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Human in vivo fluorescence microimaging
of the alveolar ducts and sacs during
bronchoscopy

L. Thiberville*#, M. Salaiin**, S. Lachkar*, S. Dominique*, S. Moreno-Swirc*,
C. Vever-Bizet' and G. Bourg-Heckly’

ABSTRACT: The aim of the present study was to assess fibred confocal fluorescence microscopy
(FCFM) as a tool for imaging the alveolar respiratory system in vivo during bronchoscopy.

A 488-nm excitation wavelength FCFM device was used in 41 healthy subjects including 17
active smokers. After topical anaesthesia, the 1.4-mm miniprobe was introduced into the
bronchoscope working channel and advanced distally to the alveoli. Morphometric and cellular
analyses were performed on selected frames harbouring a minimal compression effect.

In vivo acinar microimaging was obtained from each lung segment except for the apical and
posterior segments of both upper lobes. Reproducible patterns, corresponding to the elastic
framework of the axial and peripheral interstitial systems, were recorded from 192 separate acini.
The mean +sp thickness of the acinar elastic fibres was 10+2.7 pm. Alveolar mouth diameters
(mean +sb 278 +53 pm) were normally distributed but appeared smaller in the right upper lobe
and right medial basal segment. Lobular microvessels (median diameter 90 pm) were equally
distributed throughout the lungs. Alveolar macrophages were not detectable in nonsmokers,
whereas a specific tobacco-tar-induced fluorescence was observed in smoking subjects,
providing fine details of the alveolar walls and macrophages. A strong correlation was found
between the number of cigarettes smoked per day and the amount of large and mobile
macrophages observed in vivo, as well as with the intensity of the macrophage alveolitis.

Fibred confocal fluorescence microscopy enables accurate exploration of the peripheral lung in
vivo in both smokers and nonsmokers.

KEYWORDS: Bronchoscopy, diagnostic imaging, elastin, laser scanning confocal microscopy,
pulmonary alveoli, tobacco smoking

able bronchoscope does not make it pos-

sible to image the respiratory tract in vivo
beyond the bronchioles smaller than 3 mm in
diameter [1]. Therefore, the pathology of the
distal lung is currently assessed only in wvitro,
using techniques such as bronchoalveolar lavage
and histology from transbronchial or open lung
biopsies. No real-time imaging is available.

T he external diameter of the thinnest avail-

Fibred confocal fluorescence microscopy (FCFM)
is a new technique based on the principle of
confocal fluorescence microscopy [2, 3], where
the microscope objective is replaced by a fibre-
optic miniprobe, made of thousands of fibre cores.
The miniprobe can be introduced into the 2-mm
working channel of a flexible bronchoscope to

provide in vivo endomicroscopic imaging of the
human respiratory tract in real time [4].

In a previous study, FCFM was used to assess the
autofluorescence microstructure of the proximal
bronchial wall in vivo, and demonstrated that the
main endogenous fluorophore that composes the
FCFM signal is elastin [4].

Elastic fibres, which confer both extensibility and
resilience to the pulmonary system, represent up
to 50% of the lung connective tissue [5]. In the
acinus, elastin is present in the axial backbone of
the alveolar ducts and alveolar entrances, as well
as in the external sheath of the extra-alveolar
microvessels [5-8]. This axial system is intercon-
nected to the peripheral interstitial system that
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extends through the interlobular septa towards the pleura [8, 9].
Following previous observations on the proximal bronchi,
the current authors hypothesised that FCEM would be able to
image the elastin framework microstructure of the distal lung
in vivo [10].

The present study describes the use of FCFM to produce ex vivo
and in vivo endomicroscopic images of the distal airways, from
the distal bronchioles down to the alveolar ducts and sacs, in
healthy smokers and nonsmokers. The main objective of the
current study was to assess the possibility of obtaining
reproducible, real-time FCFM in vivo imaging of the acinar
structures in humans during bronchoscopy.

METHODS

Ex vivo tissue samples

A sample of a well preserved normal human lung stored in
glutaraldehyde was kindly provided by E. Weibel (Institute of
Anatomy, Bern, Switzerland). This sample had been fixed in
situ shortly post mortem at a constant pressure of 20 cmH,0, as
described [11]. After FCFM imaging, unstained sections of this
sample were viewed using an epifluorescence microscope at
488 nm excitation (Leitz Aristoplan; Leica microsystems,
Bensheim, Germany). Lobectomy samples were obtained in
smoker and nonsmoker patients. Fresh sections were studied
with FCFM first, using a micromanipulator to apply the probe
onto the fresh tissue section, followed by histopathological
analysis of the same tissue area.

Subjects

Smoker and nonsmoker healthy volunteers, selected from the
Rouen Centre for Clinical Investigation (Rouen, France) filing
system, were prospectively included in the clinical trial. The
subjects had normal chest radiographs and respiratory function
tests, and no history of respiratory, cardiac or bleeding
disorders. The clinical study was approved by the Rouen
University Ethical Committee (Rouen, France), and the Agence
Francaise de Sécurité Sanitaire des Produits de Santé (Saint-
Denis, France). The subjects signed written informed consent
before the procedure, and their participation was registered into
the French National Database for healthy volunteers.

In vivo alveolar explorations

In vivo bronchoscopic procedures were performed in supine
position on spontaneously breathing subjects, after topical
anaesthesia of the airways. A 4.4-mm bronchoscope (MP60
model; Olympus, Tokyo, Japan) was inserted into the airways
down to the smallest reachable bronchi. The FCFM miniprobe
was then introduced into the working channel and gently
advanced into the distal bronchiole until the alveolar system
was observed. Up to eight bronchoalveolar areas were
successively explored by selecting different bronchioles on one
side of the bronchial tree (left or right lung) and the location of
the corresponding lung segment was registered according to the
international bronchial nomenclature [12]. Real-time alveolar
images were continuously recorded during the procedure and
stored for further analysis. Immediately after the alveoli were
reached, the probe was slightly pulled back until the contact was
lost, to ensure that the probe compression effect onto the
alveolar system was minimal. A chest radiograph was
performed before and after the procedure.
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FCFM imaging and spectroscopy system

The FCFM Cellvizios-Lung spectroscope prototype used for
the current clinical study was provided by Mauna Kea
Technologies (Paris, France). The system used in the current
study differed from the commercially available Cellvizios-
Lung device (fig. 1) by the addition of a spectroscopic channel,
which enabled the simultaneous recording of the spectrum and
the microscopic images in the observed field of view [4]. The
imaging system produced 9 frames-s™” for a 896 x 640 pixel
image and a circular 600-um diameter field of view. The lateral
resolution and depth of focus of the probe were 3.5 um and 0-
50 pm, respectively. A schematic diagram of the system, as
well as the relative sizes of the probe tip and the distal lung
structures, are shown in figure 1. Details of the system are
provided in the online supplementary material.

Image analysis

For qualitative and quantitative assessment purposes, images
of the intralobular structures were carefully selected from the
last frames recorded before the contact was lost when pulling

a)
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Dichroic filter

Image bundler
X \A
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i

FIGURE 1. a) Diagram of the Cellvizion-Lung System (Mauna Kea
Technologies, Paris, France), and relative sizes of the 1.4-mm probe tip and the
b) bronchiolar and c) alveolar structures. a) The fibred confocal fluorescence
microscopy system is made of several components: a 1.4-mm miniaturised flexible
fiored miniprobe made of thousands of fibre cores (upper right), a 488-nm
excitation wavelength laser source, an XY scanning system (upper left), and a
dedicated control and acquisition software that allows the reconstruction of
dynamic images in real time. Note that the spectroscopy channel is not represented
in the diagram; complete details of the spectroscopy system have been previously
described [4]. b) The tip of the miniprobe is superimposed on a distal bronchiole
lumen in a 7-um fixed lung tissue section. ¢) The miniprobe is superimposed in front
of an alveolar duct system. The white bar corresponds to the diameter of the fibre
bundle (600 pm).
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back the probe. This ensured that the deformation of the
alveoli was minimal.

Morphometric analysis of the intra-acinar structures (i.e.
thickness of the elastin fibres, alveolar ring entrance and
microvessel diameters) as well as dynamic and cellular
analyses (i.e. movement, size and number of alveolar macro-
phages per field of view) were separately performed by two
observers (L. Thiberville and M. Salatin) using a dedicated
software (MedViewers-1.1.1; Mauna Kea Technologies). The
software allowed retrospective viewing of the data, image by
image, as well as micrometric measurements of the fluorescent
structures.

Fluorescence intensity was quantified using the MedViewers's
Signal Quantification Toolbox, with the lower and upper level
thresholds of the look-up table set to 1 and 8000, respectively.
Fluorescence intensity was defined as the median of pixel
intensities over the entire selected image. To take into account
possible variations due to optical properties of the different
miniprobes used in the study, in vivo tissue fluorescence
intensity was normalised versus the fluorescence intensity of a

L. THIBERVILLE ET AL.

known concentration of acriflavin solution (1/1200 w/v;
Sigma Aldrich, St Louis, MO, USA). Results were also
expressed as alveolar/bronchus fluorescence ratios, using a
reference image from the proximal bronchus in each subject.
This allowed intergroup comparisons (i.e. active smokers
versus nonsmoking subjects) while taking into account inter-
subject fluorescence variability due to other causes, such as
potential intrinsic variations in elastin fluorescence.

Statistics

Comparisons were performed using Chi-squared and Mann-
Whitney tests, or ANOVA or Spearman’s correlation test when
required. Normality distribution was assessed using the
Shapiro-Wilk test. Values of p<<0.05 were considered significant.

RESULTS

Ex vivo FCFM of fixed and fresh human lung samples

As can be seen in figure 2 and in the online supplementary
video, the system resolution made it possible to image fine
details of the capillary network in the alveolar walls (fig. 2a), the
structure of the pleural lung surface (fig. 2b) and the epithelial

FIGURE 2. a—) Fibred confocal fluorescence microscopy (FCFM) images of a well preserved lung sample fixed in glutaraldehyde at 20 cmH,O pressure, and d—f)
comparison with corresponding 10-um unstained histology sections, imaged using an oil immersion epifluorescence microscope. Both imaging modalities were performed at
a 488-nm excitation wavelength. a) FCFM imaging of an alveolar duct system showing fine details of the capillary network on the alveolar walls (black arrow). Images were
obtained after applying the probe onto the alveolated section of the sample. See online supplementary video for the dynamic sequences. b) FCFM image of the lung seen
from the pleural surface. *: alveolar wall connecting to the peripheral connective tissue of the pleura. ¢) FCFM imaging from inside a bronchus showing an en face view of the

epithelial layer. Goblet mucus cells appear as black spots (white arrow). d) Fluorescence microscopy of a 10-um thick section corresponding to the alveolar wall of a),
showing details of fixative-induced fluorescent erythrocytes in the alveolar capillary network (black arrow). e) Fluorescence microscopy, pleural section and adjacent alveolar
walls. f) Fluorescence microscopy of the bronchial section corresponding to (c). White arrow: goblet cells with cytoplasmic mucus appearing in black. Scale bars=a-c)
50 um, d) 10 um, €) 25 um and f) 20 um.
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1y-\:1E=8 B /n vivo alveolar endoscopy in smoking and nonsmoking healthy volunteers

Smokers Nonsmokers All subjects

Subjects 17 24 M
Age yrs 37+16 46+13 42415 (range 21-62)
Male/female 9/8 10/14 19/22
FVC % predicted 101+16 104+15 103+16
Duration of alveolar procedure min 1446 10+3 1145
Alveolar mouth diameter pm 274452 283+54 278453

Measurements 149 125 274
Elastic fibre thickness pm 9.7+3.0 104+23 10+2.7

Measurements 445 464 909
Bronchus/Alexafluor fluorescence intensity ratio 0.20+0.11 0.12+0.07 0.14+0.09
Alveolus/bronchus fluorescence intensity ratio 0.86+0.69% 0.25+0.17%
Microvessel diameter pm 95+47 89+ 56 90+50

Measurements 79 171 250
Subjects with alveolar fluorescent macrophages 16" 11 17
Alveoli with fluorescent macrophages/total alveoli explored 77/85" 1/107" 78/192

Data are presented as n and mean+ sb, with the exception of microvessel diameter, which is presented as median + interquartile range. FVC: forced vital capacity.

#: p<0.0001, Mann-Whitney test; ¥: p<0.0001, Chi-squared test.

cell layer of the bronchial surface (fig. 2c). This imaging was
possible because of the very strong autofluorescence of every
structure in the sample, including erythrocytes, which was
induced by the prolonged fixation time in glutaraldehyde. In
contrast to this long-term fixed tissue imaging, FCEM of fresh
lung tissue exclusively imaged the elastin component of the
connective tissue of the distal lung based on its natural
autofluorescence (online supplementary fig. 1)

In vivo bronchoalveolar imaging during endoscopy of
active smokers and nonsmoking subjects

A total of 41 healthy subjects (19 males) were recruited,
including 17 active smokers. Among nonsmoking subjects, 20
had never smoked and three were ex-smokers who had
stopped smoking for 8, 18 and 20 yrs. One subject was an
occasional smoker (1 cigarette-month’l) and was classified as a
nonsmoking individual. This subject had not smoked for
2 months, but had been exposed to passive cigarette smoking
3 days before the procedure. The main characteristics of the
subjects are indicated in table 1.

Tolerance of the procedure

The mean +sp duration of the alveolar imaging was 1145 min
(table 1). The procedure was painless except for a few subjects
who indicated a transient pain in regard to the lung region
explored, indicating that the probe had reached the subpleural
region. No bleeding was observed in the proximal bronchial
tree. The chest radiograph performed after the procedure was
normal in each case.

In vivo distal bronchiolar imaging

A total of 215 bronchiolar areas were explored (table 2). Due to
the difficult bending of the bronchoscope when it contained
the probe, the apical and posterior segment of both upper lobes
(B1 and B2) could not be reached. Every other segment of both
lungs was easily assessed during the procedures.

EUROPEAN RESPIRATORY JOURNAL

The endomicroscopic imaging of a distal bronchiole is
illustrated in the online supplementary material (supplemen-
tary fig. 2 and online video). At this level, FCFM identified the
helicoidal imprint of the peribronchiolar muscles on the inner
surface of the bronchiole (online video). Due to the respective
sizes of the probes and of the distal bronchiolar structures
(fig. 1), the presence of alveolar buds in the respiratory
bronchioles were identified in only two cases (supplementary
fig. 2 and online video). The entry into the alveolar space was
regularly obtained by penetration through the bronchiolar wall
(online video).

In vivo acinar FCFM imaging in nonsmoking individuals
At the acinar level, FCFM in nonsmoking subjects exclusively
imaged the elastin framework of the alveolar ducts, alveolar
entrance rings and extra-alveolar microvessels, with a typical
aspect displayed in figure 3, figure 4 and the online video.

The in vivo aspects of the distal interstitial framework varied
depending on the angle of penetration of the probe into the
alveolar unit. A direct view down the axis of the duct or an
oblique view were commonly obtained, from which the
“helical” or “looped”” shape of the duct’s elastic structure could
be easily recognised (fig. 3a and ¢, and online video) [13]. In
contrast, a lateral viewpoint could show the extension of the
alveolar duct along its longitudinal axis, and the resulting
elongation of the entrance rings in synchronisation with the
respiration cycle (fig. 3b and online video).

Figure 5 and the online video show the consequences of the
probe tip compression onto the acinar structures in front of
an alveolar duct. These images show that the compression
enabled the visualisation of deeper structures down the
axis of the duct, providing a 3D-like effect, without
perceptible deformation of the structures in the first plane
of focus.
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Acinar fluorescent structure measurements and
reproducibility

Alveolar structures were reached in 192 out of the 215
bronchial segments explored (table 2). Figure 4 displays
examples of alveolar mouth diameter measurements, per-
formed on selected images with minimal compression effect.
Tables 1 and 2 indicate the mean alveolar mouth diameters
measured with this technique. Diameters from the 274 alveolar
mouths assessed in vivo appeared normally distributed
(Shapiro-Wilk test; fig. 4), with a mean+sp size of
278 +£53 pm (table 1). The alveolar mouths appeared signifi-
cantly smaller in the ventral segment of the right upper lobe
(RB3) and in the right medial basal/paracardiac segment
(RB7), compared with the other lung segments explored
(p<<0.001, ANOVA,; table 2).

The mean + D thickness of the elastic fibres was 10+2.7 pm for
the whole group of subjects (909 measurements; table 1).

Figure 4 and the online video (mosaicing reconstruction) [14]
show the usual FCEM appearance of the lobular microvessels
in vivo. A total of 250 different microvessels were identified
(tables 1 and 2). In contrast to the alveolar entrances,
microvessel diameters were not normally distributed due to
the presence of rare large vessels (fig. 4). The median size of
lobular microvessels was 90+50 pum (table 1). They appeared
equally distributed throughout the lungs (tables 1 and 2).

There was no significant difference in the alveolar mouth size
or microvessel diameters according to age and sex of the
subjects (data not shown).

Alveolar imaging of active smokers

Alveolar fluorescence imaging in smokers differed dramatic-
ally from imaging in nonsmokers (fig. 6). The alveolar
entrances and alveolar ducts of smokers were usually filled
with highly fluorescent cells, the movements of which could be
clearly observed (see online video). Bronchoalveolar lavage
analysis from smokers using fluorescence and conventional
microscopy confirmed that these fluorescent cells correspond
exclusively to alveolar macrophages [15].

Fluorescent macrophages were observed in every smoking
subject except one cigar smoker (table 1). In contrast, there
were no detectable fluorescent cells in the alveolar space of
nonsmoking subjects, except for one subject heavily exposed to
passive cigarette smoke 3 days before the procedure.
Therefore, fluorescent cellular imaging appeared highly
specific for smokers in healthy individuals (p<<0.0001; table 1).

Due to specific contrast imaging in smokers, bubble-like
structures were sometimes detectable on the alveolar surface
(fig. 6c and online video). In addition, details of the alveolar
wall could be identified in smokers, including recesses
resembling the pores of Kohn, and fine longitudinal structures
compatible with the surface of the capillary network (fig. 6d).

Origin of the alveolar fluorescence in smoking and
nonsmoking individuals

Spectroscopic analysis of the fluorescence in smoking and
nonsmoking individuals is displayed in figure 7. Figure 7a
shows the normalised autofluorescence emission spectra
obtained during in vivo alveoscopy from nonsmoking subjects

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 3. invivo alveolar confocal fluorescence imaging according to the relative positions of the probe tip and the alveolar duct axis (nonsmoker healthy volunteers).

a-c) The different points of view of the alveolar duct are indicated according to d) schematic Weibel's representation of the peripheral lung elastic backbone (modified from
[8] with permission from the publisher). Thick coloured arrows: supposed angles of penetration of the miniprobe into the alveolar unit. In nonsmokers, fibred confocal
fluorescence microscopy (FCFM) mainly imaged the elastin that is concentrated in the axial fibred system (represented as orange and yellow coloured lines in d)), which
forms the edges of the alveolar duct rim region (yellow) and the alveolar ring entrances (orange). a) Oblique view of the duct axial fibred system, showing the helical or looped
shape of the duct’s edge (arrows). b) Lateral view of the axial system, showing how the elastin fibres at the alveolar openings are interconnected with the frame of the alveolar
duct, in a “ladder-stitch” manner. Two sequential images show the elongation of the alveolar duct along its longitudinal axis in synchrony with the respiration (online video 7).
White bars: size variations of the alveolar entrances. c) View down the axis of the duct, showing alveolar ring entrances in the back planes (*), due to a slight compression

effect (see online video 6 for a dynamic sequence). Scale bars=50 pm.

and from human lung-extracted elastin powder. Repeated
experiments in several nonsmoking subjects clearly showed
that the FCFM signal originated from the elastin backbone of
the peripheral lung.

In contrast, figure 7b shows spectra acquired from the distal filter
of a smoked cigarette compared with in vivo alveolar autofluor-
escence spectra from several active smokers. Autofluorescence
spectra from active smoker alveoli and from smoked tobacco tar
were found to be similar, apart from the initial part of the alveoli
curve corresponding to the elastin component.

A significant variation in the intensity of the autofluorescence
signal was observed between the subjects in relation to their
age, the oldest individuals presenting the strongest signal
(r=0.61, p=0.0036; Spearman’s correlation test).

EUROPEAN RESPIRATORY JOURNAL

Fluorescence intensity values for proximal bronchi and alveoli
are indicated in table 1. Whereas proximal bronchus fluor-
escence intensity appeared similar in smoking and nonsmok-
ing individuals, the alveolus/bronchus intensity ratio was
found to be significantly higher in current smokers (p<0.001,
Mann-Whitney test). In active smokers, the alveolus/bronchus
fluorescence ratio also appeared correlated with the number of
alveolar macrophages per field of view (r=0.50, p<0.001;
Spearman’s test; fig. 8b).

Table 1 displays the intersubject fluorescence variability
(expressed as the standard deviation of the alveolus/bronchus
fluorescence intensity ratio). Fluorescence variability was
higher in active smokers compared with nonsmoking subjects,
in relation to the intensity of the tobacco-induced macrophage
alveolitis (p<<0.001, Fisher’s variance comparison test).

VOLUME 33 NUMBER 5 979
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FIGURE 4. Alveolar mouth (a, c and d) and lobular microvessel (b, e and f) measurements. Distribution of a) alveolar mouth and b) lobular microvessel diameters. ¢ and

d) Examples of alveolar ring measurements. White arrows: size of the entrance ring at minimal compression. e and f) Examples of extra-alveolar microvessel measurements.
Black arrows: diameters measured upstream of the vessel bifurcation. Scale bars=50 um.

FIGURE 5. a) Ex vivo and b) in vivo consequences of a probe tip compression applied on the lung tissue in the axis of the alveolar duct. From left to right: effect of
increasing pressure on the tissue (see online video for the dynamic sequence). a) Ex vivo fixed sample. b) In vivo fibred confocal fluorescence microscopy images from a
nonsmoking individual. Dashed arrows: edges of the alveolar duct; arrows: successive appearance of distant alveolar duct structures. Compression allowed for visualisation
of deeper structures down the axis of the duct, providing a 3D-like effect, without perceptible deformation in the first plane of focus. Scale bars=50 pm.
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FIGURE 6. In vivo fibred confocal fluorescence microscopy alveolar imaging in smokers. a) Alveolar system filled with highly fluorescent alveolar macrophages. Axial
view down the alveolar duct. The corresponding image in a nonsmoker can be found in figure 3c. Dynamic imaging can be seen in online video 9. b) Alveolar duct, oblique

view. Arrows: helical arrangement of the axial cables of the alveolar duct. The corresponding image in a nonsmoker can be found in figure 3a. c) In vivo imaging of the alveolar

walls, showing bubbles on the surface of the alveolar wall and alveolar entrance (dashed arrows; see online video). d) Fine details of the alveolar wall from the same patient as

in a). Lower left: fluorescent alveolar macrophages; upper right: triple lines of alveolar wall at the junction of three alveoli; middle: linear structures that may correspond to

pleats of alveolar wall or to the relief of the capillary within the alveolar space. Dynamic imaging can be visualised at the end of the online video sequence. Scale bars=50 pm.

Intra-individual variability appeared lower than inter-individual
variability in nonsmoking subjects (0.095 versus 0.17, respectively).

In vivo cellular imaging in smoking subjects

Figure 8 illustrates how in vivo FCFEM could assess the
alveolar macrophage infiltration in smokers. As expected,
the amount of cigarettes smoked per day was correlated with
the total number of fluorescent macrophages per field of
view (r=0.70, p<<0.0001; Spearman’s correlation test, fig. 8a),
as well as with the mean number of macrophages larger than
30 pm per explored alveolar area (r=0.77, p=0.0002; fig. 8c).
Subjects presenting mobile alveolar macrophages smoked a

EUROPEAN RESPIRATORY JOURNAL

significantly greater number of cigarettes a day, compared
with patients who harboured immobile alveolar macro-
phages on FCFM imaging (mean+sD 16.5+4.35 versus
6.75+4.08 cigarettes-day™'; p=0.0019, Mann-Whitney test;
fig. 8d).

DISCUSSION

Ventilation and gas exchange can be altered by a large variety of
diffuse parenchymal lung diseases (DPLD), for which diagnosis
can be approached by using high-resolution computed tomo-
graphy and nonimaging endoscopic procedures [16, 17].

VOLUME 33 NUMBER 5 981
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In many cases, the diagnosis of DPLD needs a surgical lung
biopsy, with multiple sampling from different lobes [18-21].
These procedures are not devoid of morbidity, and cannot
usually be repeated on the same patient, despite the possibility
of histopathological variations over time [22-24]. In this
context, the development of an in vivo, minimally invasive
method of peripheral lung microscopic imaging appears
greatly needed.

The broncho-alveoscopy procedure described in the present
study is the first technique that makes it possible to obtain real-
time, high-resolution, microstructural images of lobular and
alveolar lung structures in living humans.

In the current series of subjects, it has been shown that the
technique is remarkably well tolerated in topically anaesthetised
spontaneously breathing subjects. Due to the lack of pain
receptors in the bronchial tree down to the subpleural level, the
penetration of the probe into the pulmonary lobule through the
distal bronchiolar wall is painless. In addition, acinar imaging
was not associated with detectable bleeding in the proximal
airways, in contrast to what is usually observed with transbron-
chial biopsy sampling. This can be explained by the small blood
flow in the thin nourishing vessels of the bronchiolar wall, by
the low pressure in the alveolar capillaries that could be altered
during the progression of the probe, as well as by the smooth
design of the probe tip that can displace the extra-alveolar
microvessels without damage. Finally, no pleural complication
was observed, despite multiple lung segment imaging during
the endoscopy. Therefore, fluorescence broncho-alveoscopy
appears to be a minimally invasive procedure, which could be
repeated over time on the same subject.

The elastin network imaging obtained by this in vivo technique
appears very similar to what is observed using delicate
methods of lung preservation and specific elastin staining ex
vivo [5-7]. In the present study, reproducible images of the
elastic fibres that encircle the alveolar openings, reinforce the
alveolar rim region of the alveolar ducts and surround the
extra-alveolar microvessels were obtained. After careful selec-
tion of images corresponding to minimally compressed
structures, it was found that alveolar opening sizes were
normally distributed in the whole series of subjects, with mean
values compatible with what is observed using unbiased
stereological methods in vitro [25, 26]. In the current in vivo
series, variations in alveolar mouth diameters also accounted
for the modifications of the alveolar duct size with respiration.
This may explain the fact that smaller alveolar mouths were
observed in right B3 and B7 segments, presumably related to
the lower ventilation of these segments in the supine position.
The technique also permitted precise measurements of the
lobular microvessels, which appeared equally but not normally
distributed throughout the lungs, due to the observation of
rarer larger vessels. More information on these structures may
be available in the future by using intravenous injection of
fluorescein solution, whose distribution kinetics should make
it possible to differentiate precapillary arterioles from the post
capillary vessels.

Some technical issues should be addressed with respect to the
interpretation of the distal lung FCFM imaging. First, because
of the orthogonal branching and the small calibre of the
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terminal and respiratory bronchioles in humans compared to
the probe size, alveolar imaging regularly bypassed the
respiratory bronchioles, which were identified in only two
cases in the current series by the observation of alveolar buds
branching on their walls. This could represent a limitation for
the study of the distal membranous and respiratory bronch-
ioles [27]. This difficulty may be solved in the future by using
thinner probes, such as the ones used for small animal
imaging [28]. During the procedure, the probe had to progress
through the bronchiolar wall and peribronchiolar connective
tissue before stabilising in the acinus. A direct view down the
axis of the alveolar duct could often be obtained (see online
video), presumably because the resistance of the elastic
structures to the probe progression is higher at the centre of
the axial fibred system, where the concentration of collagen
and elastin is maximal [5]. However, images of the alveolar
duct from other perspectives could also be observed, which
are more difficult to interpret but may provide other
important information, such as the degree of extensibility of
the alveolar duct along its axis.

Secondly, the probe progression into the lobule supposes the
disruption of alveolar walls, followed by a compression effect
on the more resistant ductal structures. Minimal imaging
distortion was observed when the probe was applied on the
axis of the duct, resulting in the visualisation of more details in
the background planes than supposed by the 50-um depth of
focus of the system [28]. By approaching the first plane of focus
toward the backplanes, this produced the illusion of an
increasing working distance, with a resulting 3D optical effect.
Although the compression to the alveolar structures appeared
more delicate to control in vivo, it was found that the best
results could be obtained by gently pulling back the probe once
the alveolar imaging was obtained and analysing the last
images before the contact was lost. This technique provided
reproducible imaging and measurement of the alveolar
structures.

Thirdly, fluorescence microimaging has some advantages and
limitations that should be underlined. In contrast to reflectance
imaging, fluorescence microimaging is devoid of interference
with the reflected and refracted light at the air-liquid interface,
because the backscattered excitation light is filtered out by the
detection system. This merely produces a small decrease in the
signal intensity at the air-liquid interface, without other optical
artefact. In the present study, this property allowed the
visualisation of bubble-like structures as well as of the
presence of fluorescent cells within this liquid phase. These
observations indicated that a small quantity of liquid inter-
poses at the probe tip that may contribute to the imaging
signal. The nature of this liquid interface could not be
identified from the current observations, but could be related
to a small amount of bronchial lining fluid taken along during
the progression of the probe, or to the surfactant that covers the
alveolar walls.

Conversely, FCFM exclusively records the signal coming from
fluorescent structures in response to appropriate excitation
wavelengths. Although in vivo FCFM in nonsmokers only
imaged the elastin of the peripheral and axial connective tissues,
data from the literature indicate that such information might be
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helpful for the exploration of several pathological conditions.
Qualitative and quantitative modifications of the alveolar elastin
network have been demonstrated ex vivo in usual interstitial
pneumonitis and in emphysema [29, 30]. Elastin alterations have
also been observed in lung adenocarcinomas, which correspond
to intratumoural foci of active fibroblast proliferation associated
with a bad prognosis of the tumour [31, 32]. Therefore, the
technique might prove to be helpful in a large variety of
diseases, including interstitial lung diseases.

In this series of healthy volunteers, the only detectable cells
were alveolar macrophages containing tobacco tar. This clearly
differentiated smokers from nonsmokers on the basis of FCFM
images, and indicated that the tobacco tar acts as an exogenous
fluorophore that participates in the specific alveolar imaging.
In the current study it was shown that FCEM could precisely
assess early acinar tobacco-induced changes, such as macro-
phage number, size and mobility, indicating that the technique
could be applied to the exploration of pulmonary diseases in
cigarette smokers [33].

The simplified view of the acinar structures observed in vivo in
nonsmoking subjects contrasted with the detailed imaging of
the alveolar capillary network and fluorescent erythrocytes
obtained from the fixed human lung sample. Such detailed
imaging had been observed by others on fixed samples using
conventional confocal fluorescence microscopy [30]. To the
current authors” knowledge, this is related to modifications of
the tissue fluorescence induced by the long-term aldehyde
fixation [34, 35]. This observation confirms that the nature of
the endogenous fluorophores represents the critical factor for
FCFM imaging, more than the resolution capabilities of the
system. Future evolutions of the technique appear feasible by
using combinations of various wavelengths [36], which could
make it possible to image several fluorophores of the lung
connective network simultaneously, such as collagen species
and elastin. Moreover, studies in patients may be able to
observe other fluorescent cells that are not normally visible in
healthy subjects.

In conclusion, fluorescence broncho-alveoscopy is a minimally
invasive and safe technique that can be conducted in
spontaneously breathing subjects. The current study represents
the initial step towards defining in wvivo fibred confocal
fluorescence microscopy alveolar imaging of the normal
human lung. This description will be useful for the study of
specific fibred confocal fluorescence microscopy abnormalities
in peripheral lung diseases. Such abnormalities could then be
tested as diagnostic indicators and easily monitored to test the
efficacy of therapeutic intervention.
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