma, which is associated with disease severity.
Therefore, it is of importance to develop accurate tools to assess airway
wall remodelling [30]. By showing a high correlation with histology for
both identification (Fig. 3c) and quantification of airway wall layers in
both animal studies [31] and human airways [32-34], OCT is considered
a promising technique to assess airway remodelling in obstructive lung
diseases.

The value of OCT is further substantiated by several studies that have
correlated OCT imaging of the airway wall to HRCT and pulmonary
function parameters. Coxson et al. [35] have compared HRCT with OCT
imaging in a cohort of 44 current and former smokers and showed a
strong correlation for airway wall thickness. In addition, in this study,
forced expiratory volume in 1 second (FEV1) was measured and correlated
to airway wall thickness of fifth-generation airways measured by
both HRCT and OCT, with OCT showing the strongest correlation. This
correlation between FEV1 and airways was confirmed in another study
in which several stages of COPD patients were included and a high
correlation between OCT measured airway wall dimensions and FEVi-
based staging was found [36]. In allergic asthma patients, FEV1/FVC
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correlated with OCT measured epithelial thickness and mucosal buckling,
a potential method to assess bronchoconstriction [37]. Also with impulse
oscillometry, a lung function test that uses sound waves to assess the
respiratory resistance found that a correlation existed between the airway
wall areas of small airways (seventh to ninth generation) assessed with
OCT and respiratory resistance in heavy smokers and COPD patients [38].
Additionally, OCT can be used to assess elastic properties of the airway
wall when combined with airway pressure increasing methods [39].

Next to assessing airway remodelling in patients with obstructive lung
diseases, OCT might contribute in unravelling the mechanism of action
of new treatment techniques and the evaluation of treatment response.
In severe asthma, OCT was used in a pilot study of 2 severe asthma pa-
tients to assess the effect of bronchial thermoplasty (BT) on the airway
wall up to 2 years after treatment [40]. Although the 2 included patients
in this study showed similar clinical asthma symptoms and spirometry
measurements, only 1 patient responded to BT. OCT was used to explore
differences between these 2 patients and revealed a thickened, probably
inflamed, epithelium in the non-responder patient, while the responder
had a thickened airway wall without signs of inflammation. Also, after
BT a difference was described: in the responder the total airway wall
thickness declined, while in the non-responder, the thickness remained
the same. These results suggested that OCT might have a potential role
in identifying characteristics at baseline for optimal patient selection
for BT.

In severe asthma, OCT has also been used to assess the acute effects of BT
on the airway wall and identified acute patterns within the airway wall
including epithelial sloughing and oedema (Fig. 5). Interestingly, acute
BT effects extended to the distal smaller non-BT-treated airways and
this suggested that BT treatment might also impact the smaller airways
in severe asthmatic patients [41].

Although different airway wall layers are detectable with OCT, measuring
the layers manually is time consuming and it remains difficult to iden-
tify the different structures and components within these layers such
as extracellular matrix (ECM) proteins (e.g., collagen) or airway smooth
muscle (ASM). By adding a birefringent platform to the OCT system,
Adams et al. [42] automatically identified and quantified ASM fibres in 3
asthma patients and 3 healthy controls showing a significant difference
in the thickness of ASM fibres between these 2 groups.
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Proximal

Figure 5. OCT images of the anterior segment (LB3) of the left upper lobe directly
after bronchial thermoplasty (BT) treatment. a Normal, non-directly-BT-treated
distal airway area. b BT-treated airway area with peribronchial oedema. ¢ BT-
treated airway area showing epithelial sloughing. d Corresponding reconstructed
pullback of the airway (540 2D images, total length of 5.4 cm; Goorsenberg et al.
[41]). P, probe.

Confocal Laser Endomicroscopy

Visualization of the airway wall using pCLE relies on elastin fibres in
subepithelial ECM. In the bronchi, 5 different patterns can be identi-
fied, depending on the depth of the probe in the bronchial tree [16].
Ranging from dense unidirectional elastin fibres, with an occasional
bronchial gland opening in proximal main bronchi, to cross-sectional
fibres and loose, web-like fibres in distal, smaller airways, the distal
terminal bronchiole shows a typical ring like helical pattern (Fig. 4). In
patients with asthma, elastin fibres have been described to be decreased
or fragmented [43]. However, in a study that focused on pCLE imaging
in asthma patients and healthy controls, it was described that a dense
lamellar pattern was associated with lower FEV1 [17]. In COPD, to our
knowledge, only a single study imaged the airway walls with CLE. Of the
different subepithelial elastin patterns, COPD patients were described to
have more loose arrangements of elastin fibres, instead of a lamellar or
mixed pattern of fibres, as compared to non-COPD smokers and healthy
volunteers. Possibly indicating destruction of elastin fibres in the ECM
of the airway wall of COPD patients, which is in line with a previous
histological study by Black et al. [44].
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In the alveolar compartment, animal studies have shown a correlation
between pulmonary emphysema and enlarged airspaces with thinner
capillaries and a loss of capillary density [45, 46]. This correlation was
reproduced using pCLE in COPD patients in vivo, thus without the need
for biopsy. Furthermore, COPD patients were shown to have decreased
auto fluorescence intensity of alveolar septae when compared to healthy
volunteers, potentially indicating destruction of these, elastin contain-
ing, alveolar septae [24, 47, 48]. Although pCLE shows specific findings
in patients with COPD, the additional value of pCLE over standard chest
CT and pulmonary function tests is yet to be established.

MALIGNANCIES

Optical Coherence Tomography

The detection of lung cancer tissue for diagnosis and staging purposes,
but also for margin assessment in lung cancer surgery, is highly im-
portant in the management of pulmonary oncology. Several groups have
investigated the use of OCT in other oncology specialties, mainly in der-
matology, urology and gastroenterology [49].

The involvement of pulmonary malignancies in different anatomical
compartments can be imaged with OCT including central airway endo-
bronchial malignancies, lung parenchymal pulmonary masses or nodules
and metastases in lymph nodes.

For the identification of endobronchial tumours, promising results have
been published both in vivo [50- 52] and ex vivo [52-55]. In these en-
dobronchial tumours, one study identified different characteristics for
3 subtypes of cancer: squamous cell carcinomas, adenocarcinomas and
poorly differentiated carcinomas [55]. Three reviewers were trained to
identify these criteria in a cohort of 82 ex vivo tumour samples that
showed an average accuracy of 82.6% (range 73.7-94.7%). To the best of
our knowledge, there are no studies published investigating the value of
OCT in assessing the margin of the tumour-resected tissue.

In pulmonary masses, nodules and lymph node metastases, a potential
use of OCT is needle-based OCT imaging in the setting of trans-bronchial
needle aspiration. One research group conducted a study in pulmonary
nodules showing high sensitivity and specificity (both > 95%) for ex vivo
differentiation between pulmonary nodules and healthy parenchymal
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tissue [56]. The same research group investigated the use of OCT for the
identification of pulmonary lymph node metastases. Needle-based OCT
was performed in 26 ex vivo lymph nodes, both healthy and metastatic
disease [57]). The characteristics of metastatic disease were distinct from
those of the lymph nodes without cancer and even had features connected
with the subtype of the tumour. Both applications of needle-based OCT
in pulmonary nodules and lymph nodes have not been validated in vivo
yet.

Confocal Laser Endomicroscopy

Several studies have shown that pCLE has the ability to identify the ab-
normal area in endobronchial [16, 58- 61] and parenchymal-located ma-
lignancies (both primary lung cancer and metastatic) [58, 62, 63]. Using
pCLE to image endobronchial lesions, Filner et al. [61] showed the ability
to differentiate between normal versus neoplastic lesions and normal
versus non-neoplastic lesions. In a study performed in 112 patients with
a peripheral pulmonary nodule, pCLE was able to detect the abnormal
area in 92% [64]. Additionally, Sorokina et al. [63] showed the pres-
ence of a specific pattern of alveolar dystelectasis, oedema and influx of
macrophages to be present in malignant nodules in 18 lobectomy speci-
mens. Additionally, pCLE histopathology confirmed distinctive features
of adenocarcinoma, squamous cell carcinoma and small cell carcinoma.
However, in a study performed by Seth et al. [64], 91 patients with pe-
ripheral lung nodule were imaged with pCLE, and although in 92% the
abnormal area was identified, pCLE was not able to discriminate benign
from malignant lesions. It is thought that this is due to the difficulty of
staining epithelial cells of the bronchial mucosa [16, 59, 63, 64]. Unlike
the mucosa of the gastrointestinal tract, fluorescein does not penetrate
into the epithelial layer of the bronchi [23, 24]. Topical administrated
acriflavine has shown high sensitivity and specificity to visualize malig-
nant cells in endobronchial located tumours; however, its use is under
discussion because of its potential carcinogenic properties [60].

An approach where the nodule is punctured by a needle combined with
the CLE probe might resolve the problem of bronchial epithelial stain-
ing. In 2016, Wijmans et al. [65] presented a case of non-small cell lung
cancer in which the primary tumour was imaged with nCLE in combi-
nation with intravenous fluorescein. Where all the previous mentioned
studies for peripheral pulmonary nodules have used pCLE, Wijmans et al.
[65] demonstrated in this study a case in which the primary tumour was
visualized with nCLE combined with endosonography. Dark, large ag-
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gregates of cells imaged with nCLE were compatible with the malignant
cells of adenocarcinoma. Thereafter, a study was performed using nCLE
in both centrally located primary pulmonary tumours (n = 6) and me-
tastasis suspected lymph nodes (n = 21). Three characteristics were de-
veloped to predict malignancy: enlarged pleomorphic cells, dark clumps
and directional streaming. These criteria were prospectively validated to
determine malignancy of the tumours or lymph nodes with high diag-
nostic accuracy of 90% [26] (Fig. 6).

Figure 6. Endosonography guided nCLE of a mediastinal lymph node metastasis
of a tumour in the left upper lobe. a PET-CT scan showing fludeoxyglucose-avid
lymph node station 4 L, and the primary lung tumour (T). b EUS image showing
an enlarged lymph nodes at station 4 L. ¢ Real-time nCLE image of lymph node
station 4 L showing large pleomorphic cells and dark clumps recognized as
malignant cells (M). d Fine needle aspirate showing malignant cells of squamous
cell carcinoma (Wijmans et al. [26]). 10, lymph node station 10 L (left); Aa,
ascending aorta; Ad, descending aorta.

In pleural lesions, both pCLE and nCLE have been used to detect malig-
nant cells. Bonhomme et al. [66] reported 3 cases with pleura imaging
using pCLE. Three different images of the pleura were presented: normal
pleura, pleural metastasized non-small cell lung cancer and a case of
mesothelioma. pCLE of the pleura showed clear capability to differentiate
normal pleura from malignant pleura in these cases. Shortly thereafter,
a larger study was undertaken using both pCLE and nCLE to distinguish
malignant mesothelioma from areas of pleural fibrosis. Characteristics
of different pleural lesions were identified and prospectively validated
in 105 pleural biopsies from 15 patients with moderate inter-observer
agreement [11]. When it comes to malignant pleural effusion, one ex vivo
study found high sensitivity and specificity for pleural malignancy using
pCLE in pleural effusion [67].
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ILDS AND OTHER PARENCHYMAL LUNG DISEASES

Optical Coherence Tomography

OCT has predominantly been used to assess abnormalities in the airway
due to both obstructive airway diseases and (endobronchial) malignan-
cies. However, recently, the use of OCT for the assessment of the alveolar
compartment has been investigated [68-70]. Especially in ILDs the added
value of high-resolution, near-microscopic imaging next to HRCT can be
envisioned. In 2013, Hariri et al. [54] compared the histology of human
lung specimens with optical frequency domain imaging in 4 patients
ex vivo. Characteristics of fibrosis were identified in these OCT images.
More recently, the first in vivo in human results of OCT in diagnosis of
idiopathic pulmonary fibrosis has been published [71-73]. These results
showed that OCT was able to identify microscopic honeycombing with
alveolar OCT, while radiological honeycombing was not visible on HRCT
[71]. Furthermore, characteristics for fibrotic ILDs such as thickening of
alveolar septae and loss of alveolar structure, microscopic honeycombing,
cysts and bronchi(ol)ectasis were identified with OCT [71-73].

Confocal Laser Endomicroscopy

Since ILD is a disease located in the alveolar compartment, CLE has been
used to visualize ILD in vivo. Normal alveolar compartment images show
thin alveolar septae in a round, helical or looped shape depending on the
angle of penetration of the alveolar unit (Fig. 2, 4). Microvessels can be
visualized and are typically thicker than the alveolar septae, and may
have branches. In smoking individuals, highly fluorescent macrophages
are visible throughout the alveoli, which has a positive correlation with
the number of cigarettes used [21]. Also, the fluorescent intensity of
alveolar structures varies: older individuals tend to have stronger fluo-
rescent signals of alveolar elastin fibres [21, 24].

The first report of CLE in ILD was a case of pulmonary alveolar pro-
teinosis, in which highly fluorescent globular structures were identified
in vivo, compatible with globular lipoproteinaceous material in broncho-
alveolar lavage. Similar findings were described in a case series of 6
patients with pulmonary alveolar proteinosis [74]. Later, case reports
of amiodarone induced ILD, pulmonary alveolar microlithiasis, invasive
aspergillosis, pneumocystis jiroveci pneumonia, lymphangioleiomyoma-
tosis and metastatic pulmonary calcification were published [75-80].
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In addition to the above, CLE has also been studied for the surveillance of
acute cellular rejection (ACR) in lung transplant recipients. Two studies
have focused on the use of pCLE in these patients and found that specific
characteristics are associated with ACR. Yserbyt et al. [81] showed in 2014
the correlation between ACR and an increase in auto fluorescent alveolar
cells. This finding was confirmed by Keller et al. [82] in 2019, with the
addition of the perivascular distribution of the cells. Perivascular cellu-
larity was significantly correlated with ACR.

Several studies have been performed to identify specific characteristics
of pCLE images in ILD. Meng et al. [83] identified 6 different patterns
to discriminate chronic fibrosing ILD from other ILDs. Salaun et al. [84]
identified 9 specific CLE characteristics using data from 80 individuals
(59 ILD patients, 21 healthy individuals). Based on these characteristics
they were able to discriminate normal from diseased lung, and found that
certain ILDs were associated with a cellular CLE pattern (presence of flu-
orescent bronchial and alveolar cells), while others were associated with
a fibrotic CLE pattern (small alveolar mouths, disorganized dense elastin
fibre network with thickened septae). They showed good reproducibility
of inter-observer interpretation. In another observational study in 14
ILD patients pCLE was able to detect normal and abnormal parenchymal
areas, and to discriminate mild from severe fibrosis (Fig. 7). Additionally
the pleura and the adjacent subpleural alveolar space could be identified
(85].

Figure 7. pCLE images of the alveolar compartment in a patient with a fibrotic
NSIP. a HRCT image showing diffuse reticulation and bronchi(ol)ectasis. b pCLE
image showing an increased density of alveolar elastin fibre intact network.
¢ pCLE image showing an increased density of thickened alveolar elastin fibre
network with loss of normal architecture. Wijmans et al. [85]. P, probe.
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Based on the studies reviewed above, it seems plausible that pCLE can
differentiate cellular ILDs from fibrotic ILDs; however, whether CLE can
differentiate between specific subsets of ILDs remains to be established.
The potential of CLE to identify these different compartments, along
with an added value to characterize ILD, paves the way to use CLE as a
guidance tool for endoscopic (cryo-)lung biopsies.

PULMONARY VASCULAR DISEASES

Optical Coherence Tomography

The use of OCT in pulmonary vascular diseases has been described thor-
oughly in previously published reviews by our group and others [1, 86].
In short, OCT has been investigated in characterizing pulmonary artery
wall remodelling in pulmonary arterial hypertension [87-89]. Pulmonary
artery wall thickness has been reported to correlate to hemodynamic pa-
rameters [90, 91]. In chronic thromboembolic pulmonary hypertension,
OCT was able to assess thrombotic occlusion and luminal webs and/or
bands [87, 89] (Fig. 3f) and has been reported to guide balloon sizing
and to evaluate the effect of balloon pulmonary angioplasty treatment
[92, 93]. Additionally, one study investigated the use of OCT in diag-
nosing peripheral pulmonary artery thrombus as compared to selective
pulmonary angiography in 12 patients [94]. In this study, OCT found sig-
nificantly more thrombi in the distal segments of peripheral pulmonary
arteries than selective pulmonary angiography. Moreover, OCT was able
to differentiate between acute “red” and chronic “white” thrombi.

Confocal Laser Endomicroscopy

To the best of our knowledge, no studies have been published regarding
the use of CLE in pulmonary vascular diseases.

FUTURE PERSPECTIVES

In summary, in pulmonary medicine, OCT and CLE are promising high-
resolution, real-time, in vivo imaging techniques to visualize important
disease associated anatomical compartments of the respiratory tract.
However, unlike in ophthalmology and cardiology, OCT and CLE have not
found their implementation into standard clinical care yet.
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In our opinion, the use of both CLE and OCT techniques has high poten-
tial to add to guidance and/or improvement in diagnostic yield driven by
its near-microscopic resolution and real-time properties. For instance,
the development of a CLE or OCT integrated cytological needle (so called
smart needle) to guide the biopsy site and provide real-time feedback for
the detection of lung cancer and pleura mesothelioma [11].

In addition, since advanced OCT and CLE have shown the potential of in
situ cytological analysis in malignancy-suspected lymph nodes, it seems
reasonable that these techniques also have the capability of detecting
granulomas in, for instance, sarcoidosis.

The scope of novel imaging techniques in endoscopy may be broadened in
the near future by implementing the use of fluorescently labelled tracers.
In this field of imaging, optical techniques are combined with laser to
detect fluorescently labelled components. In oncology, fluorescently la-
belled antibody detection can further boost tumour identification for can-
cer diagnosis, staging and assessment of tumour margins. For instance,
fluorescently labelled anti-CD47 was used to detect bladder cancer [95].
Both fluorescently labelled labetuzumab and erlotinib have been used to
assess colorectal cancer and EGFR- mutated lung tumours, respectively,
in xenografted mouse models [96, 97]. Furthermore, to evaluate the ef-
fect of novel treatments, pCLE might be of value as was demonstrated by
a study in which apoptotic cells were visualized after the administration
of erlotinib in EGFR-mutated tumours in animal models [98]. In severe
asthma patients, it can be envisioned that molecular labelling of mono-
clonal antibodies used for immunotherapy can help to visualize cellular
targets and biodistribution of these antibodies with the ultimate goal to
improve patient selection for these expensive therapies.

In the field of infectious diseases, efforts are made to directly visualize
the presence of pathogens. So far, both in- and ex vivo studies have been
published to visualize aspergillus [99-101] and staphylococcus aureus
[102] in animal models using CLE.

Currently, analyzing OCT and CLE images is elaborative and this makes
it a time-consuming process. The development of automated software
is essential for the implementation of these techniques. Automated seg-
mentation based on intensity analyses or deep learning techniques might
prove very helpful in image analyses and will be a necessity for broader
clinical application. Improvements are being made, such as automated
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quantification [42] and automated mucus segmentation [37, 103]. Also,
research is focused on improving the techniques, for instance, by using
polarization sensitive OCT, which shows not only the structural layers of
the airway wall but also the arrangement of the tissue [104]. This makes
it possible to distinguish several structures in the airways such as struc-
tural airway components (e.g., ECM/ASM). Additionally, the resolution
of OCT imaging might be improved by using a nano-optic endoscope: a
conventional OCT system with a metalens integrated in the design [105].
Potentially these techniques can be used to assess treatment effects on
airway wall structures involved in airway wall remodelling, without the
need for taking a biopsy. Other factors limiting the implementation of
these techniques in clinical practice are the lack of larger validation tri-
als, costs and availability of OCT and CLE systems. Currently, pulmonary
OCT and CLE have been used only in research trials in expert centres with
expertise in interventional bronchoscopy with relatively small amounts
of patients included.

CONCLUSION

Both OCT and CLE are complementary, high-resolution imaging tech-
niques that have shown to be feasible and safe to use in a variety pul-
monary diseases. Both techniques have considerable potential to improve
diagnostics and monitoring of pulmonary diseases and their treatments;
however, larger in vivo validation studies and automated software are
needed before these techniques can be implemented in clinical practice.
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ABSTRACT

Introduction

Endobronchial polarisation sensitive optical coherence tomography (EB-
PS-OCT) is a bronchoscopic imaging technique exceeding resolution of
high-resolution CT (HRCT) by 50-fold. It detects collagen birefringence,
enabling identification and quantification of fibrosis.

Study aim
To assess pulmonary fibrosis in interstitial lung diseases (ILD) patients
with in vivo EB-PS-OCT using histology as reference standard.

Primary objective
Visualisation and quantification of pulmonary fibrosis by EB-PS-OCT.

Secondary objectives

Comparison of EB-PS-OCT and HRCT detected fibrosis with histology,
identification of ILD histological features in EB-PS-OCT images and
comparison of ex vivo PS-OCT results with histology.

Methods

Observational prospective exploratory study. Patients with ILD scheduled
for transbronchial cryobiopsy or surgical lung biopsy underwent in vivo
EB-PS-OCT imaging prior to tissue acquisition. Asthma patients were
included as non-fibrotic controls. Per imaged lung segment, fibrosis was
automatically quantified assessing the birefringent area in EB-PS-OCT
images. Fibrotic extent in corresponding HRCT areas and biopsies were
compared with EB-PS-OCT detected fibrosis. Microscopic ILD features
were identified on EB-PS-OCT images and matched with biopsies from
the same segment.

Results

19 patients were included (16 ILD; 3 asthma). In 49 in vivo imaged airway
segments the parenchymal birefringent area was successfully quantified
and ranged from 2.54% (no to minimal fibrosis) to 21.01% (extensive fi-
brosis). Increased EB-PS-OCT detected birefringent area corresponded to
increased histologically confirmed fibrosis, with better predictive value
than HRCT. Microscopic ILD features were identified on both in vivo and
ex vivo PS-OCT images.
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Conclusions

EB-PS-OCT enables pulmonary fibrosis quantification, thereby has po-
tential to serve as an add-on bronchoscopic imaging technique to diag-
nose and detect (early) fibrosis in ILD.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= In patients with an interstitial lung disease (ILD), accurate diagnosis
and early recognition of progressive pulmonary fibrosis is challenging
but important for classification, treatment and prognosis. Endobron-
chial optical coherence tomography (OCT) is a minimally invasive,
bronchoscopic, imaging modality to generate volumetric images of the
lung parenchyma with microscopic resolution. Polarisation sensitive
OCT (PS-0OCT) is an extension of conventional OCT that adds birefrin-
gence detection. With fibrosis being highly birefringent, PS-OCT may
enable fibrosis detection in the lung parenchyma.

WHAT THIS STUDY ADDS

= In this study, we show that in vivo endobronchial PS-OCT can au-
tomatically quantify fibrosis and detect ILD features in patients with
ILD by minimally invasive bronchoscopy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY
= Endobronchial PS-OCT has potential to serve as an add-on broncho-

scopic imaging technique to diagnose and assess (progressive) fibrosis
in patients with ILD.

145



146

Chapter 6

INTRODUCTION

Interstitial lung diseases (ILDs) include a large group of different dis-
eases, characterised by inflammation and pulmonary fibrosis.' Treatment
consists of anti-inflammatory and/or antifibrotic medication. ILD diag-
nosis and identification of patients with ILD with a (progressive) fibrotic
phenotype is challenging, but of key importance for treatment decisions
and prognosis.”™*

For ILD diagnosis, no single diagnostic test exists. Guidelines recommend
evaluating all available diagnostic information during a multidisciplinary
team (MDT) discussion to establish a high confident diagnosis.’ To iden-
tify the fibrotic phenotype, pulmonary function testing and high-resolu-
tion CT (HRCT) are used as diagnostic parameters. However, changes in
pulmonary function tests can be non-specific and HRCT has limitations
in fibrosis detection and in differentiating fibrotic from inflammatory
progression. Indeed, a weak correlation exists between fibrotic extent
as detected by HRCT and prognosis.®’ For disease pattern identification,
lung biopsy is considered to be the reference standard, but is associated
with morbidity and in rare case mortality. Lung tissue acquisition is,
therefore, only performed in highly selected patients with ILD and is not
appropriate for longitudinal measurements to evaluate fibrotic progres-
sion. Thus, there is an unmet need in fibrotic ILD diagnostics and ILD
progression detection.

Conventional optical coherence tomography (OCT) is an imaging tech-
nique that uses near-infrared light to provide structural images of tissue
with a resolution of ~10 pm.® Endobronchial OCT (EB-OCT) refers to a
technique in which a thin flexible OCT probe is advanced through the
working channel of the bronchoscope to the periphery of the lung. The
procedure is minimally invasive, can be performed under conscious seda-
tion and can easily be combined with the standard diagnostic techniques
including bronchoalveolar lavage. In the last decade, EB-OCT emerged as
a bronchoscopic imaging modality to generate cross-sectional images of
the airways and lung parenchyma. Several studies reported EB-OCT in
obstructive lung diseases,’*> detection of malignancies®” * and ILDs." "’
Conventional EB-OCT provides volumetric reconstructions of lung tissue
with microscopic resolution, but has limitations in fibrotic tissue-specific
contrast.”® Polarisation sensitive OCT (PS-OCT) is an extension of con-
ventional OCT that adds tissue-specific contrast by assessing presence of
birefringence. Birefringence is an optical property exhibited by collagen
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in fibrous tissues including muscle, connective tissue and nerve fibres."
As pulmonary fibrosis is characterised by an increase in collagen, PS-OCT
can visualise pulmonary fibrosis. To date, the potential of EB-PS-OCT in
pulmonary medicine has been demonstrated in vivo in a canine model*°
and in asthma patients* ** to detect airway smooth muscle reduction af-
ter bronchial thermoplasty. Recently, Nandy et al performed EB-PS-OCT
in patients with ILD and manually quantified birefringence across tissue
types including destructive and interstitial fibrosis.*

In this study, we use in vivo EB-PS-OCT to automatically quantify the
area of birefringent tissue to assess fibrotic content in patients with ILD.
For the first time, we compare the ability of EB-PS-OCT and HRCT for
fibrosis detection and quantification using histopathology as reference
standard. Additionally, we retrieve the orientation of birefringent tissues
fibres, which provides a valuable tool to distinguish fibrous tissue from
other birefringent tissues such as airway smooth muscle and perichon-
drium.

METHODS

Study design and patient enrolment

This imaging study is a substudy of a randomised controlled trial com-
paring transbronchial cryobiopsy (TBCB), followed by surgical lung
biopsy (SLB) and immediate SLB for ILD (COLD-study NTR NL7634).
In this study, we aim to assess pulmonary fibrosis using in vivo EB-
PS-OCT. The primary objective is to visualise and automatically quantify
pulmonary fibrosis with in vivo EB-PS-OCT. Secondary study objectives
are as follows: (1) compare EB-PS-OCT detected fibrosis with the extent
of fibrosis as detected by HRCT and histology and (2) the identification of
ILD hallmarks in PS-OCT images acquired both in vivo and ex vivo.

Considering this is an exploratory study no formal sample size calcula-
tion was performed.

Each subject provided separate written informed consent for this sub-
study. Patients with an undiagnosed ILD scheduled for lung biopsy in
Amsterdam UMC were eligible for study participation. A full list of in-
clusion and exclusion criteria for this substudy are provided in online
supplemental e-Table 1. For non-fibrotic controls, we used EB-PS-OCT
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measurements of asthma patients included in the EB-PS-OCT asthma
study.”

Patient and public involvement

For this exploratory study, patients were not involved in the design, con-
duct, reporting or dissemination plans.

EB-PS-OCT imaging and fibrosis quantification

Prior to cryobiopsy or SLB, EB-PS-OCT measurements were performed
by pulmonologists experienced in EB imaging techniques (PB, JTA and
KK-M). Regions of interest (airway segments) for EB-PS-OCT imaging
were identified by the pulmonologists based on HRCT scan and planned
biopsy location. Patients were deeply sedated, remaining spontaneous
breathing and intubated (cryobiopsy procedure) or under full anaesthesia
(SLB procedure). In each patient, three different segments were imaged
with EB-PS-OCT, and each segment was imaged at least twice. Volu-
metric EB-PS-OCT images were acquired by advancing the EB-PS-OCT
probe through the working channel of the bronchoscope to the periph-
ery of each lung segment until pleural resistance (online supplemental
e-figure 1). The probe was then manually pulled back over a length of
~5-6cm and three-dimensional volumetric images were acquired.

EB-PS-OCT measurements were performed through a distal scanning
catheter, with a diameter of 1.35 mm, rotating at 52 rotations/s and pro-
tected by a medical grade pebax sheath.?* The probe was connected to a
PS-OCT system, previously described,** with an axial and lateral tissue
resolution of 12 pym and 13 pm, respectively (refractive index n=1.4), and
an imaging depth of 1.4 mm. Postprocessing analysis of the acquired EB-
PS-OCT raw-data generated conventional OCT intensity images and EB-
PS-OCT (optic axis orientation) images, in which birefringent structures
and their fibres orientation were visualised and segmented.

For each airway segment imaged, fibrosis was automatically quantified
in postprocessing as mean percentage of birefringence area in EB-PS-
OCT cross-sectional images of the parenchymal (distal) part of all pull-
backs acquired in that segment. EB-PS-OCT images of the proximal part
of each pullback imaging the airway were not included in the fibrosis
quantification given the prevalence of other birefringent structures in the
proximal airway (eg, airway smooth muscle, perichondrium). Detailed
information on EB-PS-OCT data processing and fibrosis quantification is
provided in online supplemental e-appendix 1.
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Radiological and histological evaluation

HRCT scans were evaluated by two ILD-specialised radiologists (OMM
and IB) (blinded for EB-PS-OCT results and to each other). Per EB-PS-
OCT imaged and biopsied segment, a fibrosis score on HRCT was deter-
mined ranging from 0 to 3 (0=no fibrosis, 1=mild fibrosis, 2=moderate
fibrosis, 3=severe fibrosis). In a consensus meeting, inconsistencies were
discussed, and a final score was obtained. A lung specialised pathologist
(ET), blinded for clinical information including HRCT and EB-PS-OCT
results, evaluated the acquired biopsies for the presence of fibrosis on a
0-3 scale. Following a 6-week wash-out period, histological evaluation
was repeated evaluating the biopsies for the presence of fibrosis in a dif-
ferent order, and blinded for previous evaluation. When a segment was
biopsied twice, the overall score included both biopsies. In case of incon-
sistent scores, a third evaluation was performed 2 weeks after the last
histological evaluation, and a final score was obtained. Criteria for the
categorical fibrosis scoring system for HRCT and histology are provided
in online supplemental e-appendix 2.

Histology matching

Ex vivo PS-OCT measurements of the resected biopsies (11 SLB from
4 patients) were performed immediately after tissue extraction on the
unprocessed specimen by pulling back the catheter while pressing it to
the biopsy surface. All the biopsies were processed according to local
standard practice. The histology sections were cut perpendicularly to
the probe pullback direction. Ex vivo EB-PS-OCT images were compared
with histology by the OCT expert (MV) and the pathologist (ET) for one-
to-one matching of PS-OCT cross-sectional images with the histology
sections obtained.

Statistical analysis

Statistical analysis to compare accuracy of fibrosis classification between
EB-PS-OCT versus histology and HRCT versus histology was performed
on segments from which biopsies were obtained. Asthmatic controls with
normal lung parenchyma on HRCT and normal diffusion capacity on pul-
monary function test served as control.

Ordinal logistic regression was chosen to model the relationship between
the response ordinal variable (histological fibrosis score) and the ex-
planatory variables (EB-PS-OCT and HRCT detected fibrosis).
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To correct for multiple segments within the same patient, the ordinal
logistic regression was used with a random patient effect (cumulative
link mixed model). The performance of the two models (EB-PS-OCT and
histology vs HRCT and histology) was compared using the area under the
receiver operating characteristic curve (generalised AUROC or c-index,
specific measure for ordinal outcomes®) and the overall accuracy (cal-
culated using a confusion matrix). Weighted kappa was used to evaluate
inter and intra observer variability between radiologists evaluating HRCT
scans and the pathologist evaluating histology slides. All analyses were
carried out in R (V.4.1.3).

RESULTS

Study cohort

Between January 2020 and July 2021, 16 patients with ILD who under-
went lung biopsy were included (12 TBCB, 3 SLB and 1 both). Moreover,
three asthma patients from a historical cohort were included as a non-
fibrotic control group. These three patients were imaged with EB-PS-
OCT 6 months following bronchial thermoplasty to assess airway smooth
muscle thickness in the proximal airways, but EB-PS-OCT pullbacks
imaged both airways and lung parenchyma.* Baseline characteristics and
final MDT-ILD diagnoses are represented in table 1. EB-PS-OCT imaging
added ~5-10 min to the biopsy procedure without any procedure-related
adverse events.

Table 1. Baseline characteristics and final diagnosis of patients with ILD

ILD patients n=16 Asthma patients n=3
Gender
M 11 (69) 1(33)
F 5 (31) 2.(67)
Age 6418 46+15
BMI 2813 315
Smoking status
Never smokers 2 (12.5) 3 (100)
Ex-smokers 12 (75)
Current smoker 2 (12.5)
Packyears 2111

(current and ex-smokers)
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Table 1. Continued

ILD patients n=16 Asthma patients n=3
Pulmonary function test
FVC, % of predicted value 86+1/4 94 %2
DLCOc, % of predicted value 58+15 928
Final ILD diagnosis
cHP 7 (44)
IPF 4 (25)
srILD 1(6)
IPAF-fNSIP 1(6)
Idiopathic fNSIP 1(6)
Sarcoidosis 1(6)
Unclassifiable ILD 1(6)
Non-fibrotic asthma controls 3 (100)

Data are shown as N (%) or mean (+SD). BMI, body mass index; cHP, chronic
hypersensitivity pneumonitis; DLCOc, diffusing capacity of the lung for carbon
monoxide corrected for haemoglobin; F, female; fNSIP, fibrotic non-specific
idiopathic pneumonitis; FVC, forced vital capacity; ILD, interstitial lung disease;
IPAF, interstitial pneumonia with autoimmune features; IPF, idiopathic pulmonary
fibrosis; M, male; srILD, smoking-related ILD.

Out of 19 included patients, 17 (14 ILD and 3 asthma patients) underwent
in vivo EB-PS- OCT imaging of 3 different lung segments. Each segment
was imaged at least 2 times, resulting in a total of 128 in vivo pullbacks
(400-800 frames per pullback). Two SLB ILD patients in which in vivo
EB-PS-OCT was not performed for logistical reasons, were only included
for ex vivo PS-OCT imaging.

In vivo EB-PS-OCT imaging was performed in a total of 55 individual
segments. Six segments were excluded: n=5 segments, due to the pull-
back being too proximal and not containing alveolar tissue, and n=1, due
to probe malfunction. Since in one patient all pullbacks were too proxi-
mal, this led to the exclusion of this patient.

In 49 in vivo imaged lung segments from 16 patients (13 ILD and 3
asthma patients) fibrosis was quantified based on EB-PS-OCT detected
birefringent area (figure 1, primary objective: visualisation and
quantification of pulmonary fibrosis by EB-PS-OCT). For secondary
objectives, in total 35 segments were analysed: 8 segments from asthma
patients and 27 from patients with ILD as only those segments for which
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corresponding biopsies were available were included (in 24 segments
TBCB’s were acquired (n=47 cryobiopsies) and in 3 segments SLB’s were
acquired (n=3 surgical biopsies)) (figure 1).

In vivo Ex vivo
[ 19 Patients included in the study |
I
] ¥

4 ILD patients with SLB
included for ex-vivo
PS-OCT histology matching
(n = 11 biopsies)
(secondary objective)

3 Asthma patients 16 ILD patients
(non fibrotic controls) (12 TBCB, 3 SLB and 1 both)

2 ILD patients with SLB
excluded from in-vivo
EB-PS-OCT imaging due to:

* logistical reasons

3 asthma patients imaged with 14 ILD patients imaged with
in-vivo EB-PS-OCT in-vivo EB-PS-OCT
(n=8 segments) (n=47 segments)
6 segments excluded due to:

« too proximal imaging n=5
(from 2 patients)
13 ILD patients imaged with « probe malfunction n=1
in-vivo EB-PS-OCT
(n=41 segments)

16 patients included for
EB-PS-OCT fibrosis quantification
(n=49 segments)
(primary objective)

I 14 excluded segments due
v to unbiopsied middle lobe
16 patients included for:
« comparison of EB-PS-OCT detected fibrosis versus histology and HRCT
« identification of ILD histological features
(n=35 segments)
(secondary objective)

Figure 1. Flow chart of the EB-PS- OCT imaging study. Flow chart shows how
patients relate to EB-PS- OCT objectives allocation both in vivo and ex vivo.
Nineteen patients were included in the study (3 asthma and 16 ILD). Sixteen
patients with ILD underwent lung biopsy: 12 TBCB, 3 SLB and 1 patient underwent
both. Only SLB was included for ex vivo analysis. Two patients with ILD
undergoing SLB were excluded from in vivo EB-PS- OCT for logistical reasons
and were only included for ex vivo PS-OCT imaging. A total of 55 segments were
imaged in vivo (8 from 3 asthma controls and 47 from 14 patients with ILD). After
exclusion of segments in which no peripheral lung parenchyma was visualised
(n=5, from 2 patients) or unable to be analysed due to probe malfunction (n=1), 49
segments were included for primary objective analysis (8 from 3 asthma patients
and 41 from patients with ILD). For secondary objectives, only segments with
corresponding histology were included (35 segments from 16 patients). EB-PS-
OCT, endobronchial polarisation sensitive optical coherence tomography; HRCT,
high-resolution CT; ILD, interstitial lung disease; SLB, surgical lung biopsy; TBCB,
transbronchial cryobiopsy.
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EB-PS-OCT fibrosis quantification

In 49 segments, parenchymal fibrosis was quantified based on in vivo
EB-PS-OCT detected birefringence. Birefringence from the peripheral
lung parenchyma ranged from 2.5% in patients without fibrosis up
to 21.0% in a patient with extensive fibrosis. In non-fibrotic asthma
controls, birefringence ranged from 3.3% to 6.8%.

In line with our previous study,* pullbacks acquired in the same segment
showed good reproducibility of the EB-PS-OCT detected birefringence
content (online supplemental e-Figure 2).

=<

320 =

cC

= ;

£ 15 -

=

o ..

—— all

=] F |

10 . -

(@] -

Q s -

© 5 B .

s & * ILD patients

Ll Asthma controls
0 1 2 3

Histology fibrosis score

Figure 2. Quantitative measurement of birefringence % as detected by EB-PS-
OCT (y-axis) compared with the histology fibrosis score (x-axis). Comparing
the continuous data from EB-PS-OCT detected birefringence to the histology-
based fibrosis score, higher EB-PS-OCT birefringence % corresponded to higher
histological fibrosis scores. Each dot represents an EB-PS-OCT imaged and
biopsied segment (n=35) from patients with ILD (black dots) and asthma controls
(green dots). Birefringence from the peripheral lung parenchyma ranged from
2.5% in a patient with non-fibrotic ILD up to 21.0% in a patient with IPF. EB-
PS-0OCT, endobronchial polarisation sensitive optical coherence tomography; ILD,
interstitial lung diseases; IPF, idiopathic pulmonary fibrosis.

In patients with ILD, 63% (n=60 pullbacks) of EB-PS-OCT imaging was
performed in the lower lobes, 4% (n=4 pullbacks) was performed in the
upper lobes and 33% of the pullbacks (n=31) were obtained from the
middle lobe. The birefringence extent detected by EB-PS-OCT in the lower
lobe and in the middle lobe of each patient were compared. Lower lobes
consistently showed more birefringence than the middle lobes, especially
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in idiopathic pulmonary fibrosis (IPF) and chronic hypersensitivity
pneumonitis (cHP) patients (online supplemental e-Figure 3).

EB-PS-OCT detected fibrosis versus HR-CT detected
fibrosis compared with histology

Comparing the continuous data from EB-PS-OCT detected birefringence
to the histology-based fibrosis score (n=8 Asthma, n=27 ILD), higher EB-
PS-OCT birefringence values corresponded to higher histological fibrosis
scores (figure 2). Lowest fibrosis scores were obtained from the asthma
controls and a non-fibrotic ILD patient, and highest scores originate
from an IPF and fibrotic cHP patient.

Current diagnostic tools including pulmonary function tests and HRCT
have significant limitations in detection of fibrosis and are considered
insufficient to detect subtle (progression of) fibrosis. To determine if EB-
PS-OCT has added value over HRCT we compared EB-PS-OCT perfor-
mance with HRCT to predict the fibrotic extent in histology. As histology
was used as a reference standard, we included only the imaged segments
for which histology was obtained (figure 1, secondary objective). Both
HRCT and biopsies were analysed for extent of fibrosis by independent
and blinded radiologists (Cohen’s kappa for interobserver agreement:
0.67 (95% CI 0.54 to 0.83) weighted kappa: 0.75) and a pathologist (Co-
hen’s kappa for intraobserver agreement: 0.88 (95% CI 0.76 to 0.99);
weighted kappa of 0.91), respectively.

Based on an ordinal regression model, EB-PS-OCT shows higher dis-
criminating performance than HRCT in predicting the histology fibrosis
classification (AUROC (95% CI)) 0.96 (0.92 to 1.00) vs 0.83 (0.73 to 0.93)
and overall accuracy (95% CI) 0.77 (0.60 to 0.90) vs 0.60 (0.42 to 0.76).

In vivo EB-PS-OCT identified ILD hallmarks

Conventional EB-OCT enables identification of histological features of
ILD.” 2 Additionally, EB-PS-OCT can distinguish fibrosis from other
aetiologies of loss of aeration and provides information on fibrotic dis-
tribution. Representative EB-PS-OCT results acquired in the asthma
controls and patients with ILD are shown in figures 3 and 4. Videos of
EB-PS-OCT pullbacks corresponding to figures 3 and 4 are provided as
online supplemental videos 1-5. Conventional EB-OCT intensity images
(grey scale) have been overlapped with EB-PS-OCT optic axis orientation
images (colour scale). In asthmatic controls, the added information of
optic axis orientation images to EB-OCT intensity images confirmed the
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absence of fibrosis in the distal parenchymal area by the low amount of
detected birefringence, although, as expected, in the proximal airway it
revealed a large amount of birefringent airway smooth muscle as a sign
of airway remodelling (figure 3, panel B1-B3). In fibrotic ILD cases, optic
axis orientation images confirmed the presence of fibrotic tissue in the
distal parenchymal area (figure 3, panel D1,2) by increasing amount of
birefringence. Results show that in optic axis orientation images, fibrotic
tissue fibres orientation varies significantly from region to region, as is
indicated by the different colours present in fibrotic areas (figure 3, panel
D1,D2). In contrast, non-pathological birefringent structures (eg, airway
smooth muscle layers, perichondrium) are characterised by fibres highly
organised in the same direction (figure 3, panel B1, B3, D1, D3).

Furthermore, EB-PS-OCT pullbacks acquired in vivo in patients with ILD
identified fibrotic distribution and specific histological ILD hallmarks of
different ILD subsets, which were visualised in the histology from the
corresponding biopsies (figure 4).

In our cohort, all four IPF patients showed a subpleural distribution of
fibrotic changes (figure 4A). For other, non-usual interstitial pneumo-
nia patients, an airway centred (fibrotic cHP) or a more diffuse (fibrotic
non-specific interstitial pneumonia) distribution of the fibrotic changes
were noted (figure 4B,C). A patient with smoking-related abnormali-
ties without fibrosis showed very little parenchymal birefringence, but
mainly enlarged alveolar (EA) spaces with some mucus filling corre-
sponding with emphysema (figure 4D). The ILD hallmarks visualised by
EB-PS-OCT that were histologically confirmed included: dense destruc-
tive fibrosis, interstitial fibrosis and traction bronchiectasis in the IPF
cohort. In this IPF cohort, no microscopic honeycombing was detected
in EB-PS-OCT images, nor was it found in histology. In fibrotic cHP,
we identified enlarged alveolar spaces among airway centred fibrosis. In
one cHP patient, microscopic honeycombing was detected adjacent to the
airway, indicating the airway centred rather than a subpleural oriented
disease (online supplemental e-Figure 4). None of the above-mentioned
hallmarks was visualised in any of the asthma controls. Thus, EB-PS-
OCT identified characteristic features which were exclusively present in
certain ILD subsets.
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Figure 3. Conventional EB-OCT and EB-PS-OCT images of right lower lobe
from an asthma patient (A, B), respectively and from an IPF patient (C, D),
respectively. In the asthma patient, conventional EB-OCT visualises lattice-like
signal-void areas recognised as normal alveoli in the lung parenchyma (A1) and
in the cross-sectional image from the distal part of the pullback (A2). Cross-
sectional image from the proximal part of the pullback shows airway smooth
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muscle layer structure (A3). The additional use of polarisation properties of light
to the conventional EB-OCT image results in the EB-PS-OCT pullback image,
where birefringent structures are visible in the different colours (B1). Each colour
indicates a different orientation of the tissue optic axis (right sided colour scale).
The absence of birefringence in the distal airway is shown by the absence of colours
in the cross-sectional image of the distal part of the EB-PS-OCT pullback (B2). In
the proximal part of the pullback a thick birefringent layer (in pink) indicates the
presence of an airway smooth muscle layer (B3). In the IPF patient, conventional
EB-OCT pullback (C1) shows the presence of a dilated, signal-void area connected
to the main airway compatible with a traction bronchiectasis. The two cross-
sectional images visualise alveolar tissue in the distal part of the pullback (C2)
and in the proximal part of the pullback hypodense tissue representing airway
smooth muscle (C3). Additionally, EB-PS-OCT enables the visualisation of regions
of dense subpleural fibrosis indicated by the presence of highly birefringent areas
with random optic axis orientation in the distal end of the pullback (D1) and in a
cross-sectional image from the same area (D2). A cross-sectional image from the
proximal part of the pullback (D3) shows the presence of airway smooth muscle
(in pink) and of a cartilage structure surrounded by a birefringent perichondrium
layer (in green). Optic axis orientation images have been calibrated using the
birefringent catheter sheath; this enabled to determine that birefringent
structures in pink are circumferentially oriented, while birefringent structures
in green are longitudinally oriented. The white dotted lines in OCT and PS-OCT
images delineate the tissue area not optically accessible because of the presence of
the wires feeding current to the motor. ASM, airway smooth muscle; EB-PS-OCT,
endobronchial polarisation sensitive optical coherence tomography; F, fibrosis;
IPF, idiopathic pulmonary fibrosis; TB, traction bronchiectasis.
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Figure 4. High-resolution CT (HRCT), H&E-stained histological section images
and EB-PS-OCT images from patients diagnosed with IPF (A), cHP (B), fNSIP (C)
and SR-ILD (D). Per pullback distal (parenchymal) part and proximal (airway)
part are differentiated. For the evaluation of the amount of fibrosis in the lung
parenchyma, only the distal part was analysed, as in the proximal part the amount
of birefringence is higher due to other structures (eg, airway smooth muscle and
cartilage). HRCT section indicates the segment where the EB-PS-OCT pullback
was obtained (yellow circle) and the radiological fibrosis score (A1, Bi, C1, D1).
(A) IPF: regions of interstitial fibrosis and dense fibrosis alternate with regions
of preserved lung parenchyma (A3). Traction bronchiectasis and airway smooth
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muscle are visible. The overall fibrosis of the distal area of the pullback is 20.64%.
(A2). Proximal cross-sectional image shows little fibrosis and airway smooth
muscle (A5). H&E-stained histology slide from the biopsied segment shows
combination of dense fibrosis and interstitial fibrosis. (A5). (B) cHP: Interstitial
fibrosis is noted subpleurally, most fibrotic changes are in the proximal part of
the distal area, indicating airway centred fibrosis (B2). Overall fibrosis of the lung
parenchyma was 7.81%. In areas of interstitial fibrosis and airway centred fibrosis
enlarged alveolar spaces and traction bronchiectasis are visible (B3 and B4).
Corresponding H&E histology shows interstitial fibrosis, peribronchial metaplasia
and distal bronchiole (B5). (C) NSIP throughout the entire distal part of the
pullback interstitial fibrosis is identified in a homogeneous pattern (C2). In areas
of fibrosis enlarged alveolar spaces are visible (C2 and C4). Airway smooth muscle
is identified, in the proximal part of the pullback (C2). Overall fibrosis in the
distal part of the pullback was 8.68%. H&E histology shows mild fibrotic changes
consisting of interstitial fibrosis (C5). (D) srILD: hardly any fibrosis visible in
the parenchymal part of the pullback (D2) (EB-PS- OCT detected fibrosis in the
distal part of the pullback is 4.98%) (D2). The extensive amount of birefringence
in the proximal part of the pullback is compatible with airway remodelling (D2).
Enlarged alveolar spaces indicate emphysema in this patient (D3). Presence of
mucus is noted (D4). Corresponding H&E histology shows no signs of fibrosis but
enlarged alveolar spaces compatible with emphysema (D5). ACF, airway centred
fibrosis; ASM, airway smooth muscle; cHP, chronic hypersensitivity pneumonitis;
DB, distal bronchiole; EA, enlarged alveolar spaces; EB-PS- OCT, endobronchial
polarisation sensitive optical coherence tomography; EM, emphysema; F, fibrosis;
IF, interstitial fibrosis; ILD, interstitial lung diseases; IPF, idiopathic pulmonary
fibrosis; NSIP, non-specific interstitial pneumonia; PBM, peribronchial metaplasia;
srILD, smoking-related ILD; TB, traction bronchiectasis.

Ex vivo PS-OCT results

One-to-one matches of fibrotic structures as visualised by PS-OCT and
histological images were performed by ex vivo measurements on the
resected SLB. Resulting PS-OCT ex vivo pullbacks were visually inspected
and 21 confident matches between PS-OCT cross-sections and histology
from 8 lung segments were found. The predominant features in these
matches are regions of dense fibrotic tissue as visualised in histology
that were identified by highly birefringent areas in PS-OCT cross-sec-
tional images. PS-OCT images visualised superficial birefringent areas
that were histologically confirmed as thickened pleura in the matching
histology (figure 5A,B).
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Figure 5. Matching histology of SLB and ex vivo EB-PS-OCT imaging. EB-PS-
OCT imaging was performed pulling back the catheter along the surface of surgical
lung biopsies from a patient with unclassified ILD (A) and a cHP patient (B). The
specimens were cut perpendicular to the probe direction allowing for EB-PS- OCT
and histology matching. In panel A) histology shows focal subpleural fibrosis (A1
and A2) and the cross-sectional image of the EB-PS- OCT shows birefringence
in the same area, consistent with the presence of subpleural fibrosis (A3). In B,
histology shows the presence of thickened pleura, subpleural fibrosis and fat cells
(H&E stain B1and B2). Corresponding to these structures, in the matching EB-PS-
OCT cross-section are visualised birefringent areas and signal void cystic spaces
(B3). Optic axis orientation images have been calibrated using the birefringent
catheter sheath; this enabled to determine that birefringent structures in pink are
circumferentially oriented, while birefringent structures in green are longitudinally
oriented. The white dotted lines in OCT and PS-OCT images delineate the tissue
area not optically accessible because of the presence of the wires feeding current
to the motor. EB-PS- OCT, endobronchial polarisation sensitive optical coherence
tomography; cHP, chronic hypersensitivity pneumonitis; ILD, interstitial lung
diseases; OA, optic axis; SLB, surgical lung biopsy.
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DISCUSSION

We found in vivo EB-PS-OCT to be a feasible, safe and minimally inva-
sive imaging technique in patients with ILD. By using the fibrotic tissue
specific-contrast provided by EB-PS-OCT, we demonstrated the ability
of EB-PS-OCT to detect and quantify pulmonary birefringence. Results
show differences in the mean birefringence area detected by EB-PS-OCT
in the lung parenchyma from non-fibrotic cases (2.54%-6.75% range, in
non-fibrotic ILD and asthma patients) and fibrotic cases (up to 21.01% in
an IPF patient). The use of lung biopsies from corresponding lung seg-
ments confirmed that an increase in EB-PS-OCT detected birefringence
corresponded to higher fibrosis extent in the biopsies. The ability of in
vivo EB-PS-OCT to detect fibrosis is in line with a recent study by Nandy
et al,”® in which quantitative birefringence measurements were compared
across tissue types in patients with ILD. Unique to EB-PS- OCT in this
study, is that besides the ability to detect birefringent structures, the
orientation of fibres is identified in optic axis orientation images. This
enables to distinguish different highly birefringent tissues such as air-
way smooth muscle and perichondrium from fibrotic parenchymal areas.
Moreover, the identification of fibres orientation helps identifying the
transition between distal and proximal airway and assists the distinc-
tion of specific ILD subsets based on the distribution of birefringence in
the airways. We envision the use of EB-PS-OCT as an add-on diagnostic
technique when HRCT is non-diagnostic or to evaluate whether fibrosis
is present or progressive over time. To this end, we compared the ability
of EB-PS-OCT to predict the extent of fibrosis in histology with HRCT.
Although HRCT has a central role in ILD diagnosis, it has limitations
in the distinction between inflammation and identification of fibrosis
due to similar HRCT findings (ie, ground glass opacities) or very subtle
radiological changes.®”?”"* Currently, the assessment of progressive pul-
monary fibrosis relies on deterioration of clinical symptoms, pulmonary
function tests or identification of progression on HRCT.** This warrants
a certain amount of irreversible damage before antifibrotic treatment can
be initiated. Our findings show that EB-PS-OCT, with a resolution ~50
times higher than HRCT and with unique specific contrast for fibrosis,
has better discriminative ability to evaluate the extent of fibrosis. Fur-
thermore, in addition to conventional EB-OCT, by identifying birefrin-
gent areas EB-PS-OCT may distinguish areas of fibrosis from areas with
a loss of aeration due to other factors such as atelectasis or inflammation.
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In this study, ex vivo PS-OCT measurements on resected lung biopsies
validated the potential of PS-OCT in identifying fibrotic tissue through
one-to-one matches between PS-OCT cross-sections and histology.
The presence of characteristic ILD features in EB-PS-OCT images was
confirmed with corresponding histopathology. The absence of these
hallmarks in EB-PS-OCT images from the asthma controls substantiates
EB-PS-OCT ability in discriminating pathological features specific for
ILD subsets.

This study has several limitations. Although our findings originate from
a relatively high number of pullbacks, we recognise the number of pa-
tients included represents a limitation of this study and implicates the
need for prospective validation in a larger patient cohort.

Additionally, the reported study population includes patients with ILD
with an inconclusive clinicoradiological diagnosis, and therefore, ex-
trapolation of the added value of EB-PS-OCT in cases with classifying
HRCT pattern remains to be established.

Currently, no universally accepted method is available for the quantifi-
cation of fibrosis in HRCT and in histopathology. The radiological and
histological four-class fibrosis score of each segment was provided based
on a pragmatic visual interpretation of the HRCT and lung biopsies rather
than a validated scoring tool. Thus, a method which reflects daily prac-
tice of ILD-MDT sessions in which radiologists and pathologists evaluate
the presence or progression of fibrosis based on their visual assessment
was chosen for being feasible and reproducible as shown by the high
weighted kappa score.

In the absence of healthy volunteers, we included three asthma patients
who underwent bronchial thermoplasty as non-fibrotic controls. As
bronchial thermoplasty was performed in the proximal airways, we do
not expect the amount of birefringence in the distal lung parenchyma
to be affected by it, which is in line with normal HRCT and normal lung
diffusion capacity. We recognise that asthma patients are not necessar-
ily free from parenchymal fibrotic changes. However, normal diffusing
capacity of the lungs for carbon monoxide and HRCT without parenchy-
mal abnormalities suggest absence of fibrosis. In non-fibrotic patients
(asthma and non-fibrotic ILD), detected birefringence ranged from
2.54% to 6.75%, meaning that a certain amount of birefringence should
be considered as normal and reflects the normal architecture of the lung
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parenchyma and its connective tissue. Based on the current study, we
cannot establish the optimal threshold to differentiate fibrosis from non-
fibrotic areas, including normal alveolar tissue or areas with an increased
birefringent signal due to other reasons than fibrosis (ie, atelectasis).
More research is needed to establish such a threshold.

As a reference standard for EB-PS-OCT detected fibrosis and ILD hall-
marks, we included TBCB besides SLB as histological reference, which
considering its limitation in size may increase the risk of sampling error.
However, a growing body of evidence shows adequate diagnostic perfor-
mance of TBCB as is illustrated by the recent guideline recommendations
for the use of TBCB as a first step diagnostic approach for tissue diagno-
sis.°73 Our study adds to the hypothesis that EB-PS-OCT can potentially
prevent invasive tissue acquisition by providing ‘optical’ histological ILD
features and extent of fibrosis without the need for tissue extraction.
Furthermore, due to its minimally invasive character, longitudinal mea-
surements may identify presence and/or progression at an early stage or
when HRCT is inconclusive.

In conclusion, EB-PS-OCT is feasible and safe and enables accurate in
vivo quantification of fibrosis and identification of ILD features/hallmarks
in the lung parenchyma of patients with ILD in a minimally invasive
way. On further validation, this novel imaging technique has potential to
influence ILD diagnostic, therapeutic and monitoring strategies omitting
the need for tissue acquisition with added value to the currently widely
used and accepted HRCT.
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SUPPLEMENTARY

e-Table 1. In- and exclusion criteria for study participation.

Inclusion criteria

+ >18 years of age

« ILD on HR-CT

+ No classifying diagnosis based on clinical data including laboratory results and HR-CT
+ ILD-MDT panel indication for histology by lung biopsy

Exclusion criteria

- Inability and unwillingness to provide informed consent

- Inability to comply with study protocol

- Prothrombin time international normalized ratio (INR) >1.3

- Use of clopidogrel, or other new anti-platelet therapy, or anticoagulant drugs that can-
not be stopped temporarily

+ Thrombocytopenia <70x10A9/L

- History of pulmonary hypertension (systolic pulmonary artery pressure > 50 mmHg)
- Diffusing capacity < 30%

« Forced vital capacity <50%

- Forced expiratory volume in the first second (FEV1) <0,8L or <50% of predicted value
+ Body mass index >35

- Pregnancy

e-Appendix 1: EB-PS-OCT data processing and fibrosis
quantification:

Analysis of the acquired EB-PS-OCT raw-data was performed in MATLAB
R2021a (MathWorks) in post-processing. Conventional OCT intensity im-
ages were generated from raw data and displayed in grayscale with 55 dB
dynamic range. For all the acquired frames, after compensating for the
polarization mode dispersion induced by the optical fibers in the system
[1], birefringence properties of tissue were extracted using the differen-
tial Mueller matrix algorithm developed by Villiger et al [2]. To retrieve
depth-resolved optic axis orientation images, the presence of preceding
birefringent layers of tissue with a different optic axis was compensated
[3]. Moreover, the variation of the incident polarization state induced by
the rotation of the motor at the tip of the catheter was corrected. Abso-
lute orientation of the tissue optic axis was extracted using the catheter
sheath, made of homogenously oriented birefringent material, as cali-
bration tool [4]. This enabled the discrimination of parallel and circum-
ferentially oriented birefringent tissue structures. Birefringent structures
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were automatically segmented by thresholding optic axis orientation
images based on optic axis uniformity over a small region (threshold
value of 0.55) [5]. The optic axis uniformity was calculated over a two-
dimensional spatial kernel (4x18 pixels), which correspond to 26 pm in
depth and 7° along the azimuthal direction. In each frame the percentage
of birefringent area over the total OCT cross section was calculated, ex-
tending from the outer sheath of the catheter to an imaging depth of 790
pm. To quantify fibrosis in the lung parenchyma, a distinction between
peripheral parenchymal (distal) area of the pullback imaging the alveolar
compartment and proximal part of each pullback imaging the airways
was made. The peripheral parenchymal area of the pullback (100-350
adjacent frames per pullback) was identified in post-processing by i) the
presence of alveoli adjacent to the EB-PS-OCT probe and ii) the absence
of birefringent airway smooth muscle. This distinction was performed by
a reader with expertise in EB-PS-OCT who manually assessed individual
cross-sectional images based on the above criteria.
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e-Appendix 2

Criteria for the categorical fibrosis scoring system for histology:

Fibrosis score 0: Fibrosis score 1: Fibrosis score 2: Fibrosis score 3:

No fibrosis Mild fibrosis Moderate fibrosis Severe fibrosis

Normal lung Focal slight increase of Moderate, focal, Diffuse prominent

parenchyma without alveolar wall thickness increase in alveolar wall | increase in thickness of

presence of fibrosis by collagen thickness by collagen alveolar walls by
collagen

A) 200 ym | B) 200 ym | ) 200 ym | D) 200 ym

Fibrosis ,W W [m
score: 0 score: 1 score: 2 score: 3
Hematoxylin-eosin (H&E) stained histologic sections for different fibrosis scores.

A) fibrosis score 0= no fibrasis. The image shows prominent collapse of thin alveolar walls, B)
fibrosis score 1= mild fibrosis, C) fibrosis score 2= moderate fibrosis, C) fibrosis score 3=severe
fibrosis)

Criteria for the categorical fibrosis scoring system for HRCT:

Fibrosis score 0: Fibrosis score 1: Fibrosis score 2: Fibrosis score 3:

No fibrosis Mild fibrosis Moderate fibrosis Severe fibrosis

lung parenchyma some reticulation with reticulation with clear Reticulation with

without reticulation or very little to none but limited signs of extensive distortion and

anatomical distortion architectural distortion distortion and traction traction bronchiectasis
bronchiectasis

Fibrosis Fibrosis Fibrosis
score: 0 score: 1§ score: 3

High resolution computed tomography (HRCT) scans for different fibrosis scores.

A) fibrosis score 0= no fibrosis, B) fibrosis score 1= mild fibrosis, C) fibrosis score 2= moderate
fibrosis, C) fibrosis score 3= severe fibrosis). For each panel the yellow circle in the HRCT
section indicates the segment for which the fibrosis score is assessed.
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Figures

e-Figure 1. Schematic drawing of the in-vivo endobronchial polarization sensitive
optical coherence tomography (EB-PS-OCT) procedure. Volumetric EB-PS-OCT
images were acquired by advancing the EB-PS-OCT probe through the working
channel of the bronchoscope to the periphery of each lung segment until pleural
resistance.
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e-Figure 2. Reproducibility of the birefringent content detected by in-vivo
endobronchial polarization sensitive optical coherence tomography (EB-PS-
OCT). A) EB-PS-OCT detected birefringent content in two consecutive pullbacks
(pullback 1 in blue and pullback 2 in red) acquired in segment RB10 from a cHP
patient. B) EB-PS-OCT detected birefringent content in two consecutive pullbacks
(pullback 1 in blue and pullback 2 in red) acquired in segment RB9 from a different
cHP patient. EB-PS-OCT detected birefringent content is expressed as percentage
of birefringence over the total PS-OCT cross-section extending from the catheter
sheath.
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e-Figure 3. ILD patients with inconclusive or inconsistent HRCTs, EB-PS-OCT
detected fibrosis in the alveolar compartment of the lower lobe (LL), resulted
to be consistently higher than in the alveolar compartment of the middle lobe
(ML) in patients diagnosed with IPF and FNSIP. In patients diagnosed with cHP,
EB-PS-OCT detected fibrosis in the alveolar compartment of the lower lobe (LL),
resulted to be significantly higher than in the alveolar compartment of the middle
lobe (ML) (p value=0.069). In SR-ILD the EB-PS-OCT detected fibrosis in the
alveolar compartment of the middle lobe resulted to be higher than in the alveolar
compartment of the upper lobe (UL).
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Proximal

e-Figure 4. High resolution computed tomography (HRCT), Hematoxylin-eosin
(H&E) stained histologic section images and PS-OCT images of lung segment RB9
from a patient diagnosed with chronic hypersensitivity pneumonitis (cHP). The
PS-OCT pullback illustrates presence of airway centered fibrosis (ACF) around
the airways proximal to regions with preserved alveolar architecture. A.1) HRCT
image, the yellow circle indicates the region of interest (segment RB9) in which
the biopsy from figure A.5 and PS-OCT images from figure A.2-4 were acquired.
A.2) Volumetric PS-OCT pullback shows the presence of airway centred fibrosis
(ACF). A.3,4) OCT and OA cross sectional images, taken from the locations of
the PS-OCT pullback (A.2) show presence of interstitial fibrosis (IF), microscopic
honeycombing (HC) and airway smooth muscle (ASM). A.5) Hematoxylin-eosin
(H&E) stained histologic section from transbronchial cryobiopsy of corresponding
lung segment confirmed presence of microscopic honeycombing (marked with a
black circle).

The white dotted lines in PS-OCT images delineate the tissue area not optically
accessible because of the presence of the wires feeding current to the motor.
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To the Editor:

In 15-30% of patients with a fibrotic interstitial lung disease (ILD), tis-
sue acquisition is indicated, as the diagnostic confidence based on clinical
and radiological investigations does not justify a specific treatment al-
location (1). However, surgical lung biopsy and transbronchial cryobiopsy
are associated with considerable risks of morbidity and even mortality
(2). Minimally invasive imaging techniques have the potential to obviate
the need for tissue biopsy in at least a proportion of these patients (3).

Therefore, we are excited by the work of Nandy and colleagues and con-
gratulate them on their work on endobronchial optical coherence tomog-
raphy (EB-OCT) in fibrotic ILD (3). With histopathology of surgical lung
biopsy as reference standard, EB-OCT convincingly distinguished usual
interstitial pneumonitis (UIP) from non-UIP disease in patients with un-
classifiable ILD. In addition, non-UIP ILD diagnoses were identified with
EB-OCT with high concordance with histopathological diagnosis (3).

To fully appreciate the added value of EB-OCT to the current diagnostic
workup (clinical evaluation, high-resolution computed tomography, and
BAL), it is important to have additional insights in patient characteristics
and selection. A description of the high-resolution computed tomography
patterns and a clinical-radiological diagnosis, as assessed by a multidis-
ciplinary discussion, in Table 3 would have been helpful. Can the authors
provide more details on this aspect?

Our study group has EB-OCT experience from more than 50 patients, and
we have learned that adequate and reproducible EB-OCT imaging can be
challenging. First, subpleural probe placement is of key importance to
differentiate between UIP and non-UIP disease. Nandy and colleagues
report that the presence of pleural resistance confirmed subpleural
positioning. In our experience, especially in patients with extensive
fibrotic changes, it can be difficult to reach the subpleural space, and
in general when the OCT probe hits a carina, this can resemble pleu-
ral resistance. Therefore, a validated method for correct EB-OCT probe
positioning seems needed. We have noticed that in a subset of patients,
we were able to visualize the pleura and/or thoracic wall and thereby
confirmed subpleural placement of the EB-OCT probe (4). We question
if this “subpleural sign” could be used for probe positioning. Second, in
our experience, EB-OCT alveolar image quality improves when flushing
with saline just before the OCT pullback; do the authors have a similar
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experience? Third, it is not clear whether the same airway segments were
measured multiple times, and therefore image reproducibility is not ad-
dressed. Furthermore, can the authors comment on image interpretation:
was it based on all cross-sectional images (1,340 images per pullback)
or on the three-dimensional reconstructions of the entire pullback, or
both? In this respect, what were the EB-OCT image interpretation train-
ing requirements?

For future direction, the authors postulate that EB-OCT, given the low-
risk nature of the procedure, can be used for longitudinal measurements.
Indeed, in addition to identification of EB-OCT patterns, quantifying the
amount of fibrosis would be helpful to evaluate treatment response or
disease progression. Polarization-sensitive OCT (PS-OCT) could provide
the contrast to quantify fibrosis; this is currently being explored by our
study group to strengthen the potential of EB-(PS)OCT in respiratory
diseases (5, 6). We warmly encourage further studies investigating the
diagnostic potential of EB-(PS)OCT, with the aim of improving safe and
minimally invasive diagnostics for the vulnerable population of patients
with ILD.
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ABSTRACT

Background:

Survivors of the early exudative phase of acute respiratory distress
syndrome (ARDS) may develop a fibroproliferative repair response and
persistent microstructural remodeling associated with adverse outcomes.
Conventional imaging, including chest computed tomography (CT), has
limited biological specificity for early microscopic remodeling. Confocal
laser endomicroscopy (CLE) enables real-time bronchoscopic imaging of
the alveolar compartment with near-histologic resolution. We evaluated
the feasibility and safety of bedside bronchoscopic CLE in invasively ven-
tilated ICU patients with acute respiratory failure and explored whether
in vivo CLE provides microscopic alveolar information complementary to
chest CT.

Methods:

In this single-center observational pilot study, mechanically ventilated
adult ICU patients with a clinical indication for bronchoalveolar lavage
(BAL) underwent additional bedside bronchoscopic CLE. Primary end-
points were feasibility (21 interpretable alveolar video with visible sep-
tal architecture per procedure) and safety (CLE-related adverse events
within 24 hours). Secondary exploratory endpoints were dominant in
vivo CLE patterns of alveolar filling (air, fluid, cells) and architecture
(thin elastin fibers with hexagonal architecture; increased elastin with
preserved architecture; increased elastin with distortion) and qualita-
tive comparison with CT abnormalities in the imaged segments. As an
exploratory additional analysis, ex vivo CLE was performed in a single
autopsy case and compared with histopathology.

Results:

Thirty-three patients were included (median age 64 years; 61% male);
31/33 met Berlin ARDS criteria. Forty-one CLE procedures were per-
formed, all yielding high-resolution alveolar imaging (procedural feasi-
bility 100%). A total of 150 videos were acquired (mean acquisition time
46 seconds per video), with a mean of three bronchial segments imaged
per procedure. No CLE-related adverse events occurred. Patterns that
were recognized by CLE were: alveolar filling with air (n=94, 63%), fluid
(n=18, 12%), cells (n=38, 25%); alveolar architecture was described as
thin elastin fibers with hexagonal architecture (n=37; 25%), increased
elastin fibers with preserved architecture (n=80; 53%) or distorted archi-
tecture (n=29; 19%). Architecture was undeterminable in 4 (3%) videos.
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CLE detected abnormalities in 6/7 CT-normal appearing segments and
demonstrated architectural changes in 60/78 segments with ground-
glass opacities. In the autopsy case, ex vivo CLE was concordant with
histopathology: regions with increased and distorted CLE signal corre-
sponded to thickened alveolar septa and fibrotic remodeling.

Conclusion:

Bedside bronchoscopic CLE is feasible and safe in mechanically ventilated
ICU patients with ARDS. CLE provides complementary microscopic in-
formation on alveolar filling and architecture beyond chest CT, including
features compatible with early structural remodeling.

BACKGROUND

Patients with severe acute respiratory failure requiring invasive ventila-
tion are frequently classified as having acute respiratory distress syn-
drome (ARDS) (1). ARDS, however, is a heterogeneous clinical syndrome.
It is likely that this heterogeneity contributes to the repeated failure of
interventions to improve clinical outcomes in unselected patients. Several
approaches to identify more homogeneous ARDS subgroups have been
proposed, including subphenotyping based on etiology, systemic inflam-
matory profiles, and radiological characteristics(2).

A direct histopathological approach to subphenotyping is rarely feasible,
because surgical lung biopsy in these critically ill patients entails sub-
stantial procedural risk. Nevertheless, while diffuse alveolar damage
(DAD) is classically linked to ARDS, autopsy data and limited open lung
biopsy data indicate that DAD is present in only ~45% of patients ful-
filling clinical ARDS criteria, underscoring the biological heterogeneity
within the syndrome (3, 4). Importantly, in selected cohorts undergoing
surgical lung biopsy, histological information frequently leads to changes
in clinical management, suggesting that distinct underlying pathological
patterns are clinically meaningful (5). Another clinically relevant aspect
of heterogeneity is how lung injury evolves over time. Following an early
exudative phase, some patients transition into fibroproliferative repair
and, in a subset, ongoing microstructural remodeling, which has been
associated with worse outcomes(6). Chest CT and lung ultrasound are
increasingly used in acute respiratory failure, but their ability to capture
microscopic injury and repair is limited.
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Confocal laser endomicroscopy (CLE) is a minimally invasive broncho-
scopic imaging technique. CLE enables real-time imaging of the alveolar
compartment with near histology resolution by visualization of the elas-
tin fiber scaffold. In healthy volunteers the alveolar area is characterized
by thin elastin fibers interconnected in hexagonal architecture with air-
filled alveolar spaces(7). An overview, including technical aspects and
clinical implications, of this novel technique was published previously(8).

On a microscopic level, fibrotic remodeling is characterized by excessive
extracellular matrix deposition, with collagen as a key component. How-
ever, increased and distorted elastin fibers within the alveolar network
have also been described in fibrotic lung disease and in non-resolving
fibroproliferative ARDS. Since structural remodeling can affect respira-
tory mechanics, bedside assessment of the elastin scaffold may provide
clinically meaningful information beyond conventional imaging(9-11).

Given the marked biological heterogeneity underlying the clinical ARDS
syndrome and the limited feasibility of obtaining histology in invasively
ventilated ICU patients, bedside in vivo microscopy may provide comple-
mentary biological information to conventional imaging. We therefore
conducted a single-center observational pilot study of bronchoscopic CLE
in mechanically ventilated patients with acute respiratory failure. The
primary aim was to assess procedural feasibility and safety. Secondary,
exploratory aims were to describe the spectrum of in vivo CLE patterns
of alveolar filling and architecture encountered at the bedside, and to
explore whether these patterns show qualitative concordance with CT
abnormalities in the CLE-imaged segments. We expected CLE to dem-
onstrate distinct patterns of alveolar filling and architectural change,
potentially beyond what CT can detect. We therefore explored qualitative
concordance between CLE patterns and CT abnormalities within the same
imaged segments. Data from this study have been presented in part as a
conference abstract (12).

METHODS

Study design and study cohort

This single-center observational pilot study was approved by the
institutional review board of Amsterdam University Medical Center
(NL61112.018.17) and subsequently extended under a follow-up protocol
(NL76007.018.20). The extension enabled inclusion of patients with CO-
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VID-19 and allowed inclusion of an autopsy case for exploratory ex vivo
measurements. Written informed consent was obtained from patients’
legal representatives prior to study procedures.

Eligible participants were adult ICU patients receiving invasive mechani-
cal ventilation with a clinical indication for diagnostic bronchoscopy
(including bronchoalveolar lavage). Patients were excluded if informed
consent could not be obtained from legal representatives or if extracor-
poreal membrane oxygenation (ECMO) was in use.

Final clinical diagnosis of respiratory failure was established in a mul-
tidisciplinary meeting (including intensivists, pulmonologists, and a
radiologist) using all available clinical data, excluding CLE images.

Bronchoscopic CLE imaging

CT scanning was performed prior to bronchoscopic CLE imaging and was
used as guidance towards location of the CLE imaging, based on most
prominent abnormalities.

Following diagnostic bronchoscopy, CLE imaging was performed using
the Cellvizio® 100 Series with the 1.4-mm AlveoFlex Confocal Mini-
probe™ (Mauna Kea Technologies, Paris, France), providing real-time
autofluorescence imaging (488-nm excitation, >500-nm emission) with
a field of view of 600 pm, lateral resolution up to 3.5 pm, and imaging
depth up to 70 pm. The probe was advanced through the bronchoscope
working channel until the alveolar compartment was reached, defined by
visualization of alveolar septae. Videos were acquired per imaged seg-
ment and stored for offline analysis.

CT and CLE image assessment

All CLE videos were analyzed at the video level. Each video was linked to
a CT-defined segment based on the bronchoscopic location where CLE
imaging was performed.

CT evaluation
A chest radiologist assessed the dominant CT pattern in the imaged lung
segments according to the Fleischner glossary of terms for thoracic im-

aging(13).
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CLE assessment

Videos were scored for dominant patterns of alveolar filling and architec-
ture. Alveolar architecture was categorized as: (1) thin elastin fibers with
hexagonal architecture, (2) increased elastin fibers with preserved archi-
tecture, or (3) increased elastin fibers with distortion of normal alveolar
architecture. Alveolar filling was classified as: air, fluid, or cells. Cellular
alveolar filling’ was defined as intra-alveolar cellularity. As CLE does not
permit definitive cell identification, this pattern was not subclassified by
cell type.

Dominant alveolar filling and architecture patterns on CLE were assessed
by two respiratory physicians experienced in CLE (KK and LW), who were
blinded to CT findings.

Ex vivo CLE-histology comparison

In the event of a clinical autopsy, ex vivo CLE imaging was first performed
on unprocessed excised lung tissue. The specimen was subsequently
formalin-fixed and paraffin-embedded, sectioned, and the CLE probe
was used to acquire images directly from the unstained tissue sections on
glass slides, before hematoxylin and eosin (H&E) staining.

To enable 1:1 correlation, an overview ‘map’ of the unstained section was
generated using confocal laser scanning microscopy (Leica SP-8; exci-
tation 488 nm, emission 505-554 nm; resolution 2 x 2 pm; scan area
17 x 24 mm). This was needed to relocate the exact CLE-imaged regions
after staining. The overview scan was used solely for navigation and not
for pattern classification. After H&E staining of the same section, his-
topathological findings were compared with the corresponding ex vivo
CLE images to assess concordance, including features compatible with
fibrotic remodeling.

Study endpoints
The primary endpoints were feasibility and safety.

Feasibility was defined as the proportion of CLE procedures in which
at least one interpretable alveolar video with septal architecture was
successfully acquired.

Safety was defined as the occurrence of any adverse event judged to be
related to CLE within 24 hours after the procedure. Predefined events of
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interest included pneumothorax and clinically relevant airway bleeding
or desaturation.

Secondary exploratory endpoints were (1) identification of dominant
in vivo CLE patterns of alveolar filling and architecture and (2)
qualitative comparison of CLE patterns with CT abnormalities in the
imaged segments. An additional exploratory endpoint was ex vivo CLE-
histopathology concordance in a single autopsy case.

Table 1: Patient characteristics

N=33
Age years (median; range) 64; 25-78
Male (N; %) 20; 61%
Smoking status at the time of hospital admission

Active smoker (N; %) 5; 15%

Non-smoker (N; %) 26; 84%

Not reported (N; %) 2; 6%

Cause for acute respiratory failure
ARDS (N; %) 31; 94%
Cardiogenic pulmonary edema (N; %) 1; 3%
Sputum plugging (N; %) 1; 3%
ARDS etiology (N=31)

Pneumonia (N; %) 25; 76%
COVID 18; 72%
Influenza 3; 9%
Other 4 12%

Sepsis (N; %) 1; 3%
Severe Trauma (N; %) 2; 6%

Mimick: panbronchiolitis (N; %) 1; 3%

Mimick: acute interstitial pneumonia (N; %) 1; 3%

Mimick: Aspergillus pneumonia (N; %) 1; 3%

ARDS severity at the time of CLE procedure (N=41)

Mild (N; %) 5; 12%

Moderate (N; %) 19; 46%

Severe (N; %) 15; 37%

Not applicable* (N; %) 2; 5%

30-day mortality (N; %) 115 33%
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Sample size and statistical analysis

Given the exploratory pilot design, no formal sample size calculation was
performed; a convenience sample of up to 35 inclusions was planned.
Recruitment occurred when trained personnel and CLE equipment were
available; apart from these operational constraints, no additional prese-
lection criteria were applied.

Given the exploratory design, analyses were primarily descriptive. Con-
tinuous variables are reported as median (range) or mean (+SD), as ap-
propriate; categorical variables as counts and percentages. CLE outcomes
were analyzed at the video level and linked to the CT-defined segment
in which imaging was performed. Cross-tabulations were used to sum-
marize the distribution of dominant CLE alveolar filling and architectural
patterns across dominant CT patterns. No formal hypothesis testing was
planned and no adjustment for repeated procedures within patients was
performed; results should therefore be interpreted as descriptive.

RESULTS

Study cohort

Between October 11, 2017 and January 24, 2022, we enrolled 33 mechani-
cally ventilated ICU patients with acute respiratory failure in a conve-
nience sample. Inclusion depended on the on-site availability of trained
staff and CLE equipment and recruitment was intermittently paused due
to ICU operational constraints, including the early phase of the COVID-19
pandemic. Thereby, inclusion was primarily constrained by staff and
equipment availability. The cohort had a median age of 64 years and was
61% male. All had bilateral opacities on chest CT. Thirty-one patients
met the Berlin criteria for ARDS(14); the remaining two had cardiogenic
pulmonary edema (n=1) and sputum plugging (n=1). ARDS was predomi-
nantly pulmonary infection-related. Thirty-day ICU-mortality was 33%
(11/33). Baseline characteristics are summarized in Table 1.

At the time of imaging, patients had typically been ventilated for ap-
proximately one week , and CT was performed a median of 1 day before
CLE (Table 2).

Feasibility and safety

CLE imaging was feasible in all included patients and 6 patients under-
went repeated imaging procedures (Table 2). One planned CLE procedure
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was cancelled due to oxygen desaturation during bronchoalveolar lavage
(BAL) prior to CLE; this patient underwent three other successful CLE
imaging procedures.

In total, 150 CLE videos were obtained (Figure 1). Mean acquisition time
per video was 46 seconds (range 11-222). A mean of three lung segments
per patient were imaged, resulting in <5 minutes additional bronchos-
copy time.

One patient developed a right-sided pneumothorax within 24 hours after
CLE. After multidisciplinary review, this was considered to be unrelated
to the CLE as the pneumothorax occurred directly after central venous
line placement, a more likely explanation.

No clinically relevant bleeding occurred, and no procedure was termi-
nated due to desaturation.

CLE imaging assessment

Videos were scored for alveolar filling and architecture and linked to the
corresponding CT pattern in the sampled segment (Table 3). In CT-nor-
mal segments (n=7 videos), CLE showed fluid filling in 4, cellular filling
in 2, and predominantly air-filled alveoli in 1. Alveolar architecture was
largely preserved; increased elastin signal was observed in two videos,
and architecture could not be assessed in one due to extensive cellular
filling (Figure 1, Panel 1).

In segments with ground-glass opacity as the dominant CT pattern
(n=78), CLE showed predominantly air-filled alveoli in 55 (71%), cellular
filling in 16 (21%), and fluid filling in 7 (9%) (Figure 1, Panels 2-4).
Among air-filled videos, 49/55 (89%) showed architectural abnormali-
ties. The dominant architectural patterns were increased elastin fibers
with preserved architecture (50/78; 64%) and increased elastin fibers
with distortion (10/78; 13%) (Figure 1, Panels 4-5). Normal architecture
was observed in 18/78 (23%) videos; 12/18 (67%) of these still demon-
strated alveolar filling.

In segments with dominant reticulation on CT (n=28), all videos showed
increased elastin signal. Increased elastin fibers with distortion was the
dominant pattern in 17/28 (61%) videos(Figure 1, Panel 6); in the remain-
ing 11/28 (39%), increased elastin with relatively preserved architecture
was dominant, although focal distortion was still present.
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Table 2: CLE imaging procedures, CT patterns and CLE patterns

N=33
Number of patients, with at least 1 CLE imaging procedure (N) 33
Patients with 1 CLE procedure 27
Patients with 2 CLE procedures A
Patients with 3 CLE procedures
Total number of in vivo CLE procedures (N) 41
Duration of invasive mechanical ventilation at CLE imaging days 3 (0-24)
(median; range)
1st CLE procedure (n=33) 5 (0-37)
2nd CLE procedure (n=6) 12 (9-18)
3rd CLE procedure (n=2) 25 (24-26)
Time between last CT scan and CLE imaging days (median; range) 1(0-3)
Dominant CT pattern in successfully CLE imaged segments (N=150)
Normal (N; %) 7 (4.7%)
Ground glass (N; %) 78 (52%)
Consolidation (N; %) 28 (19%)
Reticulation (N; %) 28 (19%)
Tree in bud (N; %) 5 (3.3%)
Atelectasis (N; %) 4 (2.7%)
Dominant CLE imaged alveolar filling pattern (N=150)
Air (N; %) 94 (63%)
Cells (N; %) 38 (25%)
Fluid (N; %) 18 (12%)
Dominant CLE imaged alveolar architecture (N=150)
Thin elastin fibers with hexagonal architecture (N; %) 37 (25%)
Increased or thickened fibers with preserved architecture (N; %) 80 (53%)
Increased fibers with distortion of architecture (N; %) 29 (19%)
Undeterminable (N; %) 4 (2.6%)

In consolidated segments (n=28), CLE most often showed air-filled al-
veoli (15/28; 54%) or cellular filling (10/28; 36%). Architecture was clas-
sified as normal in 13/28 (46%) videos, of which 8/13 (62%) showed al-
veolar filling (cells n=6; fluid n=2). Five videos (5/28; 18%) demonstrated
both predominantly air-filled alveoli and normal architecture. Increased
elastin with preserved architecture was observed in 13/28 (46%) con-
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solidation videos and distortion in 2/28 (7%) (Figure 1, Panel 7). A full
overview of CLE patterns stratified by CT pattern is provided in table 3.

Of the videos showing cellular alveolar filling (38/150, 25%), 15 (39%)
were obtained from patients who were active smokers at hospital ad-
mission, 21 (55%) from non-smokers, and 2 (5%) from patients whose
smoking status was not reported (Table 1).
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Serial CLE imaging

Of the 150 videos, 126 were obtained during the first CLE procedure per
patient, 13 during a second procedure, and 11 during a third. Alveolar fill-
ing decreased across follow-up procedures (first: 53/126 [42%]; second:
3/13 [23%]; third: 0/11 [0%]). Architectural abnormalities were common
at all time points with increasing incidence over time (88/126 [70%],
11/13 [85%], and 10/11 [91%] for first, second, and third procedures,
respectively). The proportion of videos showing increased elastin with
distortion increased across procedures (20/126 [16%], 3/13 [23%], and
6/11 [55%]).

Ex vivo CLE-histopathology comparison

In one patient with COVID-19-associated ARDS, autopsy tissue enabled
qualitative comparison of in vivo and ex vivo CLE with histopathology.
In vivo CLE on day 12 after intubation (one day prior to death) showed
prominently thickened elastin fibers with areas of preserved alveolar
architecture and regions of distortion (Figure 2A). Ex vivo CLE mosaics
from the autopsy specimen demonstrated similar heterogeneity, with
preserved areas alongside regions of increased signal and architectural
distortion (Figure 2B). Histopathology confirmed corresponding abnor-
malities, and areas of fibrotic remodeling on H&E aligned with regions
of increased CLE signal, with fluorescence outlining thickened alveolar
septa (Figure 2C; Figure 3). Although the in vivo and ex vivo images were
obtained from the same specimen and likely represented overlapping
regions, they did not provide an exact 1:1 spatial match. Using a slide-
based mapping approach (Methods; Figure 3A), ex vivo CLE acquired of
an unstained tissue section could be matched 1:1 to H&E findings after
staining of the same section (Figure 3B-C). In these co-localized regions,
areas showing fibrotic remodeling on histology corresponded to increased
CLE signal outlining thickened alveolar septa. In addition to structural
abnormalities, individual intra-alveolar cells could be identified (arrow-
heads; Figure 3A and 3C).
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Table 3 CLE patterns stratified by CT pattern

Normal 1 2 4 4 2 0 1
(N=7)
Ground glass 55 16 7 18 50 10 0
(N=78)
Reticulation 21 5 2 0 1 17 0
CT  (N=28)
pattern L.
(N=150) Consolidation 15 10 3 13 13 1 1
(N=28)
Tree in bud 0 4 1 1 2 0 2
(N=5)
Atelectasis 2 1 1 1 2 1 0
(N=4)

50 ym

Figure 2. In vivo and ex vivo CLE imaging in COVID-19 ARDS with histologic
correlation.

Symbols are consistent across panels: solid arrows indicate thin alveolar septa;
dotted arrows indicate septal thickening/increased elastin signal consistent with
fibrotic remodeling; the asterisk marks an area with loss of recognizable alveolar
architecture. (A) In vivo CLE acquired one day prior to death. (B) Ex vivo CLE
mosaic from autopsy lung tissue. (C) Corresponding hematoxylin and eosin-
stained section from the same specimen, also demonstrating intra-alveolar
hemorrhage with airspaces filled by erythrocytes.
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Figure 3. 1:1 mapping of ex vivo confocal autofluorescence imaging to histology in
autopsy lung tissue from fatal COVID-19 ARDS.

Symbols are consistent across panels: arrowheads indicate individual intra-
alveolar cells; solid arrows indicate thin alveolar septa; dotted arrows indicate
septal thickening/increased elastin signal consistent with fibrotic remodeling
(f). (A) Overview confocal laser scanning microscopy autofluorescence map of an
unstained formalin-fixed paraffin-embedded tissue section (Leica SP-8; 488-nm
excitation), used as a navigation map to relocate regions of interest for probe-
based CLE. (C) Probe-based CLE image (Cellvizio® 100 Series) acquired from
the mapped region on the same section, demonstrating increased signal along
thickened septa in areas corresponding to fibrosis. (B) Subsequent H&E staining
of the same section confirms fibrotic remodeling (increased collagen deposition
and fibroblasts) in regions of increased autofluorescence/CLE signal. Together,
the panels illustrate concordant spatial localization of fibrotic areas and the
visualization of intra-alveolar cells.

DISCUSSION

This single-center observational pilot study demonstrates that confocal
laser endomicroscopy (CLE) can be integrated into routine diagnostic
bronchoscopy to provide real-time bedside imaging of the alveolar
compartment in mechanically ventilated ICU patients with acute
respiratory failure. In line with our primary aims, procedural feasibility
was 100% and CLE acquisition added less than five minutes to standard
bronchoscopy, without CLE-related adverse events in this cohort.
As secondary, exploratory findings, CLE revealed distinct patterns of
alveolar filling and architecture, and these patterns showed qualitative
concordance with CT abnormalities in the imaged segments. Taken
together, these data extend the limited ICU literature on CLE by linking
in vivo alveolar micro-imaging to CT-defined segments and support the
concept that bedside “alveolar microscopy” can complement conventional
imaging in a biologically heterogeneous syndrome where histology is
rarely available.
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Compared with CT, CLE identified microscopic abnormalities in most
CT-normal appearing segments that were sampled, and revealed
architectural changes consistent with remodeling in many segments
with ground glass opacities. Together, these observations support
prior reports suggesting that CT scans are often non-specific for early
fibroproliferation in ARDS(15). Although ground-glass opacities on CT
are commonly attributed to edema, inflammation, or partial alveolar
collapse, our CLE patterns suggest that microscopic architectural
remodeling may already be present in a subset of these regions. Within
CT-defined consolidations, a minority of sampled regions demonstrated
preserved aeration and normal architecture on CLE, which may reflect
atelectasis rather than parenchymal disease, although CLE sampling
error cannot be excluded.

Beyond adding microscopic information to CT findings, CLE has practi-
cal advantages in the ICU. Lung ultrasound is an important bedside tool
because it is non-invasive and radiation-free, but it remains limited to
macroscopic patterns and cannot visualize alveolar microstructure. On
the other hand, CLE requires bronchoscopy; however, in mechanically
ventilated patients with acute respiratory failure, bronchoscopy with BAL
is often clinically indicated, allowing CLE to be integrated into the same
procedure with limited additional invasiveness and minimal prolonga-
tion. In this setting, CLE provides a direct, high-resolution view of the
alveolar compartment, enabling assessment of septal architecture and
intra-alveolar contents beyond the scope of ultrasound.

The present work primarily visualized the autofluorescent elastin scaf-
fold, which is considered the dominant source of signal in CLE(16). Al-
though pulmonary fibrosis is classically characterized by collagen depo-
sition, alterations of the elastin network accompany fibrotic remodeling
and may explain why fibrotic change is detectable with CLE(9-11). In the
autopsy case, areas with increased or distorted CLE signal corresponded
to thickened septa and fibrotic regions on histology. Ex vivo imaging of
histology sections further suggested that collagen contributes to tissue
autofluorescence, albeit likely to a lesser extent than elastin, supporting
the concept that CLE can capture composite microstructural remodeling
in vivo.

Cellular or fluid alveolar filling observed on CLE may be compatible
with barrier disruption and distal airspace exudation in the exudative/
inflammatory phase of ARDS, when neutrophils and macrophages
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are prominent drivers of injury. Previous in vivo CLE reports in ARDS
and COVID-19 have described highly fluorescent floating structures,
which were hypothesized to represent inflammatory cells containing
protein-lipid components (17-19). Interestingly, in patients with repeat
procedures we observed less alveolar filling over time, alongside more
architectural distortion and increased elastin signal. Although based
on few follow-up procedures and susceptible to selection and survivor
bias, this pattern is biologically plausible and may indicate a shift from
inflammatory alveolar flooding toward fibroproliferative remodeling that
may be difficult to appreciate on CT alone.

Regarding safety, no CLE-attributed complications were observed, which
is in line with previous studies of CLE in patients with chronic lung
disease(7, 20). One patient developed a pneumothorax within 24 hours;
however, causality was considered unlikely in the context of concurrent
procedures with a known pneumothorax risk. Nonetheless, given the
small sample size and the vulnerability of this ICU population, definitive
conclusions regarding safety require larger studies.

Several limitations merit consideration. Most of these limitations pri-
marily affect the interpretation of the exploratory pattern and CT-com-
parison analyses rather than the primary feasibility and safety endpoints.
This was an exploratory single-center study with a small convenience
sample. Segment selection was CT-guided and therefore not random,
enriching for abnormal regions; as a result, the study cannot reliably
quantify specificity or false-positive rates in CT-normal lung. In addi-
tion, multiple videos and procedures per patient were analyzed without
adjustment for within-patient clustering. CLE interpretation relied on
expert consensus without formal inter-observer variability testing, and
histopathological correlation was available only in a single autopsy case.

Importantly, these limitations should be interpreted in the context of the
novelty of this work. To our knowledge, this is the first report of bedside
CLE at this scale in mechanically ventilated patients. Clinically, bedside
CLE may complement conventional imaging by adding microstructural
and cellular information that otherwise would require high-risk bron-
choscopic cryo- or surgical biopsy. As a future perspective CLE-based
ARDS phenotyping has potential to add bedside microstructural informa-
tion to support risk stratification and trial enrichment, but this needs
prospective validation against outcomes. Given the pathological hetero-
geneity of clinical ARDS and the prognostic relevance of fibroprolifera-
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tion(4, 21), improved bedside phenotyping could help identify patients
with early structural remodeling or alternative injury patterns and guide
escalation to further diagnostics or targeted therapies in selected non-
resolving cases. Prospective studies should evaluate reproducibility,
define standardized descriptors, and test whether CLE-informed alveolar
phenotyping improves clinical decision-making.

In conclusion, bedside bronchoscopic CLE is feasible and safe in me-
chanically ventilated ICU patients and provides a novel window into
alveolar microstructure and filling patterns. Larger studies should evalu-
ate whether CLE-derived descriptors can reproducibly phenotype acute
respiratory failure and inform personalized management.



CLE in patients with acute respiratory failure | 201

LIST OF ABBREVIATIONS

ARDS - acute respiratory distress syndrome
BAL - bronchoalveolar lavage

CLE - confocal laser endomicroscopy
COVID-19 - coronavirus disease 2019

CT - computed tomography

ECMO - extracorporeal membrane oxygenation
H&E - hematoxylin and eosin

ICU - intensive care unit

SD - standard deviation

SP-8 - confocal laser scanning microscope (Leica SP-8)
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ABSTRACT

Rationale: Diagnosing interstitial lung diseases (ILD) can be challenging
and lung biopsy assessment is regularly indicated. Conventional evalua-
tion of lung histology is constrained by manual, time-consuming sample
preparation. Higher harmonic generation (HHG) microscopy allows for
rapid imaging of fresh, unprocessed biopsies. It combines three imag-
ing modalities: third harmonic generation (THG) representing cellular
structures, second harmonic generation (SHG) representing collagen,
and two-photon excited auto-fluorescence (2PEF) representing elastin.

Objectives: 1) Assess feasibility of HHG microscopy for on-site imaging
of fresh lung biopsies in ILD; 2) provide an image atlas with matching
conventional histology; 3) explore the added value of HHG to conven-
tional microscopy.

Methods: Observational study in ILD patients scheduled for lung biopsy.
Fresh, unprocessed, biopsies were imaged on-site with a mobile HHG
microscope. Two pathologists compared HHG images to correspond-
ing histology to identify key ILD features. Signal intensities for THG,
SHG, and 2PEF were quantified in regions classified as normal, fibrotic,
or inflammatory. Depth scans up to 100 nm were acquired for three-
dimensional (3D) reconstructions.

Measurements and Main Results: 65 biopsies (53 transbronchial cryobi-
opsies; 12 surgical biopsies) from 18 patients were obtained. All (100%)
biopsies were successfully imaged with HHG microscopy. For analysis,
97 context mosaic images (maximum 5x5mm?®) and 86 targeted higher-
magnification mosaic images were selected. Acquisition time for a
context image was 2.2 (+ 0.6) minutes. HHG microscopy enabled simul-
taneous visualization of collagen, elastin, and cellular structures without
staining. Pathologists were, independently, able to identify a range of
key ILD features which clearly resembled conventional microscopy.
Signal quantification differentiated inflammatory from fibrotic regions,
with increased THG and SHG contributions, respectively. 46 depth stacks
enabled 3D biopsy evaluation.

Conclusions: HHG microscopy enables rapid on-site imaging of fresh,
unprocessed lung biopsy samples, providing visualization of tissue archi-
tecture and key microstructures relevant to identification of ILD patterns,
3D assessment, and potential quantification of major tissue components.
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INTRODUCTION

Interstitial lung disease (ILD) is an umbrella term referring to a wide
variety of diffuse parenchymal lung diseases with varying degrees
of inflammation, fibrosis, or both, of the lung parenchyma. Early and
adequate diagnosis is of key importance for correct treatment alloca-
tion and prognosis, but this can be challenging and may require tissue
sampling[1-3]. For histological examination of lung tissue, conventional
bright-field microscopy of stained tissue slides is the reference standard.
However, this technique has several limitations: it requires manual and
time-consuming sample preparation; each additional stain requires a
separate tissue section, which can be problematic when tissue is limited;
and digitization requires dedicated slide scanning systems. Moreover,
histological sections provide an inherently two-dimensional representa-
tion of tissue that is structurally interconnected in three dimensions.

Higher harmonic generation (HHG) microscopy is a laser-based, label-
free imaging technique that provides images of freshly excised unpro-
cessed tissue with subcellular detail, within minutes[4-7]. HHG refers to
the integration of three different imaging modalities in one image: third
harmonic generation (THG), which reveals tissue interfaces and this pro-
vides morphological information of cellular structures and their nuclei;
second harmonic generation (SHG) reveals mainly collagen fibers; and
two-photon excited auto-fluorescence (2PEF) reveals auto-fluorescent
signals from auto-fluorescent molecules in cellular cytoplasm and elas-
tin fibers in extra cellular matrix and connective tissue. When using HHG
microscopy to assess human lung tissue, various relevant tissue struc-
tures can be visualized including alveoli, bronchi, pleura, blood vessels,
and cellular structures such as respiratory epithelium, pneumocytes and
inflammatory cells[7-11]. In diseased lung tissue, areas of fibrosis could
be identified[8, 9, 12].

Building on these observations, we designed a study with three aims: (1)
to assess the feasibility of obtaining high-quality HHG images of fresh,
unprocessed lung biopsies from patients with ILD; (2) to create an im-
age atlas pairing HHG images with conventional hematoxylin and eosin
(H&E) stained slides; and (3) to explore the potential added value of HHG
microscopy beyond conventional histological work-up. Importantly, the
primary goal of this study is not to replace conventional histology, but
to demonstrate that HHG microscopy enables rapid on-site visualization
of biopsy architecture and key ILD features in fresh tissue, potentially
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supporting biopsy adequacy assessment and enabling future quantita-
tive tissue analysis. A subset of the transbronchial cryobiopsy data from
this prospective cohort was previously published as a research letter
addressing rapid on-site biopsy adequacy classification using HHG mi-
croscopy[13]. The present manuscript substantially extends that work by
including surgical lung biopsy specimens, providing a broader atlas of
ILD-relevant histopathological features with matched conventional his-
tology, and adding exploratory analyses that leverage HHG’s multimodal
signals (THG/SHG/2PEF) for quantification and depth-resolved (3D) as-
sessment of inflammatory and fibrotic remodeling.

METHODS

This study was part of the COLD study, in which patients were random-
ized towards immediate surgical lung biopsy or transbronchial cryobi-
opsy, followed by surgical lung biopsy when needed, for diagnosing ILD
[13]. In the current study, for which separate written informed consent
was obtained from all participants, we prospectively compared HHG with
conventional histological evaluation of lung biopsies. Considering the
explorative nature of this study, no formal sample size calculation was
performed. The full in- and exclusion criteria are presented in Online
Data Supplement. To support interpretation and illustration of normal
lung microanatomy, we additionally used representative images from a
separate cohort of 2 patients without ILD undergoing lobectomy for lung
cancer. Lobectomy specimens were imaged using the same HHG work-
flow and paired with conventional histology. These images were used
for reference purposes and were not included in the primary feasibility
analyses.

Sample handling

Immediately after tissue extraction, each freshly excised lung biopsy was
placed in a glass sample holder and imaged by the mobile HHG micro-
scope (Figure 1A-B). Subsequently, tissue was fixed in 4% formaldehyde,
embedded in paraffin, cut in 3 pm sections and routinely stained with
hematoxylin and eosin (H&E) for the primary histopathological assess-
ment. Upon indication, additional staining (Elastica van Gieson and
CD68 staining) was performed. Digitized H&E stained slides were made
available through scanning (Philips UPS scanner) and pathology viewer
software (Philips, version 3.2). Further details on sample handling are
described in the Online Data Supplement.
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Image acquisition

HHG imaging was performed using a transportable Flash Scanner mi-
croscope (Flash Pathology B.V.; dimensions 0.6 x 0.8 x 1.5 m?), of which
the details were described in our previous study(7] (Figure 1A and 1B). A
50-femtosecond laser beam centered at 1070 nm was used to generate
nonlinear signals in unprocessed tissue. Induced signals were detected si-
multaneously: third harmonic generation (THG) at 349 to 361 nm, second
harmonic generation (SHG) at 530 to 540 nm, and two-photon excited
autofluorescence (2PEF) at 562 to 665 nm (Figure 1C). A low laser power
of ~5 mW on the sample was used. Individual image tiles (maximum
field of view: 500 x 500 nm?) were acquired by raster-scanning the laser
beam across the specimen. To generate larger images, the sample was
translated in the lateral (x-y) and axial (z) directions using a motorized
stage, after which adjacent tiles were stitched to form two-dimensional
mosaics and three-dimensional depth stacks. All images were acquired
as tiled mosaics. We distinguished a “context mosaic” covering a large
field-of-view for anatomical orientation (sampling resolution of 1 nm,
covering areas up to 5 x 5 mm?) and a “targeted mosaic” acquired within
a preselected region of interest (ROI) for detailed assessment (sampling
resolution up to 0.25 pm covering areas up to 2.5 x 2.5 mm?). Depth
stacks were acquired to a maximum imaging depth of 100 nm. ROIs and
imaging depths were selected at the discretion of the HHG operator or
pulmonologists based on suspected histological hallmarks. Images were
gamma-corrected (gamma 0.7) and saved as 24-bit RGB BMP files using
the acquisition software (Flash Pathology B.V.), with THG displayed in
green, SHG in red, and 2PEF in blue (Figure 1C). Local contrast enhance-
ment was applied per channel. Images were assembled into 2D mosaics
and 3D stacks in Image]J/Fiji (v1.53f, NIH), and 3D reconstructions were
generated using Imaris Viewer (v10.0.0).
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A Fresh biopsies B On-site HHG microscopy

Transbronchial cryobiopsy Surgical lung biopsy

Elastin

Figure 1 Technique overview. (A) Macroscopic view of imaged biopsies.
Transbronchial cryobiopsies were imaged immediately following tissue extraction
and were placed as a whole in the HHG microscope. Imaged surgical lung biopsies
were cut from the extracted biopsy to fit in the sample holder and to allow for
parenchymal imaging. (B) Biopsies were imaged on-site using the mobile HHG
microscope (Flash Pathology B.V.) HHG images are obtained in mosaic tiles,
covering a maximum field of view of 500 x 500 mm?2 per tile. To generate a larger
context mosaic image measuring up to 5x5 mma2, tiles were stitched together.
This example shows a biopsy with a bronchiole (Br) surrounded by alveolated (Al)
tissue . (C) The HHG images consist of three simultaneously detected signals:
third harmonic generation (THG, in green), second harmonic generation (SHG,
in red), and two-photon excited autofluorescence (2PEF, in blue) which provide
complementary information of, respectively, tissue interfaces including cell
morphology, collagen fibers and autofluorescent cell cytoplasm and elastin fibers.
Note that the combined HHG images contain a broader color spectrum due to
overlapping signals, e.g. yellow composed of SHG (red) and THG (green).

Pathological assessment

In accordance with international guidelines on ILD diagnosis, all biopsies
were discussed during a multidisciplinary team (MDT) meeting for
histopathological interpretation and consensus of ILD diagnosis[1].
Obtained HHG images were coded per biopsy in numerical order and
were paired with corresponding histopathology slides. For each biopsy,
the best context mosaic images and targeted mosaic images were
selected for interpretation; if both sides of a biopsy were imaged, two
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images were provided. Both HHG images and H&E slides were available
digitally via WebMicroscope. Two ILD-expert pathologists (JT and VP)
independently reviewed the HHG images, blinded to clinical data and the
local ILD diagnosis. They recorded predefined tissue and ILD features;
only features reported by both reviewers were included.

Statistical analysis and HHG signal quantification

Descriptive statistics were used to characterize the cohort and summarize
identifiable parenchymal structures. For signal quantification, image re-
gions representing normal alveolar tissue, inflammatory areas, or fibrotic
areas were selected. THG, SHG, and 2PEF channels were separated, and
each channel underwent Gaussian filtering (ox,y = 3) and background
subtraction (rolling-ball radius 11) to reduce noise. Mean pixel intensity
per channel was calculated, and relative channel contributions were vi-
sualized using a ternary plot.

RESULTS

Study cohort

Between January 2020 and October 2021, 18 ILD patients who underwent
lung biopsy at the Amsterdam UMC were included. Patient characteristics
are summarized in Table 1. Fourteen patients underwent transbronchial
cryobiopsy, 3 patients underwent surgical lung biopsy, and 1 patient un-
derwent both. This resulted in 19 biopsy procedures in 18 patients and
a total of 65 biopsy specimens (53 transbronchial cryobiopsies; and 12
surgical biopsies). Per cryobiopsy procedure, at least 2 biopsies (range
2-5) from 2 different segments were obtained, with a mean maximum
diameter of 0.7 (+ 0.3) cm per biopsy specimen. In all surgical biopsy
procedures, 3 biopsies were obtained from 3 different lobes, with a mean
maximum diameter of 5.7 (+ 0.9) cm. Final ILD-MDT diagnosis included
hypersensitivity pneumonitis (n = 9), idiopathic non-specific interstitial
pneumonia (n = 3), idiopathic pulmonary fibrosis (n = 2) and 4 other
diagnoses (Table 1).
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Table 1. Patient characteristics.

Total number of ILD patients 18
Male sex 14 (78%)
Age, years 64 (£ 9)
Pulmonary function test
FVC, % predicted 82 (& 10)
DLCOc, % predicted 56 ( 14)
Final ILD-MDT diagnosis
fHP 9 (50%)
iNSIP 3 (17%)
IPF 2 (11%)
CTD-ILD 1(5.5%)
SR-ILD 1(5.5%)
Sarcoidosis 1(5.5%)
Unclassifiable 1(5.5%)

Acquired and selected HHG images

From all biopsies (n=65), subcellular resolution HHG microscopic images
were obtained. 121 rapid on-site context mosaic images were obtained,
of which 97 were selected for histological assessment. 102 more detailed
targeted mosaic images were obtained, of which 86 were included
(Table 2). Images were excluded due to duplication (n=17; >50% overlap
with a previous image), technical artifacts (n=12; e.g., air bubbles between
the objective and sample-holder glass or suboptimal positioning relative
to the scanning beam), or tissue-related artifacts (n=11; e.g., extensive
air within the tissue or insufficient contact between tissue and glass).

Median turnaround time from placing the specimen in the holder to a
first context mosaic image was 7 + 1.8 minutes, this includes 2.2 + 0.6
minutes for image acquisition (maximum 5 x 5 mm?) and 4.9 + 1.7 min-
utes for sample loading and positioning. Targeted mosaic images (maxi-
mum 2.5 x 2.5 mm?) were acquired in 2.3 + 0.5 minutes, and depth scans
(maximum depth 100 pym) for 3D reconstruction were acquired in 1.9 *
0.8 minutes. No tissue damage or reduced histological quality attribut-
able to HHG imaging was noted on subsequent routine pathology review.
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Table 2. Higher harmonic generation (HHG) for imaging of transbronchial
cryobiopsies and surgical lung biopsies.
Data are shown as n (%) or mean (+ SD).

Total number of biopsies imaged with HHG microscopy 65
Transbronchial cryobiopsies 53 (82%)
Surgical lung biopsies 12 (18%)

Number of acquired HHG images 269
Rapid on-site context mosaic images 121

(sampling resolution: 1 pm, max 5 X 5 mm?) 97 (80%)
Selected for image analysis* 102
Targeted mosaic images 86 (84%)

(sampling resolution: up to 0.25 pm, max 2.5 X 2.5 mm?) 46

Selected for image analysis*

Depth scan stacks for 3D reconstruction 7.0 (+ 1.8)
(sampling resolution: up to 0.25 pm, max 100 pm deep) 2.2 (+ 0.6)
Acquisition time (minutes) 2.3 (£ 0.5)
From placing sample in tissue holder to first context mosaic image 1.9 (+ 0.8)

Rapid on-site context mosaic image
Higher resolution targeted mosaic image
Depth scan stack for 3D reconstruction
* Reasons for excluding images for pathological assessment from both context

mosaic (n=24) and targeted mosaic (n=16) images, included: duplicates (n=17),
technical artifacts (n=12), and tissue artefacts (n=11)

Identification of histopathological features on HHG
microscopy

Across all biopsies, both reference pathologists recognized fundamental
parenchymal structures and distinguished broadly normal, inflammatory,
and fibrotic regions on HHG images. Normal structures identifiable on
HHG included alveolar septa, pleura, blood vessels, and bronchioles
(Figure 2). Cellular structures were predominantly visualized via THG
(green), enabling identification of bronchiolar epithelium, pneumocytes
(type II), and endothelial cells. Multiple inflammatory cell types were
distinguished, including alveolar macrophages, lymphocytes, and
granulocytes (Figure 3). Extracellular matrix components were readily
differentiated because collagen generated SHG signal (red) and elastin
generated 2PEF signal (blue), facilitating interpretation of alveolar
architecture and aiding, for example, in differentiating blood-vessel wall
layers (Figure 2E). A range of ILD-relevant histological features were
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identified, including inflammatory regions with increased cellularity
(increased THG), fibrotic regions with increased collagen (increased
SHG), elastotic regions with increased elastin (increased 2PEF), and
mixed regions (Figure 4A-L). Fibrosis ranged from mild to extensive and
could be patchy or homogeneous, with variable architectural distortion.
Microscopic honeycombing was recognized as dense fibrosis with
cystic change (Figure 4M). Inflammatory findings included giant cells,
granulomas and lymphocytic infiltrates (Figure 3A-F, K; Figure 40).
Oedema (Figure 4A), areas with extensive intra-alveolar macrophages
accumulation (Figure 4C), and Masson bodies consistent with organizing
pneumonia (Figure 3G) were also identified.

Depth scanning and 3D reconstructions

In addition to 2D imaging, 46 z-stacks were acquired from 33 biopsies,
with imaging depths ranging from 30 to 100 pm. Depth imaging en-
abled identification of structures and cells not apparent within a single
2D plane and improved visualization of alveolar architecture. Three-
dimensional reconstructions demonstrated the alveolar network in a
single view; separation of SHG and 2PEF further delineated 3D collagen
and elastin architecture (Figure 5).

Quantification of THG, SHG and 2PEF signals

Based on HHG images, the pathologists distinguished normal from in-
flammatory and fibrotic regions, reflecting increased cellularity and col-
lagen content, respectively (Figure 61-III). Quantitative analysis of mean
signal intensities demonstrated clustering of normal, inflammatory, and
fibrotic alveolar regions on ternary plots (Figure 6IV). In normal alveo-
lar tissue, relative signal contributions were balanced (~30-35% each),
whereas inflammatory regions showed increased THG contribution and
fibrotic regions showed increased SHG contribution.



Rapid on-site histology of lung biopsies in ILD using HHG microscopy

Normal parenchyma

THG / SHG / 2PEF vs H&E

£
£

AS

=S

=S fer o - S
‘,‘ \ K X - ,‘4
RGN Cn j ¢ PR
Y} 3 # g f B
R o o Chulison AT - g o
50 um 1% S 50 um 2 @S 2 5 100 um

Figure 2. HHG microscopy images of lung structures with corresponding histology.
(A,B) Image of transbronchial cryobiopsy showing alveolar tissue including alveolar
space (AS) and alveolar septa (S). (C-J) Magnified targeted mosaic images showing
the architecture of various lung structures. (C,D) Alveoli including alveolar space
(AS), alveolar septa (S), and pneumocyte (Pn). (E,F) Pulmonary artery showing
the layers of adventitia (A), media (M), and intima (I). (G,H) Bronchiolar wall
with respiratory epithelium (Ep) and their cell nuclei (Cn), apical bar (Ab)) and
underlying stroma (St). (I,J) Visceral pleura (P) consisting of collagen (c) and
elastic (e) fibers merged with the fibroelastic framework of the lung alveoli (Al).
(*) Interface of liquid with air, revealed by THG microscopy.
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o 50 um
THG/ SHG | 2PEF vs HBE & CD68
Figure 3. HHG microscopy images of cellular features with corresponding
histology. (A-D) Giant cells with multiple cell nuclei (Cn) and a cholesterol cleft
(Cc) visualized by THG microscopy. (E,F) Well-formed granuloma, consisting of
aggregates of mature mononuclear phagocytes (macrophages and/or epithelioid
cells). (G,H) Masson body: an alveolar plug consisting of loose fibrosis in which
spindle shaped fibroblast are embedded. (I,J) Different types of leukocytes
including granulocytes (Gr) with multilobular nuclei, mononuclear lymphocytes
(Ly) and macrophages (M). Also, pneumocytes (Pn) lining the alveolar septa
are identified. (K,L) Magnified image of Figure 30-P showing the infiltration of
lymphocytes (Ly) and surrounding macrophages (M). Corresponding histology
are hematoxylin and eosin (H&E) stained slides and in case of granuloma (F)
stained with CD68.
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Figure 4. HHG microscopy images of ILD characteristics with corresponding
histology. (A-F) Various stages of fibrosis (Fi) with an increased amount of
collagen revealed by SHG microscopy: (A,B) mild fibrosis with thickened alveolar
septa, but preserved alveolar architecture, (C,D) moderate fibrosis with thickened
alveolar septa consistent with fibrotic NSIP pattern(E,F) severe fibrosis with
distorted, unrecognizable architecture. (A,B) Oedema (Oe) could be visualized by
THG. (C,D) Extensive alveolar infiltration of macrophages (M), a characteristic
of alveolar macrophage pneumonia was identified. (G,H) Honey combing (HC)
recognized as an area of dense fibrosis with cystic change. (I,]) Thickened alveolar
septa by cellular infiltration of lymphocytes (In) revealed by THG microscopy of
a patient diagnosed with hypersensitivity pneumonitis. (K,L) Magnified image of
cellular infiltration of lymphocytes (In) in alveolar septa. (M,N) A mixed pattern
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was observed by thickened alveolar septa due to both fibrosis (Fi) and cellular
infiltration (In) of a patient diagnosed with cellular non-specific interstitial
pneumonia. (O,P) Area of elastosis (El) was recognized by an increased 2PEF
signal. (C,D,G,H) Images of surgical lung biopsies, while the rest are images
from transbronchial cryobiopsies. (E,0) Context mosaic images, while the rest are
targeted mosaic images.

THG / SHG / 2PEF
XY zig

Figure 5. HHG microscopy 3D imaging shows the 3D architecture of alveolar
tissue. Depth scan of 95 nm with step size of 5 pm. (A) Orthogonal views. (B)
3D reconstructed image. (C,D) SHG and 2PEF modalities separated showing
the collagen (C) and elastin (D), respectively. The 3D image visualizes the 3D
architecture of alveolar septa (S) that consist of collagen, elastin and pneumocytes
(Pn), and structures in alveolar spaces, including macrophages (M) and air bubbles
(Ab). Videos of the depth scan and the 3D rotating image can be found in the
Online Data Supplement (Video E1 and E2).
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Figure 6. Quantification of HHG signals for normal, fibrotic and inflammatory
areas. (I-III) HHG microscopy images from targeted mosaic images of normal
(A-1), fibrotic (A-II) and inflammatory (A-III) areas, separated by THG (panel
B), SHG (panel C) and 2PEF (panel D). (IV) The relative percentages of THG, SHG
and 2PEF signal intensities plotted in a ternary plot. Every dot corresponds to a
selected area of a different patient, with the fibrotic areas in red, inflammatory
areas in green and normal areas in orange. The dotted lines are an indicator how
to read the different signal ratios (in this example the fibrotic case: 28 % THG;
50 % SHG; 22 % 2PEF, and inflammatory case: 53 % THG; 23 % SHG; 24 % 2PEF).
The normal areas were selected from biopsies classified as normal alveolar tissue
with one case from this study cohort and two cases from a cohort where the
patient underwent lobectomy for lung cancer treatment.

DISCUSSION

We demonstrate the feasibility of HHG microscopy for on-site imaging of
fresh, unprocessed lung biopsies from patients with ILD. Within minutes,
HHG provided highly detailed, subcellular-resolution images in which
key histological features relevant to ILD evaluation were recognized. No-
tably, HHG enabled integrated visualization and quantitative distribution
analysis of collagen, elastin, and multiple inflammatory cell types in a
single image without fixation, sectioning, or staining, and images were
immediately available in digital format for sharing and review.

Prior work using two modalities (two-photon fluorescence and SHG)
demonstrated detection of fibrotic changes in animal models and in pre-
pared human lung tissue from patients with idiopathic pulmonary fibro-
sis[9]. Similar approaches have shown that increased collagen content in
fibrotic ILD corresponds to increased SHG signal(12, 14]. Interestingly,
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although available in some of these systems, none of the previous work
on HHG microscopy included THG to assess tissue from ILD patients. In
ILD diagnostics, inflammatory response is a critical dimension alongside
fibrosis[1, 15]. THG has been reported to enable identification of specific
inflammatory cell types[11], which we confirm here (Figures 3 and 4).
These findings support the value of integrating THG within HHG micros-
copy for ILD tissue evaluation.

The combination of THG, SHG, and 2PEF yields composite images that
closely resemble conventional H&E appearance, as reflected by the ability
of two ILD-expert pathologists to identify architectural changes and char-
acteristic ILD features. With this study we contribute to building an image
atlas pairing HHG with conventional histology across a broad spectrum of
ILD findings, including areas of healthy lung tissue for comparison.

Consistent with earlier work, SHG and 2PEF revealed fibrotic remodel-
ing and architectural distortion, with increased SHG:2PEF ratios in the
most fibrotic regions. By incorporating THG, we extended this concept to
a three-component assessment including inflammatory regions. These
analyses are exploratory and intended to demonstrate signal separability
rather than provide clinically applicable thresholds. Although the study
was not designed to draw conclusions from these ratios, the proof-of-
concept supports further study to evaluate whether relative signal ratios
could assist in differentiating predominantly fibrotic from more inflam-
matory-driven ILD phenotypes, potentially informing prognostication
and treatment response.

This study has limitations. First, the image-review design was not
fully independent: while the two pathologists were blinded to clinical
data and to each other, they were allowed to compare HHG images
and corresponding H&E slides iteratively. This may have introduced
confirmation bias. We mitigated this by using two independent reviewers
and reporting only features concordantly identified by both. Second,
formal interobserver agreement analysis was not performed, as the
study aimed at feasibility and atlas construction rather than diagnostic
reproducibility. Third, given the novelty of the technique and absence
of a formal training set, we focused on recognition of structures and
features rather than pattern-based diagnosis or disease classification.
Fourth, while the number of biopsies was substantial (n=65), the number
of patients was limited. Approximately 20% of acquired images were
excluded, largely reflecting an operator learning curve in ROI selection
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and specimen positioning relative to the scanning beam, which increased
duplicate acquisition and overall imaging time. In addition, to prevent
alveolar collapse in cryobiopsies, some specimens were stored in formalin;
when imaging was prolonged, longer fixation led to tissue stiffening and
reduced contact with the sample-holder glass, contributing to suboptimal
imaging. In a minority of cases, air-bubble artifacts were observed; this
was partially mitigated by washing the biopsy in a saline solution.

While recognizing the limitations, HHG microscopy has multiple potential
clinical and research applications. The total time from biopsy acquisition
to interpretable HHG imaging was typically below 10 minutes, mak-
ing integration into procedural workflows feasible without prolonging
procedures. Given its rapid acquisition and high interpretability of both
normal and diseased lung features, HHG microscopy may enable real-
time on-site assessment of biopsy adequacy. In a recent pilot study from
our group, HHG microscopy differentiated adequate from inadequate
transbronchial cryobiopsies (based on biopsy size and the presence of
abnormal alveolar tissue) with 86.1% sensitivity and 76.9% specificity,
suggesting potential to improve diagnostic yield by reducing sampling
error[13]. In conventional workflows, additional stains are required to
visualize extracellular matrix components and assess their relative pro-
portions. HHG provides label-free, integrated digital images in which the
three modalities correspond to different components, potentially com-
plementing routine pathology by providing broader, more detailed, and
quantifiable information on fibrosis and inflammation. Depth scanning
enables three-dimensional tissue assessment, which may partially miti-
gate inherent limitations of conventional two-dimensional histology in
spatially heterogeneous ILD. By providing volumetric context within the
same biopsy region, 3D HHG may reduce ‘cutting plane’ effects and help
distinguish true architectural distortion from sectioning-related appear-
ances, potentially improving confidence in subtle structural abnormali-
ties. Future integration of HHG into an endoscope might reduce or obvi-
ate the need for tissue sampling. Given that in vivo fluorescence-based
endomicroscopy is already clinically available, this may be feasible[16].
For research, HHG may support studies in fibrotic models, drug develop-
ment and testing, and prognostic or predictive biomarker development.
Finally, digital acquisition facilitates rapid remote consultation, educa-
tion, and data storage.

In conclusion, on-site HHG microscopy enables integrated visualization
of ILD-relevant microstructures in fresh, unprocessed lung biopsies,
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supports 3D assessment, and may facilitate quantification of key tissue
components such as fibrosis, inflammation and elastin accumulation.
With further refinement and validation in larger cohorts, HHG
microscopy may help guide clinical procedures and complement current
histopathological assessment of ILD.
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1. Inclusion and exclusion criteria

No specific exclusion criteria for this study participation were formulated.
However, as this study was a sub study of a randomized trial comparing
transbronchial cryobiopsy (TBCB) followed by surgical lung biopsy (SLB)
versus SLB alone for ILD diagnosis (COLD-study NTR NL7634), the in-
and exclusion criteria for that study were also applicable for the current
study (Table E1).

Table E1: Inclusion and exclusion criteria for study participation
Inclusion criteria

- >18 years of age

« ILD on HR-CT

- No classifying diagnosis based on clinical data including laboratory results and HR-CT
« ILD-MDT panel indication for histology by lung biopsy

Exclusion criteria

- Inability and willingness to provide informed consent

- Inability to comply with study protocol

- Prothrombin time international normalized ratio (INR) >1.3

- Use of clopidogrel, or other new anti-platelet therapy, or anticoagulant drugs that
cannot be stopped temporarily

+ Thrombocytopenia <70x10A9/L

- History of pulmonary hypertension (systolic pulmonary artery pressure > 50 mmHg)

- Diffusing capacity < 30%

- Forced vital capacity <50%

- Forced expiratory volume in the first second (FEV1) <0,8L or <50% of predicted value

+ Body mass index >35

- Pregnancy

2. Sample handling

In case of transbronchial cryobiopsy (TBCB), the obtained tissue was de-
frosted in saline following extraction. To keep the samples hydrated and
to avoid alveolar collapse, the biopsies were put on a NaCl 0.9% wetted
gauze, or the specimen was briefly fixed in formaldehyde (for specific
sample handling per case see Table E2). Each lung tissue biopsy was
labeled separately in chronological order, after which each lung biopsy
was placed in a separate sample holder (35 mm diameter p-Dish with
0.17 mm thick glass bottom, Ibidi GmbH), and placed in the mobile HHG
microscope which was stationed in the bronchoscopy suite (Figure 1B).



Table E2 - Sampling handling per case of the transbronchial cryobiopsies and
surgical lung biopsies.

Case

LIoo1
L1002
LIoo3
L1004
LIoos
LIoo6
LIoo7
LIoo8
LIoo9
LIo10
LIo11

LIo12
LIo13

Llo14
LIo15

LIo16
LIo17
LIo18
LIo19

TBCB=

Rapid on-site histology of lung biopsies in ILD using HHG microscopy

Number of
biopsies

4

W N U RN W W W W N NN WW NS NN NN W

transbronchial

Type of biopsy

TBCB
TBCB
TBCB
TBCB
TBCB
TBCB
TBCB
TBCB
SLB

TBCB
TBCB
SLB

SLB

SLB

TBCB
TBCB
TBCB
TBCB
TBCB

cryobiopsy,

Fresh

15t
All

lst

1st

SLB=

Gaze with

NacCl

2nd
lst _ an
1st _ an
lst

1st _ an

surgical

In PFA

All*
All*
All*
All*
All*
All*
All*

2nd _

2nd _

2nd _

3rd

3rd _
3rd _

2nd

3rd

3rd

4th
4th

4th
5 th

lung biopsy,

In PBS

All
All
All

PFA

paraformaldehyde solution, 4%, PBS = phosphate-buffered saline solution

* The first biopsy was in PFA for ~ 1 minute.

In case of a surgical lung biopsy, the resected lung tissue was trans-
ported to the pathology department where small pieces of lung tissue
were excised (max 1 x 1 x 1 cm?®) and except for the first case submerged
in phosphate-buffered saline to avoid alveolar collapse. To achieve the
best one-to-one comparison as possible with the histopathology slides,
the specimens were cut in the same orientation as imaged by the HHG
microscope. Hereafter, the samples were placed in the sample holder
and imaged with the mobile HHG microscope located at the pathology

department.
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3. Image acquisition

Of every biopsy an initial context mosaic image of maximum 5 x 5 mm?
was acquired with a sampling resolution of 1 pm. In case the biopsy
exceeded 5 mm, in diameter, multiple mosaic images, adjacent to each
other, were combined to 1 image. An exception is case 1, where no con-
text mosaic image was acquired, but instead an overview was created
by scanning over the tissue with a joystick and stitching those images
together.

Based on the context mosaic image, regions of interest (ROI) were in-
dicated at the discretion of the HHG expert or pulmonologists, to ac-
quire targeted mosaic 2D ROI images of maximum 2.5 x 2.5 mm? with
a sampling resolution of 0.5 pm, and 2 targeted mosaic images with a
sampling resolution of 0.25 pm. Only of case 1 and 2, no targeted mosaic
images were acquired.

In 33 (51%) biopsies additional 3D depth scans were acquired of maxi-
mum 100 pm deep, with a sampling resolution of either 0.5 pm (n = 10)
or 0.25 um (n = 36).

4. 3D imaging
Video E1: Depth scan of alveolar tissue to a depth of 95 pm and steps of
5 pm.

Video E2: 3D reconstruction of a scan of 95 uym in depth with steps of
5 pm, showing the alveolar 3D architecture.
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To the Editor:

“Interstitial lung disease” (ILD) is an umbrella term referring to diffuse
parenchymal lung disorders that exhibit varying degrees of inflammation
and fibrosis. Diagnosing ILD can be challenging and may require invasive
lung biopsy procedures such as transbronchial cryobiopsy or surgical
lung biopsy (1). Guidelines recommend starting with the less invasive
transbronchial cryobiopsy technique, followed by surgical lung biopsy in
case of an uninformative cryobiopsy procedure (step-up strategy) (2, 3).
To date, no technique exists to provide immediate feedback on alveolar
sample adequacy, which, if available, could reduce the need for repeat
procedures, thereby minimizing patient burden and diagnostic delays.

Higher harmonic generation (HHG) microscopy, a laser-based, label-free
imaging technique, enables the rapid imaging of freshly excised tissue
with subcellular resolution. HHG integrates three imaging modalities:
third-harmonic generation, which delineates tissue interfaces and cel-
lular morphology; second-harmonic generation, highlighting collagen
fibers; and two-photon excited autofluorescence, visualizing autofluo-
rescentmolecules in the cytoplasm and extracellular matrix. Previous
studies demonstrated HHG’s ability to visualize relevant lung structures,
including alveoli, bronchi, pleura, blood vessels, pneumocytes, inflam-
matory cells, and areas of fibrosis (4-6). Furthermore, its potential to
identify representative tissue in lung cancer was recently reported (7).
We hypothesized that HHG microscopy could identify representative
transbronchial cryobiopsy samples suitable for diagnosing ILD. Some
of the results of this study has been previously reported in conference
abstract form (8).

We conducted a prospective study at AmsterdamUniversity Medical Cen-
ters (UMC) as part of the COLD (Transbronchial cryobiopsy followed by
as-needed surgical lung biopsy versus immediate surgical lung biopsy
for diagnosing interstitial lung disease) study (3), recruiting consecu-
tive patients with ILD scheduled for transbronchial cryobiopsy. Written
informed consent was obtained fromall participants, and the study was
approved by the AmsterdamUMC Medical Ethics Committee (identi-
fier 2018 208) and conducted in accordance with Good Clinical Practice
guidelines and the Declaration of Helsinki.

Freshly excised transbronchial cryobiopsy specimens were immediately
placed in a glass sample holder and imaged using a transportable HHG
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microscope (FD1070; Flash Pathology B.V.) (7). HHG images were ob-
tained in mosaic tiles, each covering amaximum field of view of 500x500
mm’. These tiles were stitched together to create a largermosaic image-
measuring up to 5x5mm” using Flash Pathology software. After imaging,
samples were fixed, paraffin embedded, sectioned (3 pm), and stained
with hematoxylin and eosin (H&E) for histopathological evaluation.
Digital H&E slides were reviewed using Philips pathology viewer software
(version 3.2).

All biopsies were assessed during multidisciplinary discussion for his-
topathological interpretation and diagnostic consensus. Adequacy crite-
ria included a biopsy sample size of >5mm, alveolar tissue proportion
>40%, and representation of abnormalities identified on high-resolution
computed tomography. Two experienced ILD pathologists (J.v.d.T. and
V.P.) independently evaluated the H&E and HHG images. Both were
familiar with HHG imaging fromprior work in coronavirus disease (CO-
VID-19)-related pulmonary fibrosis and lung cancer (5, 7). Assessments
were separated by a six-month washout period, with blinding to both
the final clinical diagnosis and each other’s evaluations. Discrepancies
were resolved through a consensusmeeting, and consensus evaluations
were used to determine the sensitivity and specificity of HHG adequacy
assessment, using conventional histological analysis as the reference
standard.

Between January 2020 and June 2021, 15 patients with ILD undergo-
ing transbronchial cryobiopsy at Amsterdam UMC provided informed
consent. The first patient was excluded from analysis because of the
unavailability of HHG mosaic imaging software at the time. Thus, 49
biopsies fromi4 patients (mean age, 64+8 yr; 10 men, 4 women) were
included in the final analysis. Final ILD multidisciplinary discussion di-
agnoses included fibrotic hypersensitivity pneumonitis (n = 6), idiopathic
nonspecific interstitial pneumonia (n = 3), idiopathic pulmonary fibrosis
(n = 2), connective tissue disease-related ILD (n = 1), smoking-related
ILD (n = 1), and sarcoidosis (n = 1). A minimum of 2 biopsy samples per
procedure (range, 2-5) were obtained from different lung segments, with
an average diameter of 0.7+0.3 cm. HHG imaging did not compromise
tissue quality, as confirmed by histological evaluation.

The mean turnaround time from sample placement to completion of the
HHG mosaic image was 7+1.8 minutes. This included 4.9+1.7 minutes for
sample loading and positioning and 2.1+0.6 minutes for imaging.
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On the basis of H&E slides, 36 biopsies (73%) were deemed adequate,
while 13 (27%) were inadequate. Interrater agreement for H&E adequacy
assessment was substantial (x = 0.748 [95% confidence interval (CI),
0.545-0.950]). Using HHG images, 34 biopsies (69%) were classi-
fied as adequate, with a similar interrater agreement (x = 0.820 [95%
CI, 0.652-0.988]). Reasons for inadequacy included proximal sampling
(bronchus or vessel-dominant tissue), advanced fibrosis, or the pres-
ence of only normal lung tissue. The sensitivity and specificity of HHG-
based adequacy were 86.1% (95% CI, 70.5-95.3%) and 76.9% (95% CI,
46.2-94.7%), respectively. Representative HHG images of adequate and
inadequate samples are shown in Figure 1.
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Figure 1. Adequacy assessment of transbronchial cryobiopsies. (A and C)
Images obtained by higher harmonic generation microscopy of freshly obtained,
unprocessed, transbronchial cryobiopsy samples. Three imaging modalities
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are integrated: third-harmonic generation (green), revealing tissue interfaces
and cellular morphology; second-harmonic generation (red), highlighting
collagen fibers; and two-photon excited auto-fluorescence (blue), visualizing
autofluorescent molecules in the cytoplasm and extracellular matrix. (B and D)
Corresponding hematoxylin and eosin-stained biopsy samples. (A and B) Example
of an adequate peripheral lung biopsy as indicated by the presence of alveolar
septa and alveolar spaces. A patchy distribution of thickened septa with cellular
infiltrates and granulomas (g) is seen. The multidisciplinary discussion diagnosis
of this patient was hypersensitivity pneumonitis. (C and D) Inadequate biopsy
containing mainly normal parenchymal lung tissue as indicated by the presence
of thin alveolar septa and alveolar spaces (as), without the influx of inflammatory
cells or the presence of fibrotic tissue. The presence of bronchial wall tissue—
bronchial glands, airway smooth muscle, a small neural branch, and airway wall
tissue consisting of collagen and elastin—indicates that the biopsy was taken
too proximally. as=alveolar space; bg=bronchial glands; c=collagen; e=elastin;
g=histiocytic aggregate/granuloma; in=cellular infiltrate; n=small neural branch,;
s=alveolar septa; sm=airway smooth muscle; ts=thickened septa.

Our findings highlight the potential of HHG microscopy as an innovative
tool for rapid on-site biopsy adequacy assessment in transbronchial
cryobiopsy procedures. The high sensitivity observed suggests a low
false-negative rate, indicating that biopsies deemed inadequate on HHG
microscopy are unlikely to be sufficient on histopathological analysis. This
capability could enable clinicians to obtain additional biopsies during the
same procedure when initial samples are insufficient, thereby improving
diagnostic yield and minimizing the need for repeat procedures.

Currently, rapid on-site evaluation is routinely used for cytology speci-
mens during endoscopic procedures but is unavailable for histological
specimens because of time-consuming processing steps. HHG micros-
copy, which analyses unprocessed samples, has the potential to bridge
this gap by offering near instantaneous evaluation of histological biopsy
samples.

The strengths of this study are its innovative concept, prospective de-
sign, inclusion of various ILD diagnoses, and blinded assessments by
two experienced pathologists. High interrater agreement underscores the
reproducibility of HHG image interpretation. However, the study’s small
sample size limits generalizability. In absence of formal criteria to define
transbronchial cryobiopsy adequacy, we used criteria based on expert
consensus and supporting literature (9-11). Accordingly, we included
biopsies with a reasonable likelihood of contributing to ILD diagnosis
and excluded those unlikely to be diagnostically useful, such as samples
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consisting predominantly of central airway tissue, end-stage fibrosis, or
entirely normal lung parenchyma. This pragmatic approach provided a
feasible framework for on-site assessment; however, further refinement
and formal validation are warranted. Although the current turnaround
time of approximately 7 minutes may be considered lengthy compared
with rapid on-site evaluation, ongoing refinements, including automa-
tion and artificial intelligence integration, have already reduced this
to approximately 3 minutes in our latest workflow. In addition, HHG’s
imaging depth is currently restricted to 100 nm, which may necessitate
manual sample rotation to obtain comprehensive assessments, increas-
ing imaging time.

Our experience is that HHG image evaluation by the pathologists was
rapid (1-2 min per biopsy sample). Although assessments in this study
were done after the procedure, the digital format and short interpretation
time, make (remote) real-time use feasible, regardless of the location of
the pathologist.

HHG microscopy’s potential extends beyond adequacy assessment. Its
ability to visualize extracellular matrix components (collagen, elastin)
and inflammatory cells without the need for staining, as demonstrated
in Figure 2, may enhance understanding of respiratory pathophysiology.
Furthermore, HHG microscopy’s ability to perform in-depth tissue scan-
ning facilitates generating three-dimensional reconstructions, enabling
the assessment of the biopsy within its intrinsic architectural organiza-
tion. Digital imaging capabilities allow remote consultation, education,
and data storage, offering opportunities for global collaboration.

This pilot study highlights HHG microscopy as a feasible method for rap-
id on-site evaluation of transbronchial cryobiopsy adequacy.With further
refinement and validation in larger cohorts, HHG microscopy has the
potential to improve diagnostic yield and enhance the histopathological
assessment of ILD.
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Figure 2. High-resolution imaging of alveolar tissue using HHG microscopy. (A)
Integrated HHG image of alveolar tissue, where individual cells, such as type II
pneumocytes and alveolar macrophages can be identified alongside extracellular
matrix components, collagen and elastin, in the alveolar septa. (B) Corresponding
H&E-stained biopsy sample. (C-E) Individual imaging components contributing
to the integrated HHG image: (C) THG imaging, which highlights structural
interfaces and cellular morphology in green; (D) SHG imaging, visualizing collagen
fibers in red; and (E) 2PEF, which captures elastin fibers in blue. Interestingly,
HHG clearly shows the presence of elastin fibers, which are not visible with the
standard H&E stain. 2PEF=two-photon excited auto-fluorescence; am=alveolar
macrophage; c=collagen; e=elastin; H&E=hematoxylin and eosin; HHG=higher
harmonic generation; p=pneumocyte; SHG=second-harmonic generation;
THG=third-harmonic generation.

Author disclosures are available with the text of this letter at
www.atsjournals.org.
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A 61-year-old man without a relevant past medical history presented
with cough and dyspnea and tested positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) by PCR testing. Twelve days after
disease onset, his condition deteriorated clinically, with respiratory fail-
ure requiring invasive mechanical ventilation. Chest computed tomogra-
phy showed bilateral pulmonary embolism, diffuse ground-glass opaci-
ties, consolidations, and subpleural reticulation (Figure 1A). Infection
other than COVID-19 was excluded with BAL. After 16 days of mechanical
ventilation, he died of COVID-19 acute respiratory distress syndrome.

A

Figure 1. ICU chest computed tomography of a patient with coronavirus disease
(COVID-19) shows diffuse ground-glass opacities, upper-lobe consolidations, and
subpleural reticulation. The centrally located lung parenchyma appears relatively
spared (A). Fresh, unprocessed autopsy lung tissue from the right upper lobe (B)
was imaged with a mobile higher harmonic generation microscope (HHGM) (C).
Technical details of the HHGM are described in our previous study (4).

Twenty hours after the time of death, an autopsy was performed. Resected
unprepared lung tissue (1x2 cm®) from the right upper lobe (Figure 1B),
excised perpendicular to the bronchial tree, was immediately placed on
a mobile higher harmonic generation microscope (HHGM) (Figure 1C).
HHGM is a laser-based imaging technique that provides on-site images
of unprocessed samples as large as 2 cm. Two-dimensional images and
three-dimensional depth scans (up to 100 pm) can be acquired. HHGM
images consist of three different signals visualizing cellular structures
(green), collagen (red), and elastin fibers (blue). Earlier studies dem-
onstrated the visualization of histological hallmarks of cancer in HHGM
images (1-5).

Here, HHGM single images (0.5x0.5 mm?) were acquired within 1-3 sec-
onds, and “overview” images (2.5x2.5 mm?) within 40 seconds to
2.5 minutes, depending on the image quality. HHGM images could be
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interpreted immediately and showed lung architecture including alveolar
septa, alveolar spaces, interlobular septa, blood vessels, and fibrin net-
works; cellular structures including pneumocytes, lymphocytes, and
macrophages; and squamous metaplasia, in agreement with standard
histology (Figure 2). Pathologists were able to identify COVID-19 char-
acteristics, including inflammation with septal leukocyte infiltration, al-
veolar architecture distortion, and fibrosis with alveolar septa thickening
due to an increased amount of collagen.

Figure 2. Higher harmonic generation microscope (HHGM) images of unprepared
autopsy lung tissue of a deceased patient with coronavirus disease (COVID-19) show
histopathological features (A) comparable to the corresponding standard histology
images (B). HHGM visualizes lung architecture, including ILS (a), alveolar septa
(Se), and alveolar spaces (AS) (b and d). Also, HHGM reveals Bl (e) and cellular
elements, including lymphocytes (solid arrow) (e), SM (f), macrophages in fibrin
(dotted arrow, g), and pigmented macrophages (striped arrow, h). This enables
identification of normal Al and areas with different COVID-19-related pathologic
features (a): In, Fi by thickening of the Se (d), and area showing dilated and
partially destroyed ASs consistent with barotrauma induced by MV. The acquisition
time of the 5x5-mm* HHGM “overview” image (a) was 2.7 minutes (with 1 pixel
per micrometer), and the acquisition time of the 0.5x0.5-mm?* magnified images
(b-h) was 3.5 seconds (with 2 pixels per micrometer). Al= alveolar architecture;
ASs= alveolar spaces; Bl= blood vessels; Fi= fibrosis; ILS= interlobular septa; In=
inflammation; MV= mechanical ventilation; Se= alveolar septa; SM=squamous
metaplasia.
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This report shows that HHGM is able to rapidly visualize disease charac-
teristics in fresh, unprepared lung tissue on site. Hence, HHGM has the
potential to improve rapid diagnosis and understanding of lung diseases.

Author disclosures are available with the text of this article at
www.atsjournals.org.
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DISCUSSION

The overarching aim of this thesis was to evaluate how innovations in
bronchoscopic techniques can contribute to the diagnostic work-up and
assessment of interstitial lung disease (ILD) while reducing patient bur-
den. The thesis is organized into three parts. The introduction (Chapter 1)
provides background on ILD and current diagnostic bronchoscopic tissue
sampling methods, including endosonography and transbronchial lung
cryobiopsy. Also, three novel imaging technologies are introduced. Two
in vivo techniques that can be used during bronchoscopy: polarization-
sensitive endobronchial optical coherence tomography (PS-EB-OCT) and
confocal laser endomicroscopy (CLE). A third technique called higher
harmonic generation (HHG) microscopy; is used ex -vivo to asses biopsy
specimens.

Part I (Chapters 2-4) addresses bronchoscopic sampling strategies. First,
intrathoracic lymph node sampling comparing endobronchial ultra-
sound (EBUS) and esophageal ultrasound using an EBUS scope (EUS-B)
for diagnosing stage I-II pulmonary sarcoidosis was investigated in a
randomized controlled trial (RCT). In addition, patients were randomized
between two different needle types (standard 22G needle and 25G core
biopsy needle). Second, in suspected ILD patients with an indication for
lung biopsy, a step-up strategy starting with transbronchial lung cryo-
biopsy is compared to immediate surgical lung biopsy. An accompany-
ing economic evaluation assesses the cost-effectiveness of this step-up
approach. Part II (Chapters 5-8) explores bronchoscopic imaging as an
adjunct to conventional diagnostics, reporting exploratory findings on
PS-EB-OCT for fibrosis quantification and detection of tissue specific
features in ILD and on bedside CLE in acute respiratory failure. Part III
(Chapters 9-11) focuses on ex vivo HHG microscopy applied to lung
biopsy material, including transbronchial cryobiopsy specimens, with
a particular emphasis on rapid tissue visualization and workflow sup-
port. The last part (Chapters 12-15) comprises the general discussion and
Dutch and English summaries.

BACKGROUND

ILD comprises a broad and heterogeneous spectrum of diffuse parenchy-
mal lung disorders with overlapping presentations but divergent prog-
nosis and treatment, making accurate ILD classification essential (1-3).
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While clinical data including HRCT discussed in a multidisciplinary dis-
cussion are central to diagnosis, tissue is considered helpful in a relevant
subset of patients (4, 5). The preferred bronchoscopic approach depends
on the suspected disease and procedural risk. In stage I-II pulmonary
sarcoidosis, intrathoracic lymph nodes are an accessible target using
endosonography and is recommended in international guidelines (6).
However, whether a transbronchial (EBUS) or transesophageal (EUS-B)
route is preferable remains debated. In other ILDs, decisions between
transbronchial lung cryobiopsy and surgical lung biopsy involve trade-
offs between diagnostic yield, safety, and resource use, and uncertainty
persists in these vulnerable patient populations (7, 8). In addition, ARDS
represents an acute diffuse parenchymal lung disease in which histologic
heterogeneity may be clinically relevant, yet tissue is rarely obtained in
the ICU, supporting interest in less invasive approaches to obtain micro-
scopic lung tissue information.

PART I BRONCHOSCOPIC SAMPLING TECHNIQUES
FOR DIAGNOSING INTERSTITIAL LUNG DISEASE

Chapters 2-4 focus on tissue acquisition techniques: endosonographic
route and needle type selection in sarcoidosis (Chapter 2) and step-up
lung biopsy versus immediate surgery, including cost-utility, in ILD
(Chapters 3-4).

In Chapter 2 (ISA trial), we compared trans bronchial needle aspiration
(TBNA) by EBUS with fine needle aspiration (FNA) through EUS-B for
granuloma detection in consecutive patients with suspected stage I and
IT pulmonary sarcoidosis. The study was built on the landmark GRANU-
LOMA trial, which shifted practice toward endosonography-guided
nodal sampling as a high-vield, less invasive, single diagnostic test. The
GRANULOMA trial found that, in patients suspected of sarcoidosis stage I
and II, endosonography (either by EBUS or EUS) has a higher diagnostic
yield for granuloma detection than transbronchial mucosa- or lung biop-

sies(9).

The ISA trial in this thesis addressed a practical next step. Specifically,
if endosonography is performed, does the route of access, endobronchial
versus esophageal, matter? The study was performed in a global random-
ized 2x2 factorial design (14 hospitals, 9 countries; n=358). Granuloma
detection rate was high and similar for both routes: 70% for EBUS versus
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68% for EUS-B (p=0.67), with comparable sensitivity for sarcoidosis at
6-month follow-up (78% vs 82%, p=0.46). Adverse events were gener-
ally mild and comparable for both groups. These results indicate that both
routes can be used safely and effectively, and that route selection can be
guided by practical considerations (expertise, patient tolerance, and nodal
accessibility) rather than expected yield. Within the ISA trial (Chapter 2),
patients were additionally randomized to a standard 22G needle or a 25G
ProCore needle use. Granuloma detection and sample representativeness
were similar for both needles. This suggests that in stage I-II sarcoid-
osis, needle type does not affect diagnostic performance.

Although the sensitivity of EBUS and EUS-B for diagnosing sarcoidosis
in the ISA trial was high (=80%) and consistent with prior literature,
a substantial minority of patients still remains without a pathology
confirmed diagnosis (6). Moreover, within ISA, needle type (standard
22G vs 25G ProCore) did not improve granuloma detection rate, sug-
gesting that simply changing needles is unlikely to close this diagnostic
gap. Recent meta-analyses suggest that approaches aimed at obtaining
larger core specimens, such as EBUS-guided transbronchial node biopsy
compared with conventional TBNA, can improve diagnostic yield in me-
diastinal lymphadenopathy. Meta-analyses of dedicated FNB tip designs
also suggest a potential yield benefit, although results are mixed and
sarcoidosis-specific head-to-head data remain limited (10, 11). In the
last decade, EBUS-guided transbronchial mediastinal cryobiopsy (cryo-
EBUS) has emerged as a potential way to increase diagnostic yield. After
an initial TBNA puncture creates a tract into the lymph node, a cryoprobe
is advanced through this tract to obtain a frozen tissue core. In a recent
randomized trial in suspected stage I-II sarcoidosis, Deng et al. reported
a higher sensitivity for diagnosis sarcoidosis with cryo-EBUS compared
with conventional TBNA (95% vs 84%) (12). Together with the grow-
ing literature on cryo-EBUS, this raises the question of how to position
the technique in clinical practice (13, 14). At present, cryo-EBUS is still
considered more invasive than TBNA, requires dedicated training and
equipment, and is not widely available yet. Besides, as with any emerging
procedure, early reports on cryo-EBUS may overestimate diagnostic per-
formance due to selective reporting and center expertise, and the safest
way to overcome the learning curve has not yet been clearly defined. The
added value of cryo-EBUS to conventional EBUS-TBNA for granuloma
detection remains to be established. The availability of rapid on-site
evaluation (ROSE) may be of importance, in terms of when to escalate to
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mediastinal cryobiopsy, as it can enable same-session decision making
after a non-diagnostic TBNA sample.

In Chapter 3 (the multicenter randomized COLD trial, performed in six
Dutch hospitals), we compared a step-up strategy (transbronchial cryo-
biopsy, followed by surgical lung biopsy when needed) with immediate
surgical lung biopsy in ILD patients with an indication for tissue sam-
pling. The step-up strategy substantially reduced patient burden: un-
expected chest tube drainage occurred in 11% (3/28) versus 46% (11/24)
after immediate surgical lung biopsy (absolute risk reduction 35%,
p=0.0058), hospital stay was shorter (median 1 vs 5 days), and post-
procedural pain was lower in the step-up group. Overall diagnostic yield
was similar between strategies (89% step-up vs 88% immediate surgical
lung biopsy), while only 3/28 patients required subsequent surgical lung
biopsy. Importantly, this is the first randomized trial comparing of these
two diagnostic strategies, and it demonstrates that a less invasive-first
approach can meaningfully reduce patient burden maintaining a high
diagnostic yield. Limitations of the study include that although powered
adequately for the primary endpoint the trial was not powered for smaller
differences in diagnostic yield or diagnosis-specific effects. Blinding was
not feasible, and knowledge of biopsy type may have influenced mul-
tidisciplinary decision-making, particularly since reference-pathologist
confidence was lower in the step-up group. However, inter-observer
variability was similar between groups, indicating that lower confidence
did not translate into poorer agreement. This may reflect that current
criteria for “high-confidence” diagnoses are largely derived from surgi-
cal lung biopsy-based definitions.

In Chapter 4, we performed a cost-utility analysis alongside the COLD
trial, comparing the step-up strategy with immediate surgical lung
biopsy from both health-care and societal perspectives over 12 weeks. In
47 patients (25 step-up; 22 immediate surgical lung biopsy), the step-up
strategy was economically dominant, combining lower costs with better
health outcomes. Mean health-care costs were €4,644 versus €8,935
(difference -€4,291; p<0.001) and societal costs were €6,873 versus
€12,924 (difference -€6,051; p=0.001), largely driven by shorter inpatient
stay and fewer surgical procedures, as well as higher productivity losses
after immediate surgical lung biopsy. The step-up strategy also yielded
a small but significant QALY gain after baseline adjustment (A0.025;
96% CI 0.004-0.047; p=0.04), supporting implementation of the step-
up strategy as the preferred diagnostic approach when lung tissue is
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required. Limitations should be considered when interpreting these
economic findings. First, the analysis was trial-based with a 12-week
time horizon, and therefore does not capture longer-term outcomes or
downstream effects on treatment trajectories. Second, costs and resource
use reflect the Dutch healthcare setting, which may limit generalizability
to countries with different unit costs and pathways. However, it is not
expected that the overall conclusions will change substantially with
a longer follow-up or in a different country, because the observed
differences were primarily driven by short-term, procedure-related
factors that occur early after biopsy, most notably the need for inpatient
hospital stay and chest tube drainage after surgical lung biopsy. Moreover,
most relevant complications and recovery-related quality-of-life effects
manifest within weeks of the procedure, which are captured within the
12-week horizon.

Overall, the results, from Chapter 3 and 4, support the step-up strategy
as the preferred approach when histology is indicated.

However, surgical approaches are becoming less burdensome, which
may shift the balance between diagnostic yield and patient burden. In
this context, non-intubated thoracoscopic surgery (NITS), also known as
awake or spontaneously breathing VATS, is gaining interest as an alter-
native to conventional VATS for surgical lung biopsies. NITS a surgical
technique in which patient are not intubated and ventilated. This is of
interest as it is suggested that an exacerbation of the underlying ILD,
which is very serious adverse event sometimes leading to death, may be
due to acute lung injury from mechanical ventilation (15, 16). In addi-
tion, NITS is associated with reduced post-operative pain and shorter
recovery period (17). As the chest tube is usually removed within 2 hours
following surgery, patients can be discharged the same day (18). When
these techniques become reproducible outside expert centers, they could
shift the balance in fibrotic ILD back toward surgical biopsy in selected
patients and, in doing so, reshape how the COLD step-up strategy should
be interpreted in contemporary practice.

This highlights that the optimal biopsy technique is dynamic and context
dependent, and should be revisited as both bronchoscopic and surgical
techniques evolve. In this setting, a recent expert statement emphasize
that lung biopsy should be considered a selective test, best discussed
in an MDT discussion, and pursued when histology is expected to add
meaningful information beyond clinical and radiologic data. Technique
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selection should be tailored to the differential diagnosis, local expertise
and facilities, and the anticipated balance between diagnostic gain, patient
burden, and the risk of adverse events (8). At the same time, increasing
caution around biopsy also has potential downsides. A highly restrictive
tissue policy may normalize diagnostic uncertainty, increase reliance
on imperfect HRCT based categorization, and promote “lumping” into
broad labels such as unclassifiable fibrotic ILD or progressive pulmonary
fibrosis, even when histology could meaningfully influence early
treatment choices or prognostic counselling in carefully selected patients.
Furthermore, it provides biological reference material that is essential to
validate emerging tools such as quantitative imaging analytics, molecular
profiling, and novel bronchoscopic imaging techniques and develop novel
treatments that specifically impact on lung tissue molecular signatures.
These considerations support a strategy that is neither biopsy by default
nor biopsy avoidance, but a deliberate effort to maximize clinical value
while minimizing harm, supported by continued development of less
invasive methods that provide biological information.

PART II BRONCHOSCOPIC IMAGING TECHNIQUES
FOR THE ASSESSMENT OF INTERSTITIAL LUNG
DISEASE AND ARDS

In Chapters 5-8, we demonstrate that minimally invasive bronchoscopic
novel imaging techniques can add microscopic tissue specific informa-
tion beyond conventional CT.

Chapter 5 provides an overview of bronchoscopic optical coherence to-
mography (OCT) and confocal laser endomicroscopy (CLE), and discusses
their applications for diagnosis and monitoring across a variety of pul-
monary diseases, including ILD.

In Chapter 6, it was shown that polarization sensitive endobron-
chial optical coherence tomography (PS-EB-OCT) was able to detect
and quantify fibrotic changes in the lung. In a prospective exploratory
study of 19 patients (16 ILD patients; 3 asthma controls), PS-EB-OCT
was feasible and safe, added ~5-10 minutes without procedure-related
adverse events, and enabled automated quantification of birefringent
area in 49 lung segments. Birefringent area correlated with histologically
confirmed fibrosis and discriminated histological confirmed extend of
fibrosis better than HRCT (AUROC 0.96 vs 0.83; accuracy 0.77 Vs 0.60).
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In addition, PS-EB-OCT visualized ILD-relevant microfeatures (e.g.
interstitial and destructive fibrosis including microscopic honeycomb-
ing, traction bronchiectasis, and airway-centered fibrosis in patient
with fibrotic HP), suggesting potential clinical value when conventional
imaging is inconclusive. Our findings are in line with a landmark study
by Nandy et al., suggesting that certain microstructural signatures may
be detectable without a biopsy (19). Nevertheless, some issues need to
be resolved before this technique can be clinically implemented, some
of which were discussed through a correspondence letter (Chapter 7).
In short, larger cohorts with longer follow-up are required to validate
robustness across diagnoses and to determine how birefringence relates
to clinically meaningful outcomes, including progression and treatment
response. Second, clinically interpretable thresholds remain unknown. It
is unclear what constitutes “high” birefringence in an individual patient
and how this may vary with age, smoking status, or other exposures.
Third, blinded and standardized interpretation frameworks are needed,
ideally including studies that assess whether independent observers can
reliably recognize and classify specific OCT patterns.

In the coming years, the broader applicability of PS-EB-OCT may be-
come increasingly relevant. For example, the expected rise in incidentally
detected interstitial lung abnormalities (ILAs) will likely intensify the
need to distinguish minimal radiologic change from true early fibrotic
remodeling (20). In this setting, bronchoscopic tissue-level microscopic
imaging could offer a way to test whether subtle HRCT abnormalities
correspond to microscopic fibrosis, and longitudinal measurements
might allow earlier detection of progression than currently feasible with
standard imaging alone.

Confocal laser endomicroscopy (CLE) offers a complementary view to OCT
by visualizing the alveolar compartment at an even higher, subcellular
resolution. In Chapter 8, we assessed whether bedside CLE can be incor-
porated into routine ICU bronchoscopy and whether it provides micro-
scopic information beyond chest CT. In this single-center pilot study, 33
mechanically ventilated patients underwent 41 CLE procedures. Feasibility
was 100%, the procedure added less than five minutes to bronchoscopy,
and no CLE-attributed adverse events occurred. CLE enabled a systematic
assessment of alveolar filling and architecture. Abnormalities were fre-
quently seen in CT-normal segments, and in a subset of CT ground-glass
segments CLE showed architectural remodeling that resembled patterns
seen in areas with overt reticulation. Together with ex vivo-validated
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fibrotic features, these findings suggest that CLE may detect early fibro-
proliferative microstructural changes that can be underestimated on CT.
Although we acquired a substantial number of videos (n=150), they were
obtained from a limited number of patients (n=33), and analyses did not
adjust for within-patient clustering. In addition, CLE image assessment
was performed by expert consensus without formal inter-observer vari-
ability testing, limiting conclusions on reproducibility.

The clinical rationale for studies like these in ARDS is underscored by
the observation that among patients who meet clinical ARDS criteria,
only about half show diffuse alveolar damage (DAD) on histology (21).
This distinction is clinically relevant, as DAD is associated with worse
outcomes (22). The desire to identify DAD and alternative causes of
respiratory failure is reflected in centers that perform lung biopsies
in non-resolving ARDS, which often lead to changes in therapy (23).
However, surgical biopsy in this population carries substantial morbid-
ity and mortality, and published series are strongly affected by selection
and indication bias. Transbronchial cryobiopsy may offer a less invasive
alternative, but current evidence is limited and adverse events remain
common, even though management changes are frequent after biopsy
(24-26).

More evidence is needed, ideally with histology as a reference standard
in well-designed validation studies. In practice, obtaining matched his-
tology in critically ill ARDS patients will remain challenging. One prag-
matic approach could be validation against autopsy material, at least to
establish whether endobronchial microscopic tissue imaging patterns can
reliably identify DAD and key alternative pathologies. If such validation
is achieved, endoscopic microscopic tissue imaging could offer a safer
way to better characterize ARDS patients at the bedside, while reducing
reliance on high-risk tissue biopsy. Future work should include blinded
image assessment by multiple raters, developing Al algorithms for im-
age interpretation, study structured CLE correlation with clinical ARDS
phenotypes, and evaluation of associations with longer-term outcomes.

Future work should include blinded image assessment by multiple raters,
structured correlation with clinical phenotypes, and evaluation of asso-
ciations with longer-term outcomes. Because CLE is a point-sampling
technique with a limited field of view, multimodal integration may add
value. Combining CLE with PS-EB-OCT could connect alveolar-level de-
tail to a broader spatial context and to fibrosis-related signals.
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Building on the above, minimally invasive bronchoscopic “optical biopsy”
approaches such as OCT and CLE, could be positioned as an intermediate
step between CT-based assessment and tissue biopsy in ILD and ARDS.
To date, these add-on imaging techniques have not been associated with
reported adverse events, although published experience is largely limited
to expert centers.

Endobronchial imaging is most logically positioned as an add-on to
bronchoscopic procedures that are already routinely performed. In
contemporary ILD diagnostics, bronchoalveolar lavage (BAL) is often
performed in the work-up of ILD patients that remain unclassified. BAL
is performed by wedging the bronchoscope in a subsegmental bronchus,
instilling sterile saline into the distal airspaces, and retrieving the fluid
for analysis of inflammatory cells and soluble components. Although BAL
is rarely diagnostic on its own, a marked lymphocytosis can substan-
tially increase diagnostic confidence, particularly when hypersensitivity
pneumonitis, alveolar sarcoidosis, or cellular NSIP are considered. In a
smaller subset of conditions, BAL findings may be directly diagnostic,
including pulmonary Langerhans cell histiocytosis, pulmonary alveolar
proteinosis and diffuse alveolar hemorrhage (27-29). In addition, there
is growing interest in BAL profiling beyond diagnosis. With antifibrotics
now available for progressive pulmonary fibrosis, there is an increasing
need to identify patients at risk of progression early and to move toward
biomarker guided prognostication and treatment selection. Several can-
didate biomarkers are being explored in BAL based analyses, but robust
and widely validated markers are not yet available (30-32). Therefore,
combining endobronchial imaging techniques with BAL is an attractive
strategy, as BAL is widely available, familiar, and generally safe, and it
would allow direct correlation between imaging features and local cel-
lular or inflammatory profiles obtained from the same lung region. In
addition to BAL, OCT and CLE provide microstructural information rather
than cellular or soluble marker data, and could therefore complement
BAL based profiling within the same minimally invasive procedure.

PART III NOVEL IMAGING TECHNIQUE FOR RAPID
ASSESSMENT OF LUNG TISSUE IN INTERSTITIAL
LUNG DISEASE

Despite the promise of bronchoscopy-facilitated microscopic tissue
specific in vivo imaging, tissue sampling remains indicated when
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non-invasive evaluation does not yield a classifying diagnosis and
the MDD expects added value from histopathology. In ILD, our work
supports a step-up approach starting with transbronchial cryobiopsy.
However, transbronchial cryobiopsy performance varies across centers
and operators, in part due to differences in experience, technique,
and sampling error (33-35). This variability strengthens the case for
improving biopsy workflows to reduce inconclusive samples and avoid
additional invasive procedures. Within this context, higher harmonic
generation (HHG) microscopy may be a useful addition to the biopsy
workflow.

In Chapter 9, we evaluated HHG microscopy on fresh, unprocessed lung
tissue. We report 65 biopsies from 18 ILD patients imaged on site. HHG
images could be interpreted by two ILD-expert pathologists and showed
close agreement with matched conventional histology. Key ILD-relevant
features were recognized, including inflammatory and fibrotic regions,
architectural distortion, and microscopic honeycombing. A further ad-
vantage is that HHG provides simultaneous, label-free visualization of
multiple microstructural components within a single image (e.g., col-
lagen, elastin, and cellular structures), whereas conventional pathol-
ogy typically requires multiple stains for different components. This
is relevant because it enables quantitative analysis of signal intensities
and component ratios, which may help distinguish more inflammatory
from more fibrotic ILD patterns. Furthermore, 3D reconstruction enables
depth-resolved tissue assessment beyond conventional 2D sections,
which may reflect in vivo architecture more closely. Besides the limited
sample size, an important limitation of this study includes that although
the pathologists were blinded for clinical data and to each other, they
had access to both the HHG images and H&E stained slides. This may
have introduced confirmation bias. We tried to overcome this limitation
by only including features that both pathologists had identified.

The rapid on-site tissue visualization was further illustrated in
Chapter 11, where HHG imaging of fresh autopsy lung tissue from
a patient with COVID-19 ARDS immediately revealed inflammation,
alveolar architectural distortion and fibrosis with increased collagen,
consistent with standard histology.

Because HHG is rapid and can be performed on site, it may support pro-
cedural feedback during biopsy. In Chapter 10, we prospectively evaluated
HHG for rapid on-site adequacy assessment of TBLC in ILD. In 14 patients
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(49 biopsies), HHG mosaics were generated within 7 + 1.8 minutes. Two
ILD-expert pathologists independently assessed adequacy on H&E and
HHG with substantial agreement (x 0.748 for H&E; k 0.820 for HHG),
supporting reproducible HHG interpretation. Using H&E as the reference,
HHG adequacy assessment showed 86.1% sensitivity and 76.9% speci-
ficity. These results support HHG as a practical tool for rapid adequacy
feedback during transbronchial cryobiopsy. However, this was a small
pilot study, and biopsy adequacy performance estimates depend on the
adequacy definition used. In addition, although imaging was rapid, ad-
equacy assessment was performed offline after the procedure rather than
truly in real time on site, meaning that direct workflow impact was not
tested. These findings nevertheless support a prospective workflow study
in which HHG is embedded during TBLC to evaluate whether real-time
adequacy feedback reduces sampling error, increases diagnostic yield,
and lowers the need for additional surgical biopsy.

A central limitation in ILD diagnostics is variability: interpretation differs
between observers and between centers, and sampling error contributes
to inconclusive results. HHG microscopy produces rapid, label-free im-
ages directly from fresh biopsy tissue and generates a consistent digital
format. This makes it a good match for computer-assisted analysis. In
a clinical workflow study in lung and pleural biopsies, van Huizen et al.
showed that on-site HHG imaging can deliver a biopsy overview within
minutes and that both pathologists and an AI algorithm could classify
malignancy versus non-malignancy on HHG images with high feasibil-
ity, illustrating how HHG can turn “fresh tissue” into immediate, stan-
dardized digital information that is amenable to automated support (36).

In ILD specifically, Lami et al. demonstrated that a multimodal AI model
combining histopathology with CT improved performance for UIP ver-
sus non-UIP and, importantly, substantially increased agreement and
confidence among general pathologists. This supports the idea that AI
can reduce interobserver variability when it is fed with complementary
signals rather than a single modality (37).

FUTURE PERSPECTIVES

Ultimately, the goals of ILD care remain clear: to prolong survival, pre-
serve quality of life, counsel patients honestly about prognosis, and move
toward therapies that can stop, reverse, or even cure disease. Yet despite



General discussion

major progress, including advancements in HRCT, the introduction of
antifibrotics, and expanding treatment options for progressive fibrosing
phenotypes, outcomes remain heterogeneous and many trials still show
modest effects (38). This highlights that current diagnostic classifica-
tion and CT patterns do not fully reflect the processes that drive disease
progression. In that context, this thesis shows how novel imaging tech-
niques may contribute to improve the diagnostic work up while reducing
patient burden. It does so by adding approaches that aim lung tissue level
assessment and by improving how tissue is obtained and evaluated when
it is still required.

When lung tissue is indicated, randomized data show that starting with
transbronchial cryobiopsy and reserving surgical lung biopsy for selected
cases reduces procedure related burden while maintaining overall diag-
nostic yield, with favorable short term economic benefits. At the same
time, recent expert guidance emphasizes that biopsy decisions and
technique selection is complex and should be made in an MDT setting.
The decision should be based on the differential diagnosis, local expertise
and facilities, and the balance between expected diagnostic benefit and
procedural risk (8). Looking forward, progress is most likely to come
from a stepwise diagnostic strategy in which CT, bronchoscopic tissue-
level microscopic imaging, and tissue based evaluation each contribute,
rather than from a single replacement for histology. In future studies,
PS-EB-OCT as add-on to standard immune-BAL bronchoscopy should
be advanced into prospective multicenter ILD studies with standardized
acquisition and blinded assessment. These studies should link fibrosis
quantification and histologic patterns to ILD classification, progression,
treatment response, and longer term outcomes in progressive pulmonary
fibrosis. They should also focus on whether these measures are informa-
tive in earlier disease stages, such as interstitial lung abnormalities. In
ARDS, future studies should validate bedside CLE patterns against robust
reference standards and outcomes, to determine whether bronchoscopic
tissue-level microscopic imaging can help identify DAD and key alterna-
tive pathology.

For patients who still require biopsy, the transbronchial lung cryobiopsy
workflow can be improved. HHG microscopy can provide rapid, label free,
digital visualization of fresh biopsy tissue, which may reduce sampling
error and the rate of inconclusive procedures by enabling immediate
feedback on specimen adequacy. Future studies should evaluate HHG
in a prospective multicenter workflow design in which real time HHG
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adequacy feedback guides additional sampling during TBLC, with end-
points including adequacy and diagnostic yield and confidence. In paral-
lel, future studies may develop and validate straightforward quantitative
measures from the different HHG image channels (THG, SHG, and 2PEF)
and test whether these measures, potentially supported by artificial in-
telligence, can make biopsy interpretation more consistent.

Implementation research of any of the mentioned techniques should
define training requirements, reproducibility across centers, and real
world impact, including whether adding microscopic imaging to routine
bronchoscopy can increase management confidence and diagnostic yield.
Together, these future steps build on the findings of this thesis and may
move ILD diagnostics toward greater precision with lower patient burden,
while supporting earlier risk stratification and more targeted treatment
decisions.
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KEY FINDINGS

« Both endobronchial ultrasound (EBUS) and esophageal ultrasound
using the EBUS scope (EUS-B) provide comparable diagnostic
performance for stage I-II sarcoidosis; sampling route choice can be
pragmatic (patient tolerance, anatomy, type of anesthesia, logistics,
expertise).

o Both standard 22G TBNA needle and 25G ProCore needle provide
comparable diagnostic performance for stage I-II sarcoidosis. Choice
can be made upon availability and preference.

« When lung biopsy is indicated for diagnosing interstitial lung disease
(ILD), a step-up strategy starting with transbronchial lung cryobiopsy
and reserving surgical biopsy for inconclusive cases preserves overall
diagnostic yield while reducing patient burden and complications.

« The step-up -cryobiopsy first- strategy is cost-effective, supporting
broader implementation as standard care where expertise exists.

« In vivo polarization sensitive endobronchial optical coherence
tomography (PS-EB-OCT) is feasible and safe and enables detection
and quantification of fibrotic extent in the lung parenchyma. In
addition, PS-EB-OCT identifies microscopic ILD tissue features,
suggesting value as an add-on to CT when ILD detection and
classification are challenging.

« Bedside confocal laser endomicroscopy (CLE) during routine ICU
bronchoscopy is feasible and safe and adds alveolar-level information
that can complement CT in ARDS patients.

« Higher harmonic generation microscopy can image fresh, unprocessed
ILD biopsy tissue on site and allows ILD-expert pathologists to
recognize key structures and patterns with close agreement to
conventional histology

« HHG microscopy allows rapid on-site assessment of cryobiopsy
adequacy with high sensitivity, with conventional histology as the
reference standard
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ENGLISH SUMMARY

This thesis investigates how bronchoscopic techniques can improve the
diagnostic work-up and assessment of interstitial lung diseases (inter-
stitial lung disease, ILD). The central aims are to maintain (or increase)
diagnostic certainty and to reduce patient burden by choosing less
invasive strategies whenever possible. The thesis is built around three
complementary components: (1) optimising sampling strategies when
lung tissue is needed, (2) adding microscopic information through in vivo
bronchoscopic imaging, and (3) improving the workflow and interpreta-
tion of biopsies through rapid ex vivo microscopy.

Part I Bronchoscopic sampling techniques for diagnosing interstitial lung disease

Chapter 2 focuses on granulomatous ILD: stage I and II sarcoidosis. In the
international randomized ISA study, 358 patients from 14 centers world-
wide were included with suspected stage I-II sarcoidosis. Patients were
randomized between endobronchial ultrasound (EBUS) and esophageal
ultrasound using an EBUS scope (EUS-B) for lymph node sampling. In
addition, there was a second randomization between two needle types: a
standard 22G EBUS needle and a 25G ProCore needle. The yield for detect-
ing granulomas was comparable between both routes (70% in the EBUS
group versus 68% in the EUS-B group; p=0.67). The representativeness
of the lymph node material was also comparable for both needles (90.4%
for 22G versus 91.1% for ProCore; p=0.829). The clinical message is that
both EBUS and EUS-B achieve a high and similar diagnostic yield. There-
fore, the choice of approach can mainly be made pragmatically, based on
patient tolerance, type of sedation, and local expertise.

Chapters 3 and 4 focus on patients with suspected ILD in whom a biopsy
is indicated. Lung tissue can be obtained by surgical lung biopsy (high
diagnostic yield but invasive) or by transbronchial cryobiopsy (lower
diagnostic yield but less invasive). The randomised COLD study (Chapter
3) compares a step-up strategy (starting with transbronchial cryobiopsy,
with surgical lung biopsy only if results are inconclusive) with immediate
surgical lung biopsy. In total, 55 patients were included from 6 hospitals
in the Netherlands. The number of patients who required an unexpected
chest drain was substantially higher in the immediate surgery group
(11% in the step-up group versus 46% in the immediate surgery group;
p=0.0058). Diagnostic yield was similarly high in both groups (89% in
the step-up group versus 88% in the immediate surgery group; p=0.841),
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while hospital stay, the amount of pain experienced, and the number of
serious complications were higher in the immediate surgery group. The
economic evaluation (Chapter 4) builds on these findings and shows that
the step-up strategy is cost-effective. Taken together, these results sup-
port a “least-invasive-first” approach when histology is needed: start
with cryobiopsy and reserve surgery for the minority of patients in whom
this does not provide sufficient diagnostic certainty.

Part II Bronchoscopic imaging techniques for the assessment of interstitial lung
disease and ARDS

Chapter 5 describes, in a review, the technical developments and clinical
applications of optical coherence tomography (OCT) and confocal laser
endomicroscopy (CLE) in respiratory medicine. Both techniques aim to
bridge the gap between macroscopic imaging (HRCT) and invasive his-
tology by adding microscopic in vivo information during bronchoscopy.

Chapter 6 evaluates polarization-sensitive endobronchial OCT (PS-EB-
OCT) as an additional technique for fibrosis assessment in ILD, with
histology as the reference. In 19 patients we show that PS-EB-OCT is
feasible and able to detect and quantify fibrosis. The more fibrosis PS-
EB-OCT detected, the more fibrosis was actually seen in the correspond-
ing biopsies. Moreover, agreement with the histological fibrosis measure
was better than that of CT. In addition, microscopic features relevant for
ILD diagnostics could be recognized in PS-EB-OCT images. This sup-
ports the idea that PS-EB-OCT could potentially develop into an “optical
biopsy”, but it requires larger prospective studies for clinical validation,
standardization, and interpretation frameworks.

Chapter 7 is a response to a study in which histological patterns are rec-
ognized based on endobronchial OCT. Although the results are promising,
we emphasize the need for prospective validation, transparent reporting
of the patient population, and especially standardization of measure-
ments to ensure reproducibility and generalizability.

Chapter 8 brings the micro-imaging concept to the intensive care unit.
We investigated bronchoscopic CLE in mechanically ventilated patients
with respiratory failure. In 33 patients (41 procedures) we show that
bronchoscopic CLE is feasible and safe in this setting. CLE can visualize
patterns of alveolar filling (for example cells or fluid) and architectural
changes that may complement conventional imaging. Therefore, bron-
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choscopic CLE has the potential to add microscopic information without
a biopsy, particularly in a population in whom invasive tissue sampling
is often too risky.

Part I1I Novel imaging technique for rapid assessment of lung tissue in interstitial
lung disease

In Chapters 9-11 we introduce higher harmonic generation (HHG) mi-
croscopy as a rapid method to image fresh, unprocessed lung tissue.
Normally, histological processing requires fixation, embedding, section-
ing, and staining, which is time-consuming. HHG offers the possibility
to obtain tissue-level structural information directly, within minutes.

Chapter 9 describes a proof-of-concept study in which we assessed 65
biopsies using HHG. Importantly, these were fresh, unprocessed biopsies
that could be examined directly in the bronchoscopy suite or operating
theatre. We show that images can be obtained within minutes and that
two pathologists can recognize essential features of healthy and diseased
lung tissue. HHG also enables simultaneous assessment of collagen,
elastin, and cellular structures in a single image, without additional
stains. This makes it possible to visualize their relative distribution. In
addition, HHG microscopy allows depth scanning, so that 3D assessment
can be added.

Chapter 10 explores clinical applicability as a “rapid on-site evaluation”
(ROSE)-like tool for cryobiopsies. Because cryobiopsies sometimes con-
tain insufficient informative tissue, rapid feedback on biopsy quality may
increase diagnostic yield and may prevent additional (surgical) proce-
dures. In this study, 49 cryobiopsies were assessed for “adequacy” based
on HHG images, using conventional histology as the reference. This re-
sulted in a sensitivity of 86.1% and a specificity of 76.9% for identifying
adequate biopsies. These findings support that HHG can provide direct
feedback during procedures.

Chapter 11 illustrates rapid HHG visualization in autopsy tissue from
COVID-19 ARDS, demonstrating the technique in a context where rapid,
label-free assessment of lung tissue can be valuable.

In Chapter 12 the findings of this thesis are brought together and placed
in clinical context, with attention to future perspectives. Overall, the
results support a stepwise, patient-centered diagnostic approach: HRCT,
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clinical data, and multidisciplinary discussion remain the basis. When
additional certainty is needed, the data support a least-invasive-first
strategy for tissue sampling. At the same time, the imaging chapters
show that innovative bronchoscopic imaging and rapid ex vivo micros-
copy may contribute to ILD diagnostics and may improve workflow when
tissue is obtained.
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NEDERLANDSE SAMENVATTING

Dit proefschrift onderzoekt hoe bronchoscopische technieken de diag-
nostische work-up en beoordeling van interstitiéle longziekten (inter-
stitial lung disease, ILD) kunnen verbeteren. Centrale uitgangspunten
zijn het behouden (of vergroten) van diagnostische zekerheid én het
verminderen van patiéntbelasting door waar mogelijk minder invasieve
strategieén te kiezen. Het proefschrift is opgebouwd rond drie comple-
mentaire onderdelen: (1) optimaliseren van samplingstrategieén wanneer
longweefsel nodig is, (2) toevoegen van microscopische informatie via
bronchoscopische beeldvorming in vivo, en (3) verbeteren van workflow
en interpretatie van biopten via snelle ex vivo microscopie.

Deel I Bronchoscopische samplingtechnieken om ILD te diagnosticeren

Hoofdstuk 2 richt zich op granulomateuze ILD: sarcoidose stadium I
en II. In de internationale gerandomiseerde ISA-studie werden 358
patiénten uit 14 centra wereldwijd geincludeerd met een verdenking op
sarcoidose stadium I-II. Patiénten werden gerandomiseerd tussen en-
dobronchiale echografie (EBUS) en oesofagiale echografie met een EBUS-
scoop (EUS-B) voor lymfeklierpuncties. Daarnaast was er een tweede
randomisatie tussen twee naaldtypen: een standaard 22G EBUS-naald en
een 25G ProCore-naald. De opbrengst voor het aantonen van granulomen
was vergelijkbaar tussen beide routes (70% in de EBUS-groep versus
68% in de EUS-B-groep; p=0,67). Ook de representativiteit van het ver-
kregen kliermateriaal was vergelijkbaar voor beide naalden (90,4% voor
22G versus 91,1% voor ProCore; p=0,829). De klinische boodschap is dat
zowel EBUS als EUS-B een hoge en vergelijkbare diagnostische opbrengst
hebben. De keuze voor de benadering kan daarom vooral pragmatisch
worden gemaakt, op basis van patiénttolerantie, type sedatie en lokale
expertise.

Hoofdstuk 3 en 4 richten zich op patiénten met een verdenking op ILD bij
wie een biopt geindiceerd is. Het biopteren van longweefsel kan d.m.v.
chirurgische biopten (hoge diagnostische opbrengst maar invasief) of
middels transbronchiale cryobiopten (lagere diagnostische opbrengst
maar minder invasief). De gerandomiseerde COLD-studie (Hoofdstuk 3)
vergelijkt een step-up strategie (starten met transbronchiale cryobiopten,
aanvullend chirurgische longbiopten alleen bij inconclusieve resultaten)
met direct uitgevoerde chirurgische longbiopten. Er werden 55 patiénten
geincludeerd, afkomstig uit 6 verschillende ziekenhuizen in Nederland.
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Het aantal patiénten dat een onverwachte thoraxdrain nodig had was
aanzienlijk hoger in de directe chirurgie groep (11% in step-up groep
versus 46% in de directe chirurgie groep (p=0.0058)). De diagnostische
opbrengst tussen beide groepen was vergelijkbaar hoog (89% in step-up
groep versus 88% in directe chirurgie-groep (p=0.841)), terwijl de lig-
duur in het ziekenhuis, de hoeveelheid pijn die mensen ervaarden en het
aantal ernstige complicaties groter was in de directe chirurgie groep. De
economische evaluatie (Hoofdstuk 4) bouwt hierop voort en laat zien dat
de step-up strategie kosteneffectief is. Gezamenlijk ondersteunen deze
resultaten een “least-invasive-first” benadering wanneer histologie no-
dig is: begin met cryobiopten en reserveer chirurgie voor de minderheid
bij wie dit onvoldoende diagnostische zekerheid oplevert.

Deel II Bronchoscopische beeldvormende technieken voor de beoordeling van
ILD en ARDS

Hoofdstuk 5 beschrijft in een review de technische ontwikkelingen en
klinische toepassingen van optical coherence tomography (OCT) en con-
focale laser-endomicroscopie (CLE) binnen de longgeneeskunde. Beide
technieken beogen een brug te slaan tussen macroscopische beeldvorm-
ing (HRCT) en invasieve histologie, door tijdens een bronchoscoop mi-
croscopische informatie in vivo toe te voegen.

Hoofdstuk 6 evalueert polarization-sensitive endobronchial OCT (PS-
EB-OCT) als aanvullende techniek voor fibrosebeoordeling bij ILD, met
histologie als referentie. In 19 patiénten laten we zien dat PS-EB-OCT
haalbaar is en in staat is om fibrose te detecteren én te kwantificeren.
Hoe meer fibrose PS-EB-OCT detecteerde, hoe meer fibrose daad-
werkelijk in de corresponderende biopten werd gezien. Bovendien bleek
de overeenkomst met de histologische fibrosemaat beter dan die van CT.
Daarnaast konden in PS-EB-OCT-beelden microscopische kenmerken
worden herkend die relevant zijn voor ILD-diagnostiek. Dit ondersteunt
de gedachte dat PS-EB-OCT potentieel kan uitgroeien tot een vorm
van “optisch biopt”, maar vraagt om grotere prospectieve studies voor
klinische validatie, standaardisatie en interpretatiekaders.

Hoofdstuk 7 is een reactie op een studie waarin histologische patronen
worden herkend op basis van endobronchiale OCT. Hoewel de resul-
taten veelbelovend zijn, benadrukken we de noodzaak van prospectieve
validatie, transparante rapportage van de patiéntpopulatie en vooral
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standaardisatie van metingen om reproduceerbaarheid en generaliseer-
baarheid te waarborgen.

Hoofdstuk 8 verplaatst het micro-imaging concept naar de intensive
care. We onderzochten bronchoscopische CLE bij beademde patiénten
met respiratoir falen. In 33 patiénten (41 procedures) tonen we dat bron-
choscopische CLE haalbaar en veilig is in deze setting. CLE kan patronen
van alveolaire vulling (bijvoorbeeld cellen of vocht) en veranderingen in
architectuur zichtbaar maken die conventionele beeldvorming kunnen
aanvullen. Daarmee heeft bronchoscopische CLE de potentie om micros-
copische informatie toevoegen zonder biopt, juist in een populatie waarin
invasieve weefselafname vaak te risicovol is.

Deel III Nieuwe beeldvormende techniek voor snelle beoordeling van longweef-
selinILD

In Hoofdstuk 9-11 introduceren we higher harmonic generation (HHG)
microscopie als snelle methode om vers, onbewerkt longweefsel af te
beelden. Normaal gesproken vereist histologische verwerking fixatie,
inbedden, snijden en kleuren, wat een tijdrovend traject is. HHG biedt de
mogelijkheid om direct, binnen minuten, structuurinformatie op weef-
selniveau te verkrijgen.

Hoofdstuk 9 beschrijft een proof-of-concept studie waarin we 65 biopten
met HHG beoordeelden. Uniek is dat het om verse, onbewerkte biopten
gaat, die direct op de bronchoscopie- of operatiekamer kunnen worden
bekeken. We laten zien dat binnen enkele minuten beelden beschikbaar
zijn en dat twee pathologen essenti€éle kenmerken van gezond en ziek
longweefsel kunnen herkennen. HHG maakt bovendien gelijktijdige
beoordeling van collageen, elastine en cellulaire structuren mogelijk in
één beeld, zonder extra kleuringen. Dit maakt het mogelijk om de onder-
linge verhoudingen weer te geven. Daarnaast biedt HHG microscopie
de mogelijkheid tot dieptescans waardoor 3D-beoordeling kan worden
toegevoegd.

Hoofdstuk 10 verkent de Kklinische toepasbaarheid als “rapid on-site
evaluation” (ROSE)-achtig hulpmiddel voor cryobiopten. Omdat cryo-
biopten soms onvoldoende informatief weefsel bevatten, kan snelle
terugkoppeling over bioptkwaliteit mogelijk de diagnostische opbrengst
verhogen en aanvullende (chirurgische) procedures mogelijk voorkomen.
In deze studie werden 49 cryobiopten op basis van HHG-beelden beoor-
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deeld op “adequaatheid”, met conventionele histologie als referentie. Dit
resulteerde in een sensitiviteit van 86,1% en een specificiteit van 76,9%
voor het herkennen van adequate biopten. De bevindingen ondersteunen
dat HHG kan bijdragen aan directe feedback tijdens procedures.

Hoofdstuk 11 illustreert de snelle HHG-visualisatie in autopsieweefsel
van COVID-19 ARDS, als demonstratie van de techniek in een context
waar snelle, label-vrije beoordeling van longweefsel waardevol kan zijn.

In Hoofdstuk 12 worden de bevindingen van dit proefschrift samenge-
bracht en geplaatst in klinische context, met aandacht voor toekomstper-
spectieven. Overkoepelend ondersteunen de resultaten een stapsgewijze,
patiéntgerichte diagnostische benadering: HRCT, klinische gegevens en
multidisciplinaire bespreking blijven de basis. Wanneer aanvullende ze-
kerheid nodig is, pleiten de data voor een least-invasive-first strategie
voor weefselafname. Tegelijk laten de imaging-hoofdstukken zien dat
innovatieve bronchoscopische beeldvorming en snelle ex vivo micros-
copie potentieel kunnen bijdragen aan ILD-diagnostiek en mogelijk de
workflow kunnen verbeteren wanneer er weefsel wordt uitgenomen.
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Mijn promotor, Jouke Annema. Ik weet nog goed dat ik voor het eerst
bij je op gesprek kwam; nooit had ik kunnen bedenken waar we acht
jaar later zouden staan. Je hebt me warm, enthousiast en tegelijk strak
begeleid, met oog voor zowel de professionele doelen als de menselijke
kant. Als ik het even niet meer zag, kwam jij met een pragmatische en
verhelderende oplossing. Ik heb me door jouw begeleiding altijd gehoord
en geholpen gevoeld. Ook je aanstekelijke enthousiasme voor avonturen
buiten de werkvloer is inspirerend gebleken.

Mijn co-promotor, Peter Bonta. Alleskunner. Altijd vrolijk, altijd bereid
om te helpen en altijd vol ideeén. Ik bewonder hoeveel passie jij tegeli-
jkertijd hebt voor de patiénten, de kliniek en de wetenschap. Het is echt
mijn wens om door te gaan met waar we samen al mee begonnen zijn,
want met jou samenwerken is een feest. Je kunt op de juiste momenten
kritisch zijn, maar weet me tegelijk met jouw positieve energie altijd
weer te motiveren.

Mijn paranimfen. Laurence Crombag, met jouw oprechte aandacht voor
wie ik ben naast mijn werk voelde het meteen vertrouwd. En toen bleek
dat we een ISA-baby deelden, was het natuurlijk helemaal goed. Ik be-
wonder je drive; je wil om het goed te doen. Maar het meest heb ik aan je
relativeringsvermogen. Het is altijd zo fijn om even bij je langs te komen
of je te bellen, en te kunnen kletsen over de écht belangrijke dingen van
het leven.

Lianne Alink, jouw reactie toen ik vertelde dat ik ging promoveren was
echt goud. Zo mooi dat ik oprecht ging twijfelen of jij of ik nou ging
promoveren. Een betere paranimf kan ik me dus niet wensen. Maar nog
veel belangrijker is jouw aanwezigheid als vriendin. Ook bij jou kan ik
terecht voor een heerlijk potje relativeren. Ik koester alle -bijzonder
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nette- avonturen die we samen hebben beleefd, en ik hoop dat er nog
veel meer volgen.

Team endo! Wat een droomteam om onderdeel van te mogen zijn. Samen
behaalden we mooie resultaten, gaven we internationale workshops
en presentaties en deelden we vooral veel bijzondere momenten, van
support tijdens presentaties tot de nodige ontspanning daarna. De avond
in de wasmachine was al top, maar karaoke in een kelder in Madrid valt
niet te toppen. Annika Goorsenberg, met ons gezamenlijke review, een
van mijn eerste projecten, liet je me op een hele fijne manier landen in
het team-endo-promotieclubje. Lizzy Wijmans, dank voor je eindeloze
geduld om me alles uit te leggen, ik kwam dankzij jou in een gespreid
bed van CLE-probes terecht.

Bedankt voor hulp bij projecten en gezelligheid voor Jolanda Kuijven-
hoven, Julia d’Hooge, Pieta Wijsman, Tess Kramer, Tatiana Soldati, Sofi
Vasilev en Saskia van Heumen.

Marianne van de Pol, onze drijvende kracht. Dank dat je me scherp hield
tijdens de monitorbezoeken en tegelijk altijd praktisch meedacht.
Team-endo is niets zonder endoscopieverpleegkundigen. Dank jullie wel
voor jullie eindeloze geduld en hulp als wij weer eens met een CLE of OCT
probe aan kwamen zetten, of beter nog: allebei!

Margherita Vaselli, thank you for all your help and patience. And thank
you for explaining the technical parts over and over again. Working with
you was a pleasure, I wish you all the best for the future, both profes-
sionally and on a personal level.

Laura van Huizen, jouw bijdrage aan dit proefschrift is enorm. Het was
superfijn om met je samen te werken, ook als je weer eens geduld moest
hebben met mijn stukken. Ik hoop dat we ook na mijn PhD nog mooie
projecten samen kunnen doen.

Marloes Groot, Johannes de Boer, Daniel de Bruin, Paul Bloemen, dank
voor alle technische hulp, begeleiding, creatieve oplossingen en scherpe
blik.

Jurgen Hetzel and Venerino Poletti, the godfathers of cryobiopsy. Jiirgen,
thank you for your inspiration and guidance throughout our COLD ex-
perience, from the memorable cryobiopsy workshops in Tiibingen to our
many valuable conversations. Venerino, thank you for your enthusiasm
and your never-ending energy for our projects. Your knowledge has been
invaluable for my thesis. I hope we will keep working together in the
future.
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Teodora Radonic en Jan von der Thiisen, mijn steun en toeverlaten bij
de interpretatie van PA-plaatjes. Dank voor jullie scherpe blik, geduldige
uitleg en het steeds weer meedenken over de HHG-beelden. Dat was
enorm leerzaam en waardevol.

Marcel Dijkgraaf, de urenlange telefoongesprekken over eindpunten,
vragenlijsten, statistiek en rebuttals hebben tot een prachtig eindresul-
taat geleid. Jouw mentorschap hierin waardeer ik enorm.

Collega’s van de radiologie, in het bijzonder Inge van de Berk en Onno
Mets, dank voor het herbeoordelen van CT’s en voor jullie radiologische
bijdragen aan verschillende artikelen.

Longartsen van het Amsterdam UMC, dank voor al jullie begeleiding en
steun, de koffiemomentjes, opbeurende woorden en lieve begeleiding.
In het bijzonder Els Weersink, aan wie ik veel heb gehad op moeilijke
momenten. René Jonkers, dank voor de waardevolle gesprekken, je
hulp en het vertrouwen dat je in mij had. Hans Daniels, dank voor je
begeleiding in meerdere studies, je laagdrempeligheid en natuurlijk voor
het uitkiezen van de beste borrelplek in Milaan.

Team ILD: Esther Nossent, Bart Boerrigter, Suzan Nijman en Robert-Jan
Slager. Dank voor jullie hulp bij het includeren van studiepatiénten en
voor de kennis die jullie met me wilden delen. Esther, jouw kennis en
drive zijn bewonderenswaardig, maar de momenten tussen het werk
door waardeer ik het meest.

Longartsen van het Dijklander Ziekenhuis, Dorothée de Fraiture, Duco
Schippers, Geert Rootmensen, Jorn Vos, Karen Maassen, Marian Tiemes-
sen, Marjolein van Laren, Nick Wagemaker, Roald Roeleveld en Verina
van Diepen. Dank jullie wel voor jullie juichmomenten en het vertrouwen
dat jullie in mij hebben als collega.

Longartsen van het Spaarne Gasthuis, bij jullie mocht ik mijn carriere
als longarts starten. Dank voor jullie begeleiding, inspiratie en vertrou-
wen. In het bijzonder Ivo van der Lee en Frans Krouwels: Ivo, dank voor
je steun om het promotiepad op te gaan, en voor het opvangen toen ik
flauwviel! Frans, dank voor de fijne gesprekken en het meedenken over
mijn carriere.

Een speciale dank aan mijn mede-AIOS, die inmiddels al lang geen AIOS
meer zijn, en die allemaal op hun eigen manier hebben bijgedragen aan
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dit proefschrift. In het bijzonder dank ik uit deze groep Lieuwe Bos en
Daniel Korevaar. Daniel, jouw bijdrage aan dit proefschrift is onmisbaar.
Dank voor de tijd die je hebt genomen om altijd mee te denken, en om
ingewikkelde zaken goed te verwoorden en uit te leggen. Lieuwe, heel
veel dank voor al jouw input in ons CLE-project op de IC, voor je snelle
reacties en voor het meedenken in oplossingen.

Mijn lieve vrienden en vriendinnen. Zonder jullie support, maar vooral
ook zonder de fijne gesprekken, ontspanning, humor en lichtheid die jul-
lie brengen, was dit traject een stuk zwaarder geweest. In het bijzonder:
Annemarije de Ruiter, Nienke Blokhuis, Marije Reniers en Edwin de Goey.
Dank dat jullie er altijd zijn, ook als we elkaar even minder vaak zien.
Kate Adams en Judith Dudok, dank voor onze vele Barbie-momenten.

Mijn familie, papa en mama, dank voor jullie grenzeloze liefde en ver-
trouwen in mij. Dank dat jullie altijd voor ons klaarstaan en helpen.
Martha, dank voor het vertrouwen en voor de lieve en trotse woorden die
nooit onder stoelen of banken worden geschoven.

Isabella en Eveline, mijn lieve meisjes. Dank voor jullie steun. Dat jul-
lie me uren achter elkaar achter de computer hebben laten werken. Dat
jullie me oneindig veel knuffels en kusjes geven. Dank voor de prachtige
doctor-taart die jullie maakten om me te supporten. Isabella, dank voor
jouw vragen over wat ik nou eigenlijk aan het doen ben en wat dit onder-
zoek betekent. En dat je ook nog aandachtig luisterde naar het antwoord.
Eveline, dank voor jouw mooie regenboogtekening die ik in meerdere
presentaties heb kunnen laten zien, en die geinspireerd was op de PS-
OCT-kleuren. Die regenboogkleuren zijn uiteindelijk ook inspiratie ge-
worden voor de cover van dit proefschrift.

Ralph. Babe. Zonder jou was dit proefschrift er nooit gekomen. Ik kan
niet uitspreken hoeveel jouw support voor mij betekent. Hoe vaak jij
thuis dingen hebt overgenomen zodat ik een presentatie kon afmaken,
een artikel kon schrijven of gewoon even door kon werken. Maar bovenal
kan ik met niemand anders zoveel lol hebben en van het leven genieten
als met jou en laat je me voelen hoe trots je op mij bent. Ik hou van jou.
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