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1 Introduction
1.1 Medical Background

Abstract. There is a growing interest in analyzing lung mechanics at
the level of the alveoli in order to understand stress-related pathogen-
esis and possibly avoid ventilator associated lung injury. Emerging
quantitative models to simulate fluid mechanics and the associated
stresses and strains on delicate alveolar walls require realistic quanti-
tative input on alveolar geometry and its dynamics during ventilation.
Here, three-dimensional optical coherence tomography (OCT) and
conventional intravital microscopy are joined in one setup to investi-
gate the geometric changes of subpleural alveoli during stepwise pres-
sure increase and release in an isolated and perfused rabbit lung
model. We describe good qualitative agreement and quantitative cor-
relation between the OCT data and video micrographs. Our main
finding is the inflation and deflation of individual alveoli with notice-
able hysteresis. Importantly, this three-dimensional geometry data can

be extracted and converted into input data for numerical simulations.
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genation into account but do not give much consideration to
lung mechanics. In a clinical study of patients suffering from
adult respiratory distress syndrome,' the group who was ven-

During intensive care, mechanical ventilation of the patient
often becomes necessary to avoid hypoxia and hypercapnia.
Ventilator settings, which mainly control breathing rate, tidal
volume, and airway pressure, are commonly chosen from
standard operating procedures that take body weight and oxy-
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tilated with a lower tidal volume per body weight showed
better survival and outcome than the conventionally ventilated
group, suggesting that the normally chosen tidal volume is
harmful to the preinjured lung.” The potential for ventilator-
associated lung injury (VALI) and ventilator-induced lung in-
jury (VILI) has propelled intensive research into the underly-
. . 3.4 .

ing mechanisms.”" Mechanical stress on the lung parenchyma
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has been identified as a major contributor to development of
VILI/VALI. This stress not only produces barotrauma and
volume trauma (i.e., the rupture of alveolar walls), but also
so-called biotrauma from proinflammatory signaling by the
mechanically stressed alveolar epithelial and endothelium
cells or from the stressed alveolar-capillary barrier. Because
shear stress and stretch acting on the alveolar walls cannot be
directly measured, it is essential to simply observe the geo-
metric deformations of alveolar structures during ventilation
and relate them to the ventilator settings.

1.2 Methods for Imaging Pulmonary Alveoli

Computer tomography (CT), the routine diagnostic tool for
lung injury,5 lacks the resolution for imaging single alveoli
and micro-CT need fixed and stained tissue to make measure-
ments on an alveolar scale. Magnet resonance imaging with
hyperpolarized helium only indirectly allows evaluating al-
veolar size.® The resolution necessary to image single alveoli
(diameter=50—100 wm) can presently only be reached by
optical methods such as in vivo video microscopy (IVM) of
subpleural alveoli in small animal models.”® Two-dimensional
IVM images provide information in the form of bright reflec-
tions determining the projection of the outer diameter of the
alveoli. These reflections can be caused by alveolar walls but
also by the capillary network in the pleura or by a pleura-
enforcing collagen network. Thus, interpretation of these im-
ages is not unambiguous. As a result, controversy and open
questions still exist about alveolar mechanics, particularly re-
garding alveolar deformation during volume uptake. At least
four mechanisms—all consistent with the pressure volume
curve of the whole lung—have been hypothesized: (i)
opening/recruitment of additional collapsed alveoli, (ii) bal-
loonlike stretching of the alveolar wall, (iif) unfolding of the
alveolar wall, and (iv) expansion of the alveolar duct connect-
ing the alveoli.*” Direct experimental evidence of the exis-
tence of all or some of these deformation mechanisms is re-
quired before clarifying how they influence the alveolar stress
level and the development of biotrauma.

To avoid the problems of IVM, particularly the image ar-
tifacts and general uncertainty about whether the optical im-
age corresponds to actual alveolar geometry, we propose
three-dimensional (3-D) alveolar imaging via optical coher-
ence tomography (OCT). OCT provides 3-D imaging of air-
filled subpleural lung tissue up to a depth of 500 wm with a
resolution of <10 um. Therefore, alveolar areas can be quan-
tified in several accurately defined spatial planes beneath the
pleura. We previously acquired cross-sectional images of sub-
pleural alveoli in the ventilated and perfused rabbit lung and
found a qualitative difference in alveolar mechanics between
high tidal volume ventilation with zero end-expiratory pres-
sure (ZEEP) and low tidal volume ventilation with high posi-
tive end-expiratory pressure (PEEP).'” Although ZEEP led to
repetitive alveolar collapse and recruitment, PEEP maintained
stable alveolar opening. Quantitative analysis of the alveolar
cross sections, however, was hindered by shifting of the al-
veoli in and out of the plane during tidal ventilation that pro-
duced errors in calculating the air-filled area. Therefore, here
we present 3-D OCT'"""? of the perfused isolated rabbit lung
with stepwise increased constant positive airway pressure
(CPAP). IVM images of the subpleural alveoli were also si-
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Fig. 1 Experimental setup for 3-D imaging of subpleural alveoli in
isolated and perfused rabbit lungs. A fiber coupler and single-mode
fibers (NIR SMF) connect the light source (SLD) centered at 840 nm
(FWHM 50 nm), the interferometer integrated in the scanner head
(SH) and the spectrometer. The near-infrared light (NIR) is coupled in
the interferometer by a collimator and divided into reference and
sample beam by a beamsplitter cube. The sample beam is deflected
by a galvanometer scanner unit (GU) for the x and y direction and
focused by an objective (L2) to the sample. The backscattered light is
superimposed with the reference light, focused (L1) and reflected by
the reference mirror (RM), and coupled in the SMF and transmitted to
the spectrometer, where it is spectrally resolved by a grating
(1100 lines/mm). Interference spectrum is detected by a CCD line
(2048 pixels) with an acquisition rate of 12 kHz (A-scan rate). The
system provides a lateral resolution of 7 um and an axial one of 8 um
in air (6 wm in tissue, n=0 1.33). A dichroic mirror (DM) separates
the light for IVM, which is then focused with lenses L3 and L4. The
IVM image is acquired by a CMOS camera, which is also integrated in
the SH. A ring light, consisting of 12 superhigh light-emitting diodes,
is positioned at the front of the SH above the sample for illumination.
The SH is mounted on a translation stage to carry out optimal posi-
tioning in front of the isolated lung. A conventional personal com-
puter was used for data acquisition, position control, and image
processing.

multaneously acquired in order to make direct qualitative and
quantitative comparisons between the two methods.

2 Material and Methods
2.1 Isolated Rabbit Lungs

Use of isolated, perfused, and ventilated rabbit lung as a
model has been previously described.'” All experiments were
performed in accordance with Ref. 13. The lungs were ini-
tially ventilated by volume-controlled ventilation for 20 min
using a KTR 4 small-animal ventilator (Hugo-Sachs,
Freiburg, Germany) with a 3-cm H,O PEEP. Respiratory rate
was set at 30/min and tidal volume at 8§ ml/kg body weight
(bw). Spirometry was carried out using a Fleisch pneumot-
achograph (Hugo-Sachs, Freiburg, Germany). CPAP was ap-
plied and stepwise increased to 25 cm H,O and then stepwise
decreased to 5 cm H,0. Pressurized air and a PEEP valve
was used to adjust CPAP levels. At each CPAP level (5, 10,
15, 20, 25, 20, 15, 10, 5 cm H,0), a 3-D-OCT (200 X 200
X 512 pixels/800 X 800 X 2048 um?) scan was performed
and an IVM micrograph (1600 X 1200 pixels/ 1500
X 1150 um?) was taken.

2.2 Combined OCT and IVM

The combined OCT-IVM system setup is shown in Fig. 1.
This system is also suitable for in vivo investigation, as pre-
viously reported.14 Compared to our formerly used OCT sys-
tem, a microscope imaging system has been added and the
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system has been improved in terms of adding a galvanometer
y-scanner axis, higher acquisition speed, and doubled mea-
surement depth. The OCT light source is a fiber-coupled su-
perluminescence diode with 1-mW output power and a
50-nm (FWHM) broad spectrum centered at 840 nm (Super-
lum, Moscow, Russia). The near-infrared light is guided to the
scanner head with an integrated 50:50 (sample arm: reference
arm) nonpolarizing beamsplitter, a reference arm adjustable in
length and attenuation, two galvanometer mounted scanner
mirrors (Cambridge Technology Inc., Lexington, Kentucky), a
dichroic mirror separating the visible microscope light from
the near-infrared light used for OCT, and a focusing objective.
The backscattered near-infrared sample light is collected into
the interferometer, superimposed with the reference light, and
guided to the grating spectrometer. The interference spectrum
is focused onto a 2048-pixel-wide charge-coupled device line
camera with a 25-MHz pixel clock, 14-bit analog-to-digital
conversion, and a FireWire connection to the computer
(Micro-Epsilon Optronic, Langebrueck, Germany). In addi-
tion, an IVM is integrated into the system. The sample is
illuminated by a ring of white light-emitting diodes. The dif-
fuse visible reflections from the sample are imaged through
the objective, the dichroic mirror, and two additional lenses
onto a color complementary oxide semiconductor camera (Su-
mix, Oceanside, California), which is mounted to the scanner
head unit and connected to the computer via a universal serial
bus. The integrated OCT and IVM imaging unit and the me-
chanical ventilator system are all connected to the same com-
puter. The OCT-IVM acquisition unit is mounted on a ball-
and-socket mount combined with three motorized translation
stages for positioning. Synchronized computer programs
implemented in LabVIEW 8.2 (National Instruments, Austin,
Texas) are used to acquire respiratory data (airway pressure,
tidal volume, arterial pressure), microscope images, and inter-
ference spectra for OCT, and to control the translation stages
and galvanometer scanners. Rescaling of the interference
spectra to wave number, spectral shaping, fast Fourier trans-
formation, and display as gray value images can either be
done online for a cross-sectional preview B-mode image or
offline after acquiring the spectra and saving them on hard
disk. Additional image processing (despeckle, resclicing,
thresholding, etc.) and quantification was performed with Im-
ageJ (ImageJ 1.37v, National Institutes of Health, Bethesda,
Maryland) and IMAQ Vision 8.2.1 (National Instruments,
Austin, Texas). The IVM images were analyzed with a tablet
monitor system, allowing manual tracing of alveolar bound-
aries with a pen. AMIRA (AMIRA 4.1.0) image analyzing
software was used for 3-D reconstruction of alveolar paren-
chyma.

2.3 Image Processing

OCT image stacks were tilted until the plane of view was
parallel to the pleura. Five slices of the stack at 40, 44, 48, 52,
and 56 um, beneath the strongest pleura reflection were taken
for en face sectional analysis (Fig. 2). The image was
despeckled by taking the median of the five planes along the
z-axis and a 3 X3 kernel median filter in the x-y plane. A
histogram stretch to the full gray value dynamic range was
performed. The resulting image [Fig. 2(b)] was inverted and
filtered by a threshold filter based on a 32X 32 kernel gray
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Fig. 2 Individual steps in the analysis of OCT images. (a) Volume
rendered OCT image stack of subpleural alveolar lung parenchyma of
an isolated rabbit lung with an applied CPAP of 25 cm H,O. The
dashed white line denotes the cutting plane of the extracted OCT en
face image shown in (b). (b) Median of the five separated OCT en
face images. The air-filled regions are black and the alveolar wall
tissue is gray. (c) Automatic segmentation of the air-filled regions.

value histogram analysis yielding a binary image. Small areas
were omitted and small holes (one pixel) were filled. The
resulting image was used as a segmentation mask for separat-
ing tissue from air. Quantification of the areas of the air-filled
alveolar structures was performed. The IVM images were pro-
cessed with a pixel-based graphics program (Adobe Photo-
shop 7.0) and a graphics tablet monitor. Bright boundaries
were identified as alveolar walls, manually retraced, and flood
filled with the electronic pen. The resulting air-filled alveolar
structures were quantified in the same way as the OCT im-
ages. IVM images and OCT sectional planes were registered
by applying a fixed rescaling to the OCT images and a rigid
manual registration with the IVM image. Air-filled structures
present in both image types at all pressure levels were se-
lected for quantitative comparison. Structures in contact with
the image boundaries at any pressure level were not analyzed.

3 Results
3.1 Alveolar Expansion in IVM and OCT Images

To quantify alveolar expansion using images gathered via
OCT, we performed a series of steps (Fig. 2). First, the vol-
ume of a 3-D OCT image series was rendered [Fig. 2(a)].
OCT en face images were then extracted from a plane beneath
the pleura visceralis [Fig. 2(a), dashed white line], which was
clearly visible as bright reflection. Here we show a represen-
tative OCT en face image from ~45 um beneath the pleura
[Fig. 2(b)]. Automatic segmentation was then used to high-
light the air-filled areas before quantification [Fig. 2(c)].

To compare the effectiveness of OCT versus IVM, we si-
multaneously obtained OCT and IVM images from identical
alveolar tissue at CPAPs of 5 cm H,O and 25 cm H,O (Fig.
3). In the IVM images, circular and convex areas were sur-
rounded by bright boundaries. At 5 cm H,O CPAP, the single
circular structures had diameters of ~50 wm and the convex
structures with several indentations were a few hundred mi-
crometers. We thus identified these bordered areas as alveolar
clusters in which the individual alveoli create the convex
bulges. Qualitatively, as pressure increased the diameter of the
cluster, the bulges increased and the indentations become
more pronounced. Expansion caused by higher CPAP levels
was noticeable using both OCT and IVM; however, the OCT
technique overestimated alveolar septum thickness.

The boundaries of the alveolar clusters were used to quan-
tify alveolar area. The increase in alveolar area as CPAP lev-
els rose was on the same order of magnitude when detected
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Fig. 3 Identical alveolar tissue acquired by IVM (a) and (b) or OCT (c)
and (d) for an applied CPAP of 5 (a) and (c) and 25 cm H,O (b) and
(d). OCT en face images (d) representing alveolar structures of 45 um
beneath the pleura visceralis. Identical alveolar clusters designated as

(a) to (d).

by either OCT or IVM. Alveolar expansion was found to be
about 40% for IVM and 50% for OCT. When changes in
alveolar area during inflation and deflation were quantified
and plotted, both OCT and IVM images also revealed hyster-
esis behavior (Fig. 4). Plots of the alveolar area versus CPAP
level for OCT and IVM were normalized to the area measured
at 5 cm H,O CPAP in the inspiratory phase. A typical p-v
curve shape was obtained, where inflation has a constant slope
between two inflection points and deflation stays on a moder-
ately tilted plateau until it drops steeply, except at the 10-cm
H,O pressure level. In all cases, different slopes were found
for pressure increase and decrease. We found curve progres-
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Fig. 5 Volume uptake of a single alveolar structure applying CPAP of
(@) 5 cm H,O (left) and (b) 25 cm H,0O. The volume increase is evi-
dent for higher CPAP levels. 3-D OCT data sets enable calculation of
3-D triangular meshes of the alveolar geometry, as shown here.

sion to correlate between OCT and IVM. Both curves showed
hysteresis behavior during increasing and decreasing CPAP
levels, indicating that the parenchyma has nonlinear (nonelas-
tic) behavior that has a possible memory effect in the tissue.
We recognized that the deflation curve does not return to
baseline area CPAP of 5 cm H,O. We also observed no re-
cruitment or derecruitment activities in healthy lungs because
the number of alveoli in the investigation area was constant at
all CPAP levels.

Because OCT is a 3-D imaging technique, as opposed to
2-D IVM imaging, the acquired data sets enable 3-D recon-
struction of subpleural alveolar structures. Figure 5 shows a
3-D reconstruction of an individual alveolus at an applied
CPAP of 5 and 25 cm H,O. This technique reveals the alveo-
lar expansion in all spatial directions. Additionally, we calcu-
lated 3-D triangular meshes to describe the alveolar structures
(Fig. 5, overlay). Production of these meshes is an essential
precondition to developing numerical models for simulating
ventilation at the level of the alveoli.

3.2 Comparison of Both OCT and IVM

To directly compare OCT and IVM techniques, we used a
Bland Altman plot (Fig. 6)."> We performed linear regression
and obtained a regression line with a slope of ~0.17 (Fig. 6,
black line). Thus, absolute alveolar area as measured via OCT
is 17% (p<0.001) smaller than IVM.

-
-]
J

IVM

-
-]
1

\

-
N
1

/

norm. alveolar areas
—
o
1

e
©

0 5 10 15 20 25 30
CPAP [cmH,0]

(b)

Fig. 4 Alveolar area change for increasing and decreasing CPAP measured by (a) OCT and (b) IVM. All areas are normalized to the area measured
at an applied CPAP of 5 cm H,O in the inspiratory phase. Both methods show similar results, alveolar areas enlarge with increasing CPAP and
contract by decreasing CPAP. The alveolar area change is non-linear and obeys hysteresis. (n=4 lungs)
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Fig. 6 Comparison of both imaging techniques using a Bland-Altman
plot. The regression line is black and has a slope of 0.17. Measure-
ments taken from OCT are ~17% smaller than from IVM. The de-
tected bias is 615.5 um?.

4 Discussion

Here, we successfully combine OCT and IVM in one setup.
This offers a number of advantages for analyzing alveolar
mechanics, particularly a cross-sectional view at a freely se-
lectable depth beneath the pleura and confirmation that circu-
lar structures observed via IVM are real alveoli. On the other
hand, the isolated lung model does not reflect an in vivo situ-
ation because both pulmonary and thoracic components con-
stituted the respiratory pressure volume curve. Furthermore,
the fact that the deflation curve does not return to baseline
area of 5 cm H,O could imply a progressive alveolar volume
uptake when applying CPAP for longer times. We used our
setup to observe alveolar expansion in a cross-sectional area
in response to rising pressure and revealed the nonelastic me-
chanics of this process. Our results agree with the alveolar
expansion observed in a previous studies using confocal laser
scanning microscopy to image alveolar tissue in isolated
lungs'®"’and microscopic imaging of strained lung tissue
blocs.'® The detected hysteresis between inflation and defla-
tion matches well with the physiological quasi-respiratory
pressure volume curves in vivo."” However, there are differ-
ences compared to in vivo IVM analysis of healthy and in-
jured lungs,20 suggesting alveoli do not change in volume.
One important factor in our study is the deficiency of cover-
slips to avoid artifacts, such as deformation of alveolar geom-
etry by suction or pressure. Our combined setup also ensures
that movements in or out the focal plane cannot be misinter-
preted as the recruitment of previously collapsed alveoli.

The isolated lung model and constant airway pressure pro-
cedure do have advantages over in vivo experiments, such as
easy synchronization with imaging, lack of focusing prob-
lems, and control over physiological parameters without sys-
temic effects. However, findings on alveolar mechanics in the
stepwise inflated isolated lung cannot be generalized to in
vivo dynamics. In principle, IVM and OCT methods, alone or
in combination, are applicable in vivo using a transparent tho-
rax window if the image synchronization and focusing prob-
lems can be solved. The best correlation between both tech-
niques was observed using OCT en face images from
~45 pm beneath the pleura because the alveolar area mea-
sured at this depth is approximately the equatorial area of the
alveoli, assuming the alveolar diameter is 100 um.

The difference between OCT- and IVM-derived measure-
ments of air-filled areas might be due to several reasons. One
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reason might be the different transversal resolution that results
in OCT overestimating alveolar wall thickness and, as a con-
sequence, underestimating the air-filled regions. IVM images
show the maximum expansion of the alveoli in the xy plane.
This contrasts to OCT en face images, which represent the
actual spatial plane and always result in smaller alveolar ar-
eas. The automatic segmentation generated for images also
results in quantification differences of the alveolar clusters.
The larger relative expansion measured by OCT is probably
caused by overestimating alveolar wall thickness. This also
underrates the air-filled areas of smaller alveolar clusters in
comparison to larger clusters. In this case, the systematic mis-
take in measuring air-filled areas is more pronounced for al-
veoli during an applied CPAP of 5 cm H,O than 25 cm H,O.
Our normalization of the air-filled area size to that at 5 cm
H,O leads to an apparently larger expansion measured in
OCT images.

Here, we demonstrate that it is possible to carry out spatial
segmentation of single alveolar clusters based on 3-D OCT
data sets and use this data to 3-D reconstruct subpleural al-
veolar structures. It should be noted that speckle artifacts typi-
cal for OCT imaging hinder the exact segmentation of the
air-filled spaces in the OCT data sets. OCT systems with
higher resolution and faster acquisition times should improve
OCT image quality and thus improve segmentation quality.
Importantly, as we illustrate here, the simultaneous IVM and
OCT setup has the potential to provide dynamic geometry
data of alveolar structures as basis for numerical models of
the lung at the level of the alveoli.
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