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Abstract. Although several strategies exist for a minimal-invasive treatment of patients with lung failure, the mor-
tality rate of acute respiratory distress syndrome still reaches 30% at minimum. This striking number indicates the
necessity of understanding lung dynamics on an alveolar level. To investigate the dynamical behavior on a micro-
scale, we used three-dimensional geometrical and functional imaging to observe tissue parameters including alveo-
lar size and length of embedded elastic fibers during ventilation. We established a combined optical coherence
tomography (OCT) and confocal fluorescence microscopy system that is able to monitor the distension of alveolar
tissue and elastin fibers simultaneously within three dimensions. The OCT system can laterally resolve a 4.9 μm line
pair feature and has an approximately 11 μm full-width-half-maximum axial resolution in air. confocal fluorescence
microscopy visualizes molecular properties of the tissue with a resolution of 0.75 μm (laterally), and 5.9 μm (axially)
via fluorescence detection of the dye sulforhodamine B specifically binding to elastin. For system evaluation, we
used a mouse model in situ to perform lung distension by application of different constant pressure values within the
physiological regime. Our method enables the investigation of alveolar dynamics by helping to reveal basic
processes emerging during artificial ventilation and breathing. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
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1 Introduction
Lung diseases, such as the acute respiratory distress syndrome
(ARDS) or acute lung injury (ALI), lead to life-threatening
conditions for patients. Although varying, the mortality rate
is still between 30% and 70%,1 depending on the treatment.
To overcome the lack of oxygenation, patients suffering from
ARDS are artificially ventilated. So far this treatment is indis-
pensable, but in return introduces further ventilator associated
lung injury (VILI).2,3 Although there are several models,
which describe the processes occurring in the lung during
artificial ventilation of these patients,1,4,5 and several protective
artificial ventilation techniques used in the clinics,6,7 the high
mortality is a sign for the lack of understanding of basic
mechanisms in lung dynamics on an alveolar level. Furthermore,
understanding the fundamental processes would help to
optimize ventilation settings for a protective treatment of
patients with lung failure. Realistic descriptions of lung
dynamics, dealing with conformational changes of the tissue
and elastic components of the extra-cellular matrix (ECM), are
still missing. In order to obtain insight into dynamic processes in
the lung, we asked how structural and functional studies,

including the distribution of elastic fibers within the lung par-
enchyma, can be performed minimal invasively.

Noninvasive techniques for obtaining structural data of the
lung are given on the one hand by computed tomography
(CT) and magnetic resonance imaging (MRI).8 The resolution
of these methodologies lies in the range of millimeters and is
therefore not suited for alveolar tissue studies. On the other
hand, three-dimensional (3-D) high-resolution techniques,
such as μCT and electron microscopy, provide very good struc-
tural data of the alveolar walls.9,10 Unfortunately, these methods
are restricted to the investigation of fixed samples and are there-
fore not applicable to dynamic studies under in vivo conditions.
Recently, a very promising approach used nonlinear imaging
techniques, such as two-photon excited fluorescence and second
harmonic generation, to visualize fiber structures in fixed lung
tissue within three dimensions.11 In this study, 3-D images are
obtained with a scanning rate of 4 kHz. In vivo application is
therefore hampered by the rather slow image acquisition, mak-
ing dynamic studies challenging.

The only method established so far, which is capable of real-
time in vivo lung tissue dynamics visualization, is intravital
microscopy (IVM). By dissecting the whole or part of the
chest wall of the studied animal model, the alveolar dynamics
can be monitored and tissue deformations are revealed in two-
dimensional image sequences.12 Since this method offers a
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planar view onto the alveoli, the images are disturbed by move-
ments during respiration, and the focus of the camera has
to be readjusted to the plane, which is under observation.
Furthermore, the monitored dynamics are restricted to two
dimensions and can only be extrapolated to three dimensions
by assuming isotropic expansion. IVM is therefore very suitable
for real-time imaging but is restricted to two-dimensional (2-D)
studies only.

New approaches use optical coherence tomography for
in vivo studies of lung mechanics.13 These attempts describe
the lung’s alveolar structure within three dimensions. Further-
more, the fast imaging ability of OCT is potentially able to fol-
low a whole ventilation cycle with up to 14 volumes per
second.14 With this, the monitoring of 3-D real-time volume
changes of alveoli becomes accessible. However, besides all its
benefits, this technique still lacks functional information about
the biological composition of the sample. Due to the unspecific
imaging ability of OCT, elastic fibers, composed of
distinct biomolecules, such as elastin and collagen, cannot be
identified. Studying the interplay between the distribution of
elastic components and the tissue distension is out of scope with
this method alone.

To overcome this limitation, combined setups were proposed
using fluorescence signals from endogenous structures, as
demonstrated in light induced fluorescence studies,15 or from
endogenously expressed fluorescent molecules; for example,
by utilizing green fluorescent protein (GFP).16 Commercially
available instruments, like the Spectralis HRAþ OCT (Heidel-
berg Engineering, Germany), use confocal scanning laser
ophthalmoscopy (SLO) to look e.g., at the fundus autofluores-
cence signal of the retina in combination with 3-D imaging
via OCT.17 The above-mentioned techniques mainly obtained
2-D fluorescence data to improve diagnostics and orientation
within the sample. Early setups combined two-photon micro-
scopy and optical coherence microscopy (OCM), where the
same light source was used for OCT imaging as well as
fluorescence excitation.18 Both modalities deployed the same
numerical aperture resulting, on the one hand, in a high
lateral resolution, but, on the other hand, leading to a restricted
imaging depth for the OCM. The benefit of a fast 3-D imaging
technique was therefore exchanged for supplemental functional
information.

In this work we demonstrate a hybrid OCT and confocal
fluorescence microscopy (CFM) system using a two-resolution
approach for maintaining the high imaging depth of the OCT
and the high lateral resolution for the fluorescence microscopy
modality. Both methods work simultaneously by acquiring one
2-D confocal fluorescence image per 3-D OCT stack. Via sub-
sequent axial displacement, using a piezo-driven microscope
objective, the 3-D CFM information is generated. In a first
case study, structural and functional 3-D data of lung tissue
was derived for an in situ mouse model ventilated with different
constant pressures. The volume changes as well as the elastic
fiber distensions were quantified and discussed. By utilizing
the fast imaging ability along the z-axis of the OCT technique
in combination with appropriate image processing, we aspire to
reduce motion artifacts in the fluorescence images via sorting
into the cross-sectional OCT images. This approach shall
allow for respiration triggered 3-D structural and functional
alveolar dynamics investigations and can also be extended
to high-speed four-dimensional (4-D) imaging using faster
OCT-Systems.

2 Materials and Methods

2.1 Optical Setup

Three-dimensional simultaneous optical coherence tomography
and 2-D confocal fluorescence microscopy is provided in one
setup.Thedesignwas chosen tobemodular for flexible interchan-
geability and adjustment to suit different experimental demands.
Three main parts can be specified (Fig. 1): first, the OCT light
source and detection system; second, the scanner head; and
third, the fluorescence excitation and detection setup. The expan-
sion to a 3-D fluorescence image acquisition was done by intro-
ducing a piezo-driven objective stage to the scanner head. The
systemuses twodistinct numerical apertures for the different ima-
gingmodalities to assurehighdepthof field in the caseofOCTand
sufficientlyhighresolutionforfluorescencemicroscopytoresolve
micrometer sized elastic fiber bundles in the lung tissue.

The OCT system is based on a spectral domain setup. Broad-
band near-infrared light at [center wavelength 843 nm,
full-width-half-maximum (FWHM) bandwidth 50 nm] with
a power of 1 mW is emitted by a superluminescent diode (Super-
lum Moscow, Russia) and coupled into a circulator. Behind the
circulator, the light is guided via a connected single mode fiber
to the scanner head. Passing a beam splitter, a separation occurs
into a reference beam and a sample beam. The reference arm
carries additional glass plates (N-BK7 of 5 mm thickness,
SF6 of 6.35 mm thickness) and a prism box (N-BK7
of 13.95 mm thickness), allowing dispersion compensation
for the optical components located in the sample arm. Since sec-
ond-order dispersion decreases the axial resolution in an OCT
system, the dispersion between the reference arm and the sample
arm was balanced according to the minimization of the second-
order derivative of the optical path difference between the
two traveling paths.19 As mentioned before, this was carried
out by inserting additional glass into the reference arm with
suitable dispersion and thickness. Upon splitting, the sample
beam gets reflected by a dichroic NIR/VIS mirror passes an
x-y-scanning unit and, after beam expansion through a telescope
configuration of lenses, is imaged onto the sample using a 20 ×
0.45 N. A. objective (Olympus, Japan). Since the OCT beam
radius amounts to 1.5 mm at the rear aperture of the objective,
the N.A. used for this imaging modality is reduced to a value of
0.08, providing a slim focus and a high imaging depth. After
reflection at the reference mirror and the sample, respectively,
reference and sample light are recombined at the beam splitter
where an interference of the two light beams takes place. Recol-
lected at the single mode fiber, the light passes the circulator and
is imaged onto a diffraction grating, which splits the light into its
wavelength constituents. The interference spectrum is recorded
using a CCD line scan detector (Teledyne Dalsa, Canada) with
an A-scan rate of 11.88 kHz.

For the confocal fluorescence imaging the light of two exci-
tation lasers (Coherent, USA), 488 nm and 561 nm with each
having a maximum power of 20 mW, is combined and coupled
into a single mode fiber. At the scanner head it passes the NIR/
VIS dichroic mirror and uses the same beam path as the OCT
sample beam. The beam diameter for the fluorescence excitation
amounts to 9 mm, thereby overfilling the rear aperture of the
microscope objective and causing a full N.A. of 0.45. Fluores-
cence light is recollected, traverses the VIS/NIR mirror and is
imaged onto the aperture of the single mode fiber, which is ser-
ving as a pinhole for establishing the confocal functionality.
Behind the fiber the fluorescence signal is split into a red
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and green detection channel and is recorded via two avalanche
photo diodes (Laser Components, Germany) where additional
emission filters, with transmission from 500 to 550 nm and
603 to 679 nm, respectively, block additional stray light from
the laser excitation.

2.2 Mouse Model

A recently developed mouse model introduced by Tabuchi
et al.20 was used post mortem according to the guidelines of
the local government’s animal care authorities. Briefly, mice
were anesthetized and intravenously stained with 50 μl of a
10 mg∕ml solution of sulforhodamine B (SRB) in saline
water. The fluorescent dye SRB was previously shown to
stain elastin fibers and is suited for future in vivo applications.21

After sacrificing the animal, a tracheal tube was introduced to
the trachea for pressure-controlled ventilation. The chest was
opened to gain access to the upper surface of the lung, thereby
causing a collapse of the organ. To re-establish the physiological
environment within the chest, an intrathoracic catheter was
pushed from the inside to the outside of the thorax, and the pre-
viously opened chest was closed using a transparent wrapping
film glued to the ribcage. Afterward, the negative pressure in the
thorax was reconstituted by removal of excess air.

For applying different pressure values to the mouse model,
a 1 ml syringe was connected to one arm of a y-piece tubing. The

second arm carried a differential pressure sensor, and the third
arm was connected to the trachea tube of the mouse.

2.3 Image Acquisition and Processing

Image acquisition was performed using analogue to digital con-
verters (DAQmx, National Instruments, USA) and custom-built
software developed with LabVIEW 2009 (National Instruments,
USA). The acquired spectrum was transformed to be linear in
wavenumber (k) space since the light distribution on the CCD is
approximately linear in wavelength space due to the diffraction
grating and further influenced by the chromatic aberrations of
the applied spectrometer optics. With an evenly k-spaced spec-
trum applying fast Fourier transformation (FFT) is now possi-
ble.22 To reduce the side lobes of the Fourier transformed signal,
the detected spectrum was shaped to a Hanning distribution by
dividing the detected spectrum by the spectrum of the light
source and multiplication with a Hanning window prior to
the transformation. Subsequently the modified signal underwent
the FFT revealing the intensity over depth profile for each scan.
Fluorescence intensity images of the focal plane were recorded
simultaneously. By driving the piezo objective stage in steps of
3 μm, subsequent planes were obtained to form a 3-D datacube.
For both modalities the lateral step size is mainly determined by
the lateral resolution of the fluorescence modality, the selected
field of view and the desired scanning duration. The value was

Fig. 1 CombinedOCT and confocal fluorescence microscopy setup for simultaneous 3-D data acquisition. The system contains three major parts: OCT
light source and spectrometer, the laser coupling and fluorescence detection system, and the scanner head. The OCT uses a light source centered at
843 nm and provides a 11.88 kHz A-scan rate due to the line scan rate of the CCD line detector. Fluorescence excitation is provided for dyes excitable
at 488 and 561 nm utilizing diode-pumped solid-state (DPSS) lasers, where the detection channels are centered at 525 nm (BP1) and 641 nm (BP2) with
a spectral bandwidth of 50 and 75 nm, respectively. The fluorescence signal is detected using avalanche photodiodes (APD). Near-infrared light from
the super luminescent diode (SLD) as well as visible light from the DPSS lasers is combined within the scanner head at a dichroic mirror (DC2). For
OCT, a Michelson interferometer, consisting of a beam splitter (BS) and a reference as well as sample arm, is inserted into the beam path. Data
acquisition is performed simultaneously by using the same scanners (SC) and the sample beam path of the OCT modality. Within the zoomed
area the utilization of two different numerical apertures (N.A.) is shown as a prerequisite for the combination of both imaging methods. Via underfilling
of the objective’s back aperture, the OCTmodality uses an N.A. of 0.08, resulting in an extended depth of field and therefore higher imaging depth than
the CFM modality utilizing an N.A. of 0.45. The higher N.A. results in an increased resolution for the fluorescence system. Fluorescence light is
recollected behind the dichroic mirror at the glass fiber, where the aperture of the fiber serves as a pinhole to establish the confocality of the
CFM method. Abbreviations: APD (alanche photodiode), BP1 (band-pass emission filter 525∕50), BP2 (band-pass emission filter 641∕75), BS
(beam splitter), C (circulator), CCD (line sensor), DC1 (dichroic mirror [long-pass 491 nm]), DC2 (dichroic mirror [short-pass 790 nm]), G (diffraction
grating), GP (glass plates for dispersion adjustment), LP (long-pass mirror 585 nm), M1 (silver mirror), M2 (referencemirror), O (microscope objective), P
(glass prisms for dispersion adjustment), PC (polychroic mirror with 488 and 561 nm reflection), PE (piezo element), S (sample), SC (x-y-scanner), SLD
(super luminescent diode at 840 nm and spectral width of 50 nm).

Journal of Biomedical Optics 071310-3 July 2012 • Vol. 17(7)

Gaertner et al.: Three-dimensional simultaneous optical coherence tomography : : :



set to 1.2 μm of lateral displacement to investigate a
ð384 × 384Þ μm2 tissue area within 9.5 s.

SRB imaging was performed using the 561 nm laser
at 0.3 kW∕cm2 and a single detection channel in the red spectral
range.

To allow registration between OCTand fluorescence images,
a correlation-based algorithm was applied sorting each single
fluorescence plane into the 3-D OCT stack to the z position
of maximum similarity between OCT en face and CFM slices.
The algorithm was previously described for the mapping of
OCT slices into the fluorescence stack of a static sample,23

but can be performed also vice versa. For this reason, the planes
of fluorescence, which had a distance of 4.2 μm in tissue, which
is approximately the OCT pixel size in depth, were sorted into
the 3-D OCT stack, and an interpolation was done to allow
pixel-by-pixel mapping between both modalities along the
axial direction. After mapping, the CFM and OCT stacks
were rescaled providing voxel sizes of ð1.2 × 1.2 × 1.2Þ μm3.
Further image processing and 3-D visualization was performed
using ImageJ (National Institute of Health, USA). Alveolar
volume segmentation was done via convolution of the data
with a 3 × 3 Kernel, setting of a defined threshold, which allows
a delineation of the alveolar lumen [see results section], and uti-
lizing the ImageJ plugin particle analysis calculating the air-
filled space within the alveoli for every z-position. The 3-D
segmentation of fibers was performed using the ImageJ plugin

simple neurite tracer.24 The images of the alveoli as well as the
fibers, used for quantification, are displayed and discussed in
the results section.

3 Results

3.1 Setup Evaluation

The sensitivity of the OCT modality was measured using a silver
mirror as a sample and a -14 dB attenuator in the sample arm.
With a power of 260 μWat the focal position of the microscope
objective, a signal-to-noise ratio of 62 dB was determined for a
single A-Scan. Adding 28 dB of attenuation in the sample arm
the sensitivity resulted in 90 dB.

The imaging performance of the combined OCT and CFM
setup was tested using an USAF-1951-target. Since this target
has a micrometer-sized metalized pattern, the lateral OCT reso-
lution can be determined according to the specified distance of
the line pairs, which appear bright in the OCT image [Fig. 2(a)].
An intensity profile plot along the group 7 elements 4, 5, and 6
of the USAF-1951-target [Fig. 2(d), data of the left intensity
scale] visualizes the resolvability of the line pairs. The three
line pairs are distinguishable in elements 4 and 5 but not in
element 6 of group 7. The line pairs of group 7 element 5, cor-
responding with a distance of 4.9 μm, therefore provide the limit
for the lateral resolution of the OCT System. For determining
the lateral resolution of the CFM modality, the USAF-target

Fig. 2 Lateral resolution determination using an USAF-1951-target. The OCT reflection image (a) as well as the fluorescence image (b) were obtained
simultaneously by laying the target upside down onto a fluorescence slide. An RGB overlay with OCT in the red channel and the inverted CFM image in
the green channel (c) showed good lateral alignment of both imaging modalities. For the determination of the lateral resolution the vertical lines of the
group 7 elements 4, 5, and 6 were used to generate an intensity profile plot along these structures (d) for both OCT (left intensity scale) and CFM (right
intensity scale). The resolution limit for OCTwas determined by element 5, resulting in a resolution of 4.9 μm. For CFM a lateral resolution of better than
4.4 μm could be confirmed, since this is the smallest distance within the target. For a better evaluation of the lateral CFM resolution, the diffraction
limited dimensions of 100 nm-sized fluorescent nanoparticles (Fig. 3) were additionally determined. A maximum lateral mismatch between both
imaging modalities can be quantified within the group 6 element 1 structure shown in (c). An intensity profile plot perpendicular to the horizontal
lines (e) reveals a line distance between OCT and CFM of 3.6 μm. Lines between the data points of (d) and (e) are guides to the eye.
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was laid upside-down onto a red fluorescence slide (Chroma,
USA). Scanning with an excitation wavelength of 561 nm yields
an absorption image where the pattern appears dark [Fig. 2(b)].
Merging both signals into an RGB image, OCT in the red chan-
nel and the inverted CFM image in the green channel, the over-
lay of both modalities is revealed by a yellow color [Fig. 2(c)].
Lateral mismatches between OCT and CFM were determined to
be in the range of 3.6 μm [Fig. 2(e)]. Since this mismatch is
smaller than the resolution of the OCT setup, the correlation
algorithm, which is mapping the fluorescence slices into the
3-D OCT stack, can be applied without great disturbance.

From the intensity profile plots of the fluorescence image
[Fig. 2(d), data of the right intensity scale] the three smallest
elements (group 7, elements 4, 5, and 6) could easily be
resolved. The smallest structure corresponds with a line pair dis-
tance of 4.4 μm, the resolution capability of the target was there-
fore not sufficient for an exact estimate. Hence the point spread
function of the CFMmodality was determined using fluorescent
nanoparticles (nano-screenMAG/R-ARA, Chemicell, Germany)
with a diameter of 100 nm dried on a glass substrate [Fig. 3(a)].
The lateral and axial intensity profiles of 10 distinct nanoparti-
cles were approximated by a Gaussian function revealing in
average a lateral FWHM of ð0.75� 0.02Þ μm and an axial
FWHM of ð5.9� 0.2Þ μm (errors expressed as SEM). Data
are provided for one exemplary nanoparticle [Fig. 3(b) and 3
(c)]. With this, the dual lateral resolution modality was verified,
providing a large depth of field for OCTyielding higher imaging
depth and a small depth of field but strong focusing for increased
CFM resolution.

To determine the axial resolution, the OCT setup has been
calibrated using a target with a single back reflection plane
(glass plate with 5 mm thickness). By changing the focus
and measuring the traveling distance, a scaling of 5.4 μm per
depth pixel could be obtained. The full width at half maximum
of the back reflection signal of the glass plate showed a value of
approximately 2 pixels. The axial free space resolution therefore
amounts to 10.8 μm. Taken into account the refractive index of
lung tissue being close to water (1.333), the axial resolution in
the tissue amounts to 7.5 μm for the OCT modality.

3.2 In Situ Imaging of Mouse Lung

To monitor the dynamical behavior of the lung, we used
the combined setup for simultaneous imaging of alveolar
geometries and elastin fibers with SRB as a fluorescent marker.

Figure 4 shows the 3-D data of the structure at an airway pres-
sure of 6 mbar. OCT data is displayed as gray values whereas
CFM data is false colored in red. Three-dimensional registration
between OCT and CFM was performed using the above-
mentioned mapping algorithm. In Fig. 4 a cross-sectional
image of the alveolar tissue is demonstrated with the OCT
modality whereas fiber distributions are given by the CFM.
The upper serous membrane of the lung, the visceral pleura,
is visible as a bright reflecting line. Subpleural alveoli are
following underneath. For three distinct depth planes–0, 12,
and 24 μm under the middle of the visceral pleura–the corre-
sponding CFM, OCT, and overlay images were extracted, Fig. 4
right-hand side. The first depth (Fig. 4 first row) shows details of
the visceral pleura. OCT data shows the bright reflex coming
from the dense serous membrane whereas the confocal fluores-
cence microscopy reveals an intertwined meshwork of elastin
fibers, which is covering the alveolar tissue. Approximately
12 μm under the pleura (Fig. 4 middle row) the alveolar struc-
tures become apparent in the optical coherence tomography
image. The walls of the alveoli are intersected by elastin fibers,
as it is visible in the fluorescence data. Furthermore, dense elas-
tin concentrations appear at the edges of neighboring alveoli
together with interconnecting fibers suggesting coiled elastin
fibers, which could expand during the recruitment. In a depth
of 24 μm the OCT still shows alveolar structures, where the
CFMmerely reveals blurred outlines of elastin fibers. Following
analysis of fiber length, changes are therefore restricted to the
pleural region and the upper half of subpleural alveoli. For ana-
lysis, 12 alveoli were chosen from every pressure step as well as
14 fibers surrounding those alveoli. The selection is displayed in
Fig. 5(a) for the alveoli and 5(b) for the fibers, respectively.
The quantification of the alveolar volume change and the
fiber stretching during increase of ventilation pressure revealed
a similar behavior for both parameters [Fig. 5(c)]. Data points of
the volume change can be fitted with a sigmoid curve, which is
found as a good approximation in studies of macroscopic lung
function25 and intravital microscopy studies.5 Assuming similar
behavior between the volume change and the fiber change, a
sigmoid function can also be fitted to the fiber length distension
data. The average alveolar volume at 0 mbar was determined
as ð19� 14Þ pl ðmean� SEMÞ, the average fiber length as
ð65� 6Þ μm. By extracting the slope at the inflection point
of the volume’s sigmoid function, a normalized alveolar
compliance of 0.19 1 mbar can be obtained.

Fig. 3 Lateral and axial resolution determination of the CFM modality using fluorescent nanoparticles with a diameter of 100 nm. A monolayer of
particles (a) was imaged three-dimensionally revealing a Gaussian intensity distribution into the lateral (b) and axial (c) direction, respectively. The
lateral FWHM was determined to be 0.75 μm, the axial FWHM amounts to 5.9 μm. Data are shown for the nanoparticle surrounded by the white box
in (a). Scale bar ¼ 5 μm for the large field of view of (a) and 1 μm for the enlarged region, respectively.
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For an isotropic expansion one would suggest a cubic rela-
tionship between the fiber-length changes and the volume
expansion, which would result in a linear function with a
slope value of 3 in a double logarithmic plot [Fig. 5(d)]. Utiliz-
ing this illustration, the data as well as the interpolated data from
the sigmoid fitting curves was compared with the theoretical lin-
ear function. Since both the data and the interpolated curve do
not exhibit the theoretical linear behavior, the result indicates
a heterogeneous expansion of the tissue, which is underlining
the need for a three-dimensional investigation of the alveolar
volume and fiber dynamics.

4 Discussion
In this study we have demonstrated the combination of an opti-
cal coherence tomography and a confocal fluorescence micros-
copy system to monitor stepwise alveolar distension and elastin
fiber stretching in an in situ mouse model. The use of different
numerical apertures for the two optical imaging modalities led to
a sufficient imaging depth for the OCT and, at the same time, a
high lateral resolution for the CFM.

Both modalities work simultaneously, where OCT provides a
coarse geometrical information of the tissue, and CFM yields
the localization of functional constituents within three dimen-
sions. Using lung tissue as a sample, additional information
is gained through the visualization of elastin fibers within the
3-D alveolar geometry. Due to the similarity of the OCT
en face images and the fluorescence data, the axial registration
of both modalities works well within the axial resolution limit of
7.5 μm (in tissue) for OCT, which can be seen from the accurate
lining of the alveolus shown in the cross-sectional image of
Fig. 4 on the left-hand side. Moreover, the positions of elastin
fibers can serve as supplemental landmarks for the simulation of
lung tissue where the distension behavior of distinct parts of the
parenchyma can be modeled more precisely.

The confocal fluorescence microscopy modality reveals the
dense fiber network of the visceral pleura, the surrounding ser-
ous membrane of the lung. The imaging depth of this method
amounts to approximately 20 μm, which can be concluded from
the blurred CFM images at 24 μm depth (Fig. 4). This value only
comprises the upper third of subpleural alveoli. Explanations for
the limited imaging depth might be optical artifacts due to the
index mismatch between the tissue and the air interface and,
additionally, high absorption of visible light within the tissue.
In former studies, the imaging artifacts in the air-filled lung
were circumvent by filling the lumen with ethanol and thereby
establishing an index matching, which is reducing the refraction
and total internal reflection processes in the tissue.26 For in vivo
applications, a liquid ventilation approach, as proposed by our
group,27 can be used to allow up to three-times-higher imaging
depths as compared with air-filled alveoli. Higher penetration
for the fluorescence excitation can also be achieved by using
a near-infrared femtosecond light source providing two-photon
excitation. The lower absorption of the near-infrared light within
the sample leads to a better signal for deeper tissue regions.
Furthermore, imaging can be performed label-free by detection
of auto-fluorescence of elastin fibers and second harmonic
generation from collagen fibers.28

From the quantitative analysis of the lung distension studies
in the in situ mouse model, the average alveolar volume of the
tissue can be estimated. Since the individual alveoli differ much
in size, and the average was only calculated for 10 different
alveoli, the standard deviation of the mean alveolar volume
is nearly as high as the average value itself. Compared with
previous studies of alveolar volume sizes, which obtained
ð47� 4Þ pl,29 the measured value at the corresponding pressure
of 5 mbar, ð35� 26Þ pl, is slightly smaller than in the stereology
studies of the fixed mouse samples, but still fits within the error
limits. In addition one has to consider the small resolution of the

Fig. 4 Visualization of the combined structural and functional data revealed through the new setup. Fluorescence data was acquired using sulforho-
damine B as an elastin fiber staining dye. Left-hand side: A cross-sectional impression of a mouse lung tissue. OCT data is displayed in gray scale, CFM
data in red. The blue lines indicate the positions of the extracted en face images shown on the right-hand side. Right-hand side: Extracted CFM, OCT,
and overlay images (columns) for different horizontal planes of the lung tissue (rows) at 0, 12, and 24 μm under the middle of the visceral pleura. The
first row is attributed to the pleura itself where OCT shows a bright reflection, whereas the fluorescence microscopy reveals a dense elastin meshwork.
The second and third row indicates the geometrical features of the tissue, which was obtained using the OCT modality. Complementary to this,
confocal fluorescence imaging reveals the distribution of elastin fibers lining the alveolar walls. Scale bar ¼ 50 μm.
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OCT system, revealing a slightly smaller volume estimate30 as
well as the threshold parameter set during the image processing.
The measured fiber length can be determined more precisely
with a relative error of 9.2%.

Qualitatively, the data for the alveolar volume change and the
fiber stretching follows a sigmoid function, where the last data
point lies slightly too low for the function. This outlier could be
attributed to a rise of the intrathoracic pressure during the
experiment.

The value for the compliance measurement is comparable
with former studies of lung function. Extrapolated to the
whole lung, by multiplying with 4.2 · 106, the average number
of alveoli measured for an adult mouse,29 a parenchymal com-
pliance of ð15.1� 14.8Þ μl∕mbar can be determined, which cor-
responds well within one order of magnitude with the literature
value of ð34.5� 3.5Þ μl∕mbar.31 Due to the high measurement

error, the specified compliance value is just an estimate. Never-
theless, looking only at the order of magnitude, a significant
contribution of alveolar compliance to the whole lung compli-
ance can be derived from these measurements.

According to the relationship between volume expansion and
fiber stretching, a qualitative statement can be drawn, which is
underlining the heterogeneous expansion of the tissue. An inho-
mogeneous distension of the alveolar tissue during ventilation
was also discussed in former studies using intravital micros-
copy.5 Further studies have to reveal the physical nature of
this stretching.

5 Conclusion
In this paper, we showed the successful establishment and
evaluation of a combined optical coherence tomography and
fluorescence microscopy system for minimal invasive 3-D

Fig. 5 Delineation for the analyzed alveoli (a) and starting as well as ending point for the fiber length segmentation of the surrounding fibers (b) at the
empirically found threshold level shown exemplarily for one plane of the OCT stack (18 μm below the pleura) and one plane of the CFM stack (3.6 μm
below the pleura) at 0 mbar pressure. The stacks were rotated to allow optical sectioning parallel to the pleural surface. After rotation, the view was
resized to fit the whole volume where empty areas were filled black. Numbers indicate the alveoli and fibers taken for analysis. More than one fiber per
alveolus is indicated as *.1 and *.2 etc. The alveoli and fibers were chosen according to their presence in every pressure step, since somewere traveling
out of the field of view due to the movement of the lung at higher-pressure values. (c) Alveolar volume change (gray dots with a scale on the right) and
fiber stretching (black squares with a scale on the left) normalized to the value given at 0 mbar. During expansion of the tissue both parameters show the
similar behavior of a sigmoid increase. Error bars are displayed as standard error of the mean for 10 alveoli and 14 fibers within the tissue of one mouse
lung. (d) Double logarithmic representation of the relative volume change over the relative fiber-length change. Experimental data is shown as black
squares; data from the fitted sigmoid functions is shown as a gray line. Isotropic expansion would lead to a linear function with a slope value of 3
(dashed line). Since neither the data nor the fit based interpolation correspond with the isotropic function, a homogeneous distension of the alveolar
tissue is unlikely. Scale bar ¼ 50 μm.
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visualization of subpleural alveoli. Coarse geometrical data of
mouse lung tissue was obtained with OCT. Highly resolved elas-
tin fibers, as functional constituents for the elasticity of the tis-
sue, were imaged using confocal fluorescence microscopy
together with the specific binding fluorescent dye sulforhoda-
mine B. While lateral alignment is achieved by using the
same scanning unit, axial registration is done using a correlation-
based algorithm. This approach shall enable reduced motion
artifacts for the slower CFM method due to OCT supported
image processing.

Imaging as well as first quantitative studies were performed
in an in situmouse model, where the typical sigmoid increase of
the alveolar volume as well as the elastin fiber length was
demonstrated. First studies suggest a significant contribution
of the alveolar compliance to the whole lung compliance as
well as a heterogeneous stretching behavior of the tissue. Future
animal trials shall confirm these statements by better statistics.
The discussed quantitative investigations prove the ability of the
new combined system to monitor basic physical processes
within the lung on a microscopic level. With this approach, a
new tool for minimal-invasive analysis of 3-D lung dynamics
was developed to elucidate basic mechanisms that govern the
behavior of the lung during artificial ventilation. Using a
combination with the novel FDML based OCT systems, future
applications will concentrate on the realization of real-time
volume investigations.
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