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Abstract
Diagnosing and monitoring pulmonary diseases is highly 
dependent on imaging, physiological function tests and tis-
sue 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 bronchosco-
py. Disease-related pulmonary anatomical compartments 
can be visualized, real time, using these techniques. In ob-
structive lung diseases, airway wall layers and related struc-
tural remodelling can be identified and quantified. In malig-
nant lung disease, normal and malignant areas of the cen-
tral airways, lung parenchyma, lymph nodes and pleura can 
be discriminated. A growing number of interstitial lung dis-
eases (ILDs) have been visualized using OCT or CLE. Several 
ILD-associated structural changes can be imaged: fibrosis, 
cellular infiltration, bronchi(ol)ectasis, cysts and microscop-
ic honeycombing. Although not yet implemented in clinical 
practice, OCT and CLE have the potential to improve detec-
tion and monitoring pulmonary diseases and can contrib-

ute in unravelling the pathophysiology of disease and 
mechanism of action of novel treatments. Indeed, assess-
ment of the airway wall layers with OCT might be helpful 
when evaluating treatments targeting airway remodelling. 
By visualizing individual malignant cells, CLE has the poten-
tial 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 sum-
marizing the current evidence and elaborating on future 
perspectives. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Diagnosing pulmonary diseases is highly dependent 
on imaging techniques such as high-resolution computed 
tomography of the chest (HRCT) or minimal invasive 
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procedures like bronchoscopy for tissue sampling. HRCT 
imaging contributes to the diagnosis of many pulmonary 
diseases; however, spatial resolution is limited and pa-
tients are subjected to ionizing radiation. Endobronchial 
sampling, such as mucosal and parenchymal biopsies and 
needle aspiration, is associated with a complication 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 im-
aging resolution beyond HRCT on a histological/cellular 
level might be helpful. Optical coherence tomography 
(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 res-
olution of HRCT. All these techniques are complemen-
tary: from a large overview of the lung (HRCT) to near-
microscopic imaging (CLE; Fig. 1). In this review, we dis-
cuss the value of bronchoscopic OCT and CLE in 
pulmonary diseases by summarizing OCT and CLE-
based imaging studies using the anatomical compart-
ments related to obstructive lung diseases, pulmonary 
malignancies and interstitial lung diseases (ILD; Fig. 2, 
Table 1). Furthermore, potential future clinical applica-
tions of these imaging techniques in pulmonary disease 
management are discussed (Table 1). The applicability of 

OCT in pulmonary vascular diseases has been described 
in a previously published review and is discussed less ex-
tensively [1].

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 μm 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 acous-
tic waves, OCT uses the scattering of near-infrared light 
to generate images. An advantage 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 com-
pared 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, con-
secutive 2D images generated by pullbacks can be recon-
structed to 3D structures. Although many applications in 
medicine are explored, at first, OCT was clinically imple-
mented in ophthalmology to image the retina [4–6]. Fur-
thermore, OCT is nowadays applied to assess stenosis and 
stent apposition in coronary arteries in interventional 
cardiology [7–10]. For pulmonary purposes, OCT has not 
yet been clinically implemented. However in the last de-
cade, 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 inves-
tigating 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., West-
ford, USA; Niris Imaging System, Imalux Corp., Cleve-
land, 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 in-
serted through the working channel of a bronchoscope 
and advanced until the region of interest is reached. Sub-
sequently by manual or automated pullback, the OCT 
catheter generates sequential cross-sectional images of 
segments of the anatomical compartment of interest in-
cluding the airways, lung parenchyma and pulmonary ar-
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1 µm

±100 µm ±2 mm ±0.5 m
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Fig. 1. Imaging techniques applied to the alveolar compartment 
with their corresponding resolution and imaging depth. a CLE.  
b OCT. c HRCT of the chest.
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teries (Fig. 3, Table 1). This review summarizes the ad-
vances that OCT made in improving diagnosis and man-
agement of obstructive lung diseases, malignancies and 
ILDs. 

Confocal Laser Endomicroscopy
CLE is an imaging technique compatible with bron-

choscopy, thoracoscopy 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 µm, with a maximum depth of 
70 µm and a maximum field of view of 600 µm (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 redirected 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 verti-
cally or horizontally enables reconstruction of 3D images 
by special software. In literature, CLE is also referred to as 
fibred confocal 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 
hollow 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 in-
stance, 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 respi-
ratory tract date back to 2007. Earliest studies showed fea-
sibility of imaging of the airway 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 al-
veolar septae and microvessels [18–20] and the pleura, 
these can be visualized, real time and in vivo, using pCLE. 
Additionally, cellular components including inflamma-
tory cells such as alveolar macrophages can be imaged 
based on auto-fluorescence as well [21]. 

Currently, in pulmonary diseases, one CLE system is 
commercially available (Cellvizio Endomicroscopy Sys-
tem, Mauna Kea Technologies, Paris, France). For pCLE, Pu
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a miniprobe compatible with 1.9 mm working channel 
(AlveoflexTM) can be used to visualize all segments of the 
bronchial tree and lung parenchyma (Fig.  2). However, 
when reaching for the upper lobes (apical and posterior 

segments) a thinner, more flexible, probe (Cholangio-
flexTM) might be advisable [22].

Imaging the bronchi and alveolar compartment with 
pCLE does not require additional staining. Studies have 
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Fig. 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 im-
age showing a typical helical ring-like pattern of terminal bronchi-
ole. 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 im-
age of alveolar compartment showing alveolar septae with rectan-
gular airspaces. Pulmonary vasculature: 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, mi-
crovessel.
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shown no advantage using fluorescein to visualize epithe-
lial 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]. 

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 ad-
vanced through a 19-Gauge needle. Unlike using pCLE in 
the respiratory tract, intravenous fluorescein-dinatrium 
should be administrated. Fluorescein enables the visualiza-
tion of individual cells by enhancing fluorescence of the stro-
mal 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 identified. The capsula with auto fluorescent elastin 
fibres can be distinguished from the cortex in which the lym-
phoid 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 pulmonary disease (COPD) are characterized 

Metal mark

P

P

A

S

E
LP
SM

C

OCT Guide sheath 1 mm

1 mm 1 mm

1 mm

En
do

br
on

ch
ia

l O
CT

Va
sc

ul
ar

 O
CT

a b c

d e f

Fig. 3. OCT imaging procedures of the airway wall and alveolar com-
partment (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. c OCT im-
age of the alveolar compartment showing normal alveoli and septae. 

d Angiography of the left lower lobe pulmonary artery with a steno-
sis in a chronic thromboembolic pulmonary hypertension (CTEPH) 
patient (white bracket). e OCT image of a normal proximal pulmo-
nary 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 coher-
ence tomography; P, probe; A, alveolar space; S, septae; E, epithelium; 
LP, lamina propria; SM, submucosa; C, cartilage.
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by airway remodelling, which includes structural changes 
and thickening of the airway wall [27–29]. Next to inflam-
mation, airway remodelling is a key pathophysiological 
characteristic in asthma, which is associated with disease 
severity. Therefore, it is of importance to develop accu-
rate tools to assess airway wall remodelling [30]. By show-
ing a high correlation with histology for both identifica-
tion (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 co-
hort 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 correla-
tion between FEV1 and airways was confirmed in another 
study in which several stages of COPD patients were in-
cluded and a high correlation between OCT measured air-
way wall dimensions and FEV1-based staging was found 
[36]. In allergic asthma patients, FEV1/FVC correlated with 
OCT measured epithelial thickness and mucosal buckling, 
a potential method to assess bronchoconstriction [37]. Also 
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Fig. 4. pCLE imaging procedures in vivo with corresponding im-
ages 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) posi-
tioned 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.  

c pCLE image of the alveolar compartment showing air-filled al-
veoli (a) and alveolar septae (s). d nCLE during an EUS procedure 
for staging of lung cancer, with the probe (p) extending 2 mm dis-
tal 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 lympho-
cytes (l) 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. 



OCT and CLE Imaging in Pulmonary 
Diseases

197Respiration 2020;99:190–205
DOI: 10.1159/000503261

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 pa-
tients [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 un-
ravelling the mechanism of action of new treatment tech-
niques and the evaluation of treatment response. In se-
vere asthma, OCT was used in a pilot study of 2 severe 
asthma patients to assess the effect of bronchial thermo-
plasty (BT) on the airway wall up to 2 years after treat-
ment [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 respond-

er 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 air-
ways 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 consum-
ing and it remains difficult to identify the different struc-
tures and components within these layers such as extra-
cellular 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 identi-
fied 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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Fig. 5. OCT images of the anterior segment (LB3) of the left upper lobe directly after ronchial thermoplasty (BT) 
treatment. a Normal, non-directly-BT-treated distal airway area. b BT-treated airway area with peribronchial 
oedema. c 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. 
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Confocal Laser Endomicroscopy
Visualization of the airway wall using pCLE relies on 

elastin fibres in subepithelial ECM. In the bronchi, 5 dif-
ferent patterns can be identified, 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 elas-
tin fibres, instead of a lamellar or mixed pattern of fibres, 
as compared to non-COPD smokers and healthy volun-
teers. 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].

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 repro-
duced 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, po-
tentially 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 important in the management of 
pulmonary oncology. Several groups have investigated 
the use of OCT in other oncology specialties, mainly in 
dermatology, urology and gastroenterology [49].

The involvement of pulmonary malignancies in differ-
ent anatomical compartments can be imaged with OCT 
including central airway endobronchial malignancies, 

lung parenchymal pulmonary masses or nodules and me-
tastases 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 endobronchial tumours, 
one study identified different characteristics for 3 sub-
types of cancer: squamous cell carcinomas, adenocarci-
nomas and poorly differentiated carcinomas [55]. Three 
reviewers were trained to identify these criteria in a co-
hort 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 metas-
tases, a potential use of OCT is needle-based OCT imag-
ing 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 tissue [56]. The same 
research group investigated the use of OCT for the iden-
tification of pulmonary lymph node metastases. Needle-
based OCT was performed in 26 ex vivo lymph nodes, 
both healthy and metastatic disease [57]. The character-
istics of metastatic disease were distinct from those of the 
lymph nodes without cancer and even had features con-
nected 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 abnormal area in endobronchial [16, 58–
61] and parenchymal-located malignancies (both prima-
ry 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 neo-
plastic 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 presence of a specific pattern of alveolar dystelectasis, 
oedema and influx of macrophages to be present in ma-
lignant nodules in 18 lobectomy specimens. 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 peripheral lung nodule were imaged 
with pCLE, and although in 92% the abnormal area was 
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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 mu-
cosa [16, 59, 63, 64]. Unlike the mucosa of the gastroin-
testinal tract, fluorescein does not penetrate into the epi-
thelial layer of the bronchi [23, 24]. Topical administrated 
acriflavine has shown high sensitivity and specificity to 
visualize malignant cells in endobronchial located tu-
mours; however, its use is under discussion because of its 
potential carcinogenic properties [60].

An approach where the nodule is punctured by a nee-
dle combined with the CLE probe might resolve the 
problem of bronchial epithelial staining. In 2016, Wij-
mans et al. [65] presented a case of non-small cell lung 
cancer in which the primary tumour was imaged with 
nCLE in combination 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 endo-
sonography. Dark, large aggregates of cells imaged with 
nCLE were compatible with the malignant cells of adeno-
carcinoma Thereafter, a study was performed using 
nCLE in both centrally located primary pulmonary tu-
mours (n = 6) and metastasis suspected lymph nodes  
(n = 21). Three characteristics were developed to predict 
malignancy: enlarged pleomorphic cells, dark clumps 
and directional streaming. These criteria were prospec-
tively validated to determine malignancy of the tumours 
or lymph nodes with high diagnostic accuracy of 90% 
[26] (Fig. 6).

In pleural lesions, both pCLE and nCLE have been used 
to detect malignant cells. Bonhomme et al. [66] reported 
3 cases with pleura imaging using pCLE. Three different 

images of the pleura were presented: normal pleura, pleu-
ral 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 under-
taken using both pCLE and nCLE to distinguish malig-
nant mesothelioma from areas of pleural fibrosis. Charac-
teristics of different pleural lesions were identified and 
prospectively validated in 105 pleural biopsies from 15 pa-
tients with moderate inter-observer agreement [11]. 
When it comes to malignant pleural effusion, one ex vivo 
study found high sensitivity and specificity for pleural ma-
lignancy using pCLE in pleural effusion [67]. 

ILDs and Other Parenchymal Lung Diseases

Optical Coherence Tomography
OCT has predominantly been used to assess abnormal-

ities in the airway due to both obstructive airway diseases 
and (endobronchial) malignancies. However, recently, 
the use of OCT for the assessment of the alveolar compart-
ment has been investigated [68–70]. Especially in ILDs the 
added value of high-resolution, near-microscopic imag-
ing 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 re-
sults 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 fi-
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Fig.  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. c 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, de-
scending aorta.
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brotic 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 compart-

ment, 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 an-
gle of penetration of the alveolar unit (Fig.  2, 4). Mi-
crovessels 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 fluores-
cent intensity of alveolar structures varies: older individu-
als tend to have stronger fluorescent signals of alveolar 
elastin fibres [21, 24]. 

The first report of CLE in ILD was a case of pulmonary 
alveolar proteinosis, 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 re-
ports of amiodarone induced ILD, pulmonary alveolar mi-
crolithiasis, invasive aspergillosis, pneumocystis jiroveci 
pneumonia, lymphangioleiomyomatosis and metastatic 
pulmonary calcification were published [75–80]. 

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 char-
acteristics are associated with ACR. Yserbyt et al. [81] 
showed in 2014 the correlation between ACR and an in-
crease 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 
cellularity was significantly correlated with ACR. 

Several studies have been performed to identify spe-
cific characteristics of pCLE images in ILD. Meng et al. 
[83] identified 6 different patterns to discriminate chron-
ic fibrosing ILD from other ILDs. Salaün et al. [84] iden-
tified 9 specific CLE characteristics using data from 80 
individuals (59 ILD patients, 21 healthy individuals). 
Based on these characteristics they were able to discrimi-
nate normal from diseased lung, and found that certain 
ILDs were associated with a cellular CLE pattern (pres-
ence of fluorescent 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 reproducibil-
ity of inter-observer interpretation. In another observa-
tional study in 14 ILD patients pCLE was able to detect 
normal and abnormal parenchymal areas, and to dis-
criminate mild from severe fibrosis (Fig. 7). Additionally 
the pleura and the adjacent subpleural alveolar space 
could be identified [85].

Based on the studies reviewed above, it seems plausible 
that pCLE can differentiate cellular ILDs from fibrotic 
ILDs; however, whether CLE can differentiate between 
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Fig. 7. pCLE images of the alveolar compartment in a patient with a fibrotic NSIP. a HRCT image showing dif-
fuse reticulation and bronchi(ol)ectasis. b pCLE image showing an increased density of alveolar elastin fibre in-
tact network. c 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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specific subsets of ILDs remains to be established. The 
potential of CLE to identify these different compart-
ments, along with an added value to characterize ILD, 
paves the way to use CLE as a guidance tool for endo-
scopic (cryo-)lung biopsies.

Pulmonary Vascular Diseases

Optical Coherence Tomography
The use of OCT in pulmonary vascular diseases has 

been described thoroughly in previously published re-
views 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 cor-
relate to hemodynamic parameters [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 diagnosing pe-
ripheral pulmonary artery thrombus as compared to se-
lective pulmonary angiography in 12 patients [94]. In this 
study, OCT found significantly more thrombi in the dis-
tal segments of peripheral pulmonary arteries than selec-
tive 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 vascu-
lar diseases.

Future Perspectives

In summary, in pulmonary medicine, OCT and CLE are 
promising high-resolution, real-time, in vivo imaging tech-
niques 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. 

In our opinion, the use of both CLE and OCT tech-
niques has high potential to add to guidance and/or im-
provement in diagnostic yield driven by its near-micro-
scopic 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 granulo-
mas 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 imag-
ing, optical techniques are combined with laser to detect 
fluorescently labelled components. In oncology, fluores-
cently labelled antibody detection can further boost tu-
mour identification for cancer diagnosis, staging and as-
sessment of tumour margins. For instance, fluorescently 
labelled anti-CD47 was used to detect bladder cancer 
[95]. Both fluorescently labelled labetuzumab and erlo-
tinib have been used to assess colorectal cancer and EG-
FR-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 
monoclonal antibodies used for immunotherapy can help 
to visualize cellular targets and biodistribution of these 
antibodies with the ultimate goal to improve patient se-
lection 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 elabora-
tive and this makes it a time-consuming process. The de-
velopment of automated software is essential for the im-
plementation of these techniques. Automated segmenta-
tion 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 quan-
tification [42] and automated mucus segmentation [37, 
103]. Also, research is focused on improving the tech-
niques, 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 structural airway components (e.g., ECM/
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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 in-
volved in airway wall remodelling, without the need for 
taking a biopsy. Other factors limiting the implementa-
tion of these techniques in clinical practice are the lack of 
larger validation trials, 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-resolu-
tion imaging techniques that have shown to be feasible 
and safe to use in a variety pulmonary diseases. Both tech-
niques have considerable potential to improve diagnos-
tics 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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