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Abstract. Optical coherence tomography (OCT) has been increasingly used for imaging pulmonary alveoli. Only a
few studies, however, have quantified individual alveolar areas, and the validity of alveolar volumes represented
within OCT images has not been shown. To validate quantitative measurements of alveoli from OCT images, we
compared the cross-sectional area, perimeter, volume, and surface area of matched subpleural alveoli from micro-
computed tomography (micro-CT) and OCT images of fixed air-filled swine samples. The relative change in size
between different alveoli was extremely well correlated (r > 0.9, P < 0.0001), but OCT images underestimated
absolute sizes compared to micro-CT by 27% (area), 7% (perimeter), 46% (volume), and 25% (surface area)
on average. We hypothesized that the differences resulted from refraction at the tissue-air interfaces and developed
a ray-tracing model that approximates the reconstructed alveolar size within OCT images. Using this model and
OCT measurements of the refractive index for lung tissue (1.41 for fresh, 1.53 for fixed), we derived equations to
obtain absolute size measurements of superellipse and circular alveoli with the use of predictive correction factors.
These methods and results should enable the quantification of alveolar sizes from OCT images in vivo.© 2012 Society of

Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.12.126015]
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1 Introduction

Despite a good understanding of overall lung mechanics, the
structure—function relationship at the alveolar level is still insuf-
ficiently understood. Quantitative measurements of alveolar
sizes and size changes over the physiologic breathing cycle
could significantly advance the development of analytical and
computational fluid-dynamic models to investigate the mechan-
isms of gas exchange and aerosol deposition during various ven-
tilation strategies.1 However, measuring 3- and 4-D alveolar
sizes in vivo is challenging owing to their small scales and con-
stant motion during respiratory cycles. In a human, for example,
alveoli are estimated to be 100-300 ym in diameter with 10-ym
walls, and undergo approximately 15 breaths per minute with an
overlying cardiac motion of more than 60 beats per minute
at rest.

Optical coherence tomography (OCT) has great potential to
advance our understanding about pulmonary alveolar structure
and function, due to the unique capability to provide three-
dimensional (3-D) images at high spatial (~10 ym) and
temporal (>100 frames/s) resolution.”® Previous groups
have demonstrated OCT visualization of (subpleural) healthy
and diseased alveolar morphology in living animal models,”
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and alveolar movement has recently been imaged ex vivo’
and in siru.'® However, artifacts have been reported in the com-
parison of air-filled and fluid-filled peripheral lung tissue that
greatly reduce the imaging depth and create the appearance
of double walls.!""'? It has been hypothesized that these artifacts
are caused by the refraction and total internal reflection of light
at the tissue—air interfaces and could result in inaccurate repre-
sentations of alveolar shapes and sizes in OCT images. Thus far,
there have been limited quantitative studies on individual alveo-
lar areas,'>'* and the validity of alveolar volume measures
within OCT images has not been shown.

The goal of this study is to investigate the representation of
air-filled subpleural alveolar sizes in OCT images to enable
quantitative measurements of alveolar cross-sectional area, peri-
meter, volume, and surface area. We compare OCT images to X-
ray microcomputed tomography (micro-CT) images of fixed
swine lung to quantify the influence of refraction on alveolar
shapes. Micro-CT was used as the gold standard for imaging
air-filled peripheral lung tissue because it is subject to minimal
refraction artifacts. We confirm the alveolar reconstruction
within OCT images with a two-dimensional (2-D) ray-tracing
model that calculates the refraction of light at tissue-air
interfaces. The refractive indices used in the model were experi-
mentally determined from the analysis of fixed and fresh lung
tissue using OCT. '3

0091-3286/2012/$25.00 © 2012 SPIE

December 2012 « Vol. 17(12)


http://dx.doi.org/10.1117/1.JBO.17.12.126015
http://dx.doi.org/10.1117/1.JBO.17.12.126015
http://dx.doi.org/10.1117/1.JBO.17.12.126015
http://dx.doi.org/10.1117/1.JBO.17.12.126015
http://dx.doi.org/10.1117/1.JBO.17.12.126015
http://dx.doi.org/10.1117/1.JBO.17.12.126015

Unglert et al.: Validation of two-dimensional and three-dimensional measurements of subpleural alveolar size parameters. ..

In this paper, we show that although refraction and total
internal reflection at the tissue-air interfaces significantly
influence the visualization of alveolar shapes, the relative alveolar
cross-sectional area, perimeter, volume, and surface area can
be measured accurately from OCT images without adjustment.
Further, we show the potential for absolute size measurements
to be obtained with less than 12% average error through the appli-
cation of correction factors derived from 2-D ray-tracing models.

2 Materials and Methods

2.1 Sample Preparation

The freshly excised lung from one male Yorkshire swine
(~35 kg) was instillation fixed through the airway using a grav-
ity-feed system and dried at 20 cmH,O pressure. The fixation
solution (modified Heitzman solution) consisted of 10% formal-
dehyde solution (Fisher Scientific), 10% ethanol (Fisher Scien-
tific), 25% polyethylene glycol 400 (PEG 400, Post Apple
Scientific), and 55% laboratory distilled water.'® Three cylind-
rical sections were cut (5 mm diameter, 3-5 mm height), each
from a different lobe (left upper, right middle, and right lower),
such that one circular surface of each sample was delineated by
the pleura. All animal experiments were approved and carried
out in accordance with the regulations set forth by the Massa-
chusetts General Hospital Subcommittee on Research Ani-
mal Care.

2.2 Image Acquisition with OCT

A 1310-nm Fourier-domain OCT system referred to as optical
frequency domain imaging (OFDI)** was used to provide 12-
pm lateral resolution and 8-um axial resolution in air. In this
study, fields of view of 1.5 1.5 mm (512 x 512 pixels) in
the transverse direction over a ranging depth of 6.6 mm (in
air) were acquired with a bench-top galvanometric scanner
through the pleural surface of the sample. The acquired voxel
size was 2.9 X 2.9 X 6.47 ym in air.

2.3 Image Acquisition with Micro-CT

A desktop high-resolution micro-CT system (SkyScan 1172,
Kontich, Belgium) with an isotropic voxel size of 2.9 ym?
was used to obtain 3-D cylindrical images with a 3-mm diameter
and 0.5-mm height that contained the pleural surface. Each sam-
ple was rotated approximately 196 deg at 0.4-deg steps with four
projection images averaged per rotation step. Source voltage and
current were 40 kV and 250 pA, respectively. No external con-
trast was used.

2.4 Segmentation and Measurement of 2- and 3-D
Quantitative Alveolar Parameters

To directly compare 2- and 3-D alveolar size parameters, we
applied a bicubic interpolation to the OCT images to match
the 2.9-um isotropic voxel size of the micro-CT images.
Both datasets were then manually reoriented in three dimensions
to identify a matching 1.5 X 1.5-mm field of view between the
en face planes. Identical alveoli in both data sets were identified
by shape and location and then segmented manually in Ima-
geJ.!” Each alveolar airspace was segmented in the cross-sec-
tional plane along the leading edge of the luminal surface to
measure the air inside the alveolus. Openings to a duct or addi-
tional alveoli in the axial direction were closed by connecting
the incomplete boundary in Fig. 1(c) and 1(d) to limit the ana-
lysis to the first layer of alveoli. The closing contour was deter-
mined after careful examination of all cross-sectional planes in
the 3-D volume of each alveolus to assure a smooth 3-D shape
as indicated in Fig. 1(e). Further, individual cross-sections were
created and segmented by re-slicing the en face data sets along
identical line segments. The closing contours were determined
analogous to the volume segmentation. An example is shown in
Fig. 1(a)-1(d), where Fig. 1(a) and 1(b) show matched en face
sections from micro-CT and OCT, respectively, as well as the
line along which cross-sections Fig. 1(c) and 1(d) were re-sliced.
Figure 1(e) shows representative segments for two alveoli across
frames (spaced at 30 um) within the micro-CT stack of images,

Fig. 1 Segmentation of alveoli in microcomputed tomography (micro-CT) and optical coherence tomography (OCT) images of fixed swine lung. En-
face micro-CT (a) and OCT (b) images where red line indicates position of axial cross-sectional micro-CT (c) and OCT (d) images. (e) Consecutive
frames from micro-CT dataset demonstrate closing of single alveolus with incomplete walls. Comparison of segmentations from micro-CT (f) and OCT
(g) axial cross-sections. Scalebars =200 ym.
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and Fig. 1(f) and 1(g) show representative segmented alveolar
cross-sections from Fig. 1(c) and 1(d), respectively. A total of 29
alveolar cross-sections, at least seven from each lobe, were seg-
mented in both data sets, and the cross-sectional area and respec-
tive perimeter were measured in ImageJ. The maximum alveolar
height and width were calculated by fitting a bounding rectangle
around the segment. For further analysis, the aspect ratio f of the
alveolus was defined as the ratio of height ~ over width w:

F==. (1)

Further, a total of 19 (at least 5 from each lobe) 3-D, closed
alveoli were segmented frame by frame in the cross-sectional
plane. The volume of each alveolus was determined by calculat-
ing the sum of all cross-sectional areas multiplied by the slice
thickness (Simpson’s rule). To obtain surface area, we applied a
dilation and erosion in the direction orthogonal to the segmenta-
tion plane in Matlab to smooth any slight offset between seg-
mented frames, summed the number of pixels along the
surface, and multiplied this number by the cross-sectional
area of the pixel (8.41 um?). The alveolar height, width, and
depth were calculated in a manner that was analogous to that
of the cross-sectional area procedure. The width used to com-
pute the aspect ratio was defined as the arithmetic mean of the
width and depth.

2.5 Statistical Analyses

Statistical analyses were performed using the software SAS 9.2
and Prism. According to the Shapiro-Wilk test, Gaussian distri-
butions could not be assumed for all size parameters and there-
fore a nonparametric correlation analysis was performed to
correlate the OCT and micro-CT measurements. An absolute
R value >0.6 was assumed to prove a relevant correlation.
To estimate how well OCT measurements could be used to con-
clude absolute values of alveolar size, the slope of the best linear
fit between measurements was calculated and compared to the
line of identity (slope = 1, y-intercept = 0). The coefficient of
determination R? describes how well the line fits the experimen-
tal data points. Further, to test whether the slope was signifi-
cantly different from 1 and the y-intercept was significantly
different from zero, we performed a linear regression analysis
of the difference between the two measurements (dependent

distribution for all size parameters) versus the alveolar size as
measured in OCT (explanatory variable):

(M icro—ct — Mocr) = s * Mocr + ¢, 2
where s is the slope of the fit, ¢ is the intercept, and
Mmicm—CT

and M gcr are the measured values from the micro-CT and OCT

images, respectively. A P value <0.05 was considered statisti-
cally significant. Last, the percent measurement error (PE)
was also calculated:

PE — Mmicro—CT - MOCT . (3)

M micro—CT

2.6 Ray-Tracing Model

We have created a 2-D ray-tracing model in Matlab that calcu-
lates the refraction effects (total internal reflection and refrac-
tion) based on Snell’s law for parallel incident rays on a
pre-defined shape to simulate an OCT image. After a qualitative
assessment of alveolar shapes that could be observed in the
micro-CT images, we chose to approximate the average alveolar
cross-section in the model as a superellipse of order 4:

1\ 4 72\ 4
) +G) - @

where x is the direction parallel to the en face plane, z is parallel
to the axial plane, # is the height of the superellipse, and w is
the width.

Figure 2 illustrates the process of simulating an OCT image.
The model calculated the refracted geometric path of each ray
through the predefined sample and recorded the distance and
refractive index between refraction events [Fig. 2(a)]. Because
OCT assumes light travels in a straight A-line, the model trans-
lated the recorded geometric path lengths into straight optical
path lengths [Fig. 2(b)] to create a simulated OCT image
[Fig. 2(d)]. A point spread function (PSF) in the form of an ellip-
soidal Gaussian distribution with a width equal to twice the 12-
pm lateral resolution and a height equal to twice the 8-um axial
resolution of the OCT system was applied with a 2-D convolu-
tion to make the borders of the alveoli in Figs. 2(d), 7(e), 9(b),

variable, which was found to approximate a Gaussian
ﬂ Refraction m OCT A-line

effects formation

Y Y

i f

6] 2

point in image

¥ scattering event

Q OCT m Simulated
image OCT
formation image

I ||

|

Fig. 2 Simulation of OCT image based on ray-tracing model. (a) Light rays incident upon interface with refractive index ratio n; /n, will refract or totally
internally reflect. (b) OCT collects backscattered and reflected light from these interfaces but assumes the light has traveled along straight A-line. (c)
Ray-tracing model calculates path of parallel rays through alveolus and records traversed refractive indices n; and n, to reconstruct simulated OCT

image (d).
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and 9(c) more apparent to the reader. The PSF convolution was
not performed at any point during the quantitative analyses.

Quantitative size parameters between the alveolus within the
original and the simulated image were compared. The difference
in cross-sectional area was calculated by summing the total
number of pixels representing air within a single image. The
perimeter was calculated by summing the lengths of all of
the hypotenuses between the ends of subsequent rows to create
a contour of the discretized shape. We further computed the
volume by assuming each row was rotationally symmetric
and summing the circular cross-sections for each row through
the height of the superellipse. The surface area was calculated
according to the first Guldinus theorem:

SA =27 % L % Rypay )

where L is the arc length of curve generating the rotationally
symmetric object and R,,, is the center of gravity of L with
respect to the symmetrical axis.

Last, to establish potential correction factors, we modeled the
error analogous to Eq. (3) for a range of aspect ratios (f = 0.4-2
with an increment of 0.1) and refractive index ratios
(Mratio = Missue/Mair = 1.04-1.61 with an increment of 0.01).
Using Matlab’s surface-fitting toolbox, we then deducted sepa-
rate polynomial equations from the discrete modeling results to
compute the correction factor as a function of f and n in the
tested range for all size parameters. We chose the lowest orders
of the polynomial that provided a fit with residuals less than 5%
error. The goodness of fit was characterized by R? > 0.99, with
the exception of the perimeter, where R> > 0.91.

2.7 Refractive Index Measurement

Representative values of the mean refractive index of mamma-
lian lung tissue were determined using OCT.!> Fresh and fixed
swine lung tissue were ground in a freezer mill (SPEX 6770) to
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create bulk lung tissue paste for each tissue type, which was
placed on a planar reflective surface and warmed to 37°C.
A total of 33 measurements were recorded from each sample
(three measurements from 11 separate images) to provide a
group refractive index of 1.41 £ 0.003 (mean £ SE) for fresh
and 1.53 £0.003 for fixed swine lung tissue illuminated
at 1310 = 55 nm.

3 Results

3.1 OCT vs. Micro-CT Comparison of Segmented
Alveolar Sizes

In this study, we compared 2- and 3-D sizes of identical pulmon-
ary alveoli as represented in OCT images versus micro-CT
images. A correlation analysis showed that OCT provides highly
representative measures of relative alveolar cross-sectional area
(R=1095 P<0.001), perimeter (R=0.93, P <0.001),
volume (R =0.91, P <0.001), and surface area (R = 0.93,
P <0.001). However, when OCT measurements were plotted
as a function of micro-CT measurements, the slope of the linear
fit was smaller than 1 for all size parameters, equal to 0.78 for
cross-sectional area, 0.88 for perimeter, 0.62 for volume, and
0.78 for surface area, indicating that OCT systematically under-
estimated the absolute alveolar sizes compared to micro-CT.
Consequently, OCT did not allow the prediction of absolute
alveolar sizes as measured by micro-CT. This is visualized in
Fig. 3 and confirmed by a linear regression analysis showing
that the slope s in Fig. 3 was significantly different from 1,
with the y-intercept ¢ significantly different from O for cross-
sectional area (P, = 0.006, P, = 0.044, R? = 0.25) and volume
(P, = 0.003, P, = 0.016, R* = 0.42). The relationship was not
significant for perimeter (P, = 0.003, P, = 0.477, R? = 0.01)
or surface area (P, = 0.27, P, = 0.08, R% = 0.07).

The intra-data variability as a function of alveolar size can
be observed in Fig. 4 from the mean £ SD of the percent

Volume
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Fig. 3 Comparison of alveolar size measurements (cross-sectional area, volume, perimeter, and surface area) obtained from micro-CT images (y-axis) and
OCT images (x-axis). Linear fit (R? > 0.88) shown for all parameters compares to identity line (dotted black line), which indicates perfect agreement.
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Fig. 4 OCT measurement error for alveolar size measurements (cross-sectional area, volume, perimeter, and surface area) as a function of micro-CT

alveolar size.

error for area (27% + 10%), perimeter (7% + 8%), volume
(46% =+ 11%), and surface area (25% =+ 9%).'® The difference
between the OCT and micro-CT measurements could not be
correlated significantly to the respective alveolar sizes, but the

data suggest a statistically significant
increasing aspect ratio of the alveolus
(P =0.008, R* =0.234), volume (P

increase in error with
[from Eq. (1)] for area

=0.0004, R?>=0.53),

and surface area (P = 0.029, R> = 0.27). A plot of the percent
error versus fcr is shown in Fig. 5 in the following section,
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where the experimental results are compared to the modeling.
The relationship for the perimeter was not significant but the
plot is provided for completeness.

3.2 Modeled Influence of Refraction

The ray-trace modeling results predict a 22% underestimation
for cross-sectional area and 5% underestimation for the peri-
meter of a superellipse with equal width and height and a
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Fig. 5 Qualitative comparison of experimental OCT measurement error (blue datapoints) versus predicted modeling results (red line) as a function of
alveolar aspect ratio for cross-sectional area, volume, perimeter, and surface area. Predicted result (red line) calculated from Eq. (7), polynomial coeffi-

cients in Table 2, and n, = 1.53.
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Table 1
it = 1.04-1.61.

Polynomial coefficients (Py,) to be inserted into Eq. 6 to compute correction factors for alveolar superellipse measurements with

Coefficients Poo Pio Po; P2o P13 Pos
Cross-section -93.76 —-0.9008 128.9 -3.012 17.88 —44.63
Perimeter (f < 1) 2.749 0.7287 1.083 0 0 0
Perimeter (f > 1) 3.707 —-0.0683 1.258 0 0 0
Volume -179.9 15.77 242.9 —7.272 19.86 -81.55
Surface area -105.7 —0.09633 147.2 -3.317 17.20 -50.42

refractive index ratio between the tissue and alveolar filling
Nratio = 1.53. The model further predicts an underestimation
of 40% for the volume and 25% underestimation for the surface
area of a circularly symmetric superellipsoid with equal width
and height. The modeling predicted error is shown to depend on
both n.,;, and the aspect ratio of the alveolus in Eq. (1), such
that alveoli with an aspect ratio below 1 (short and wide) will be
visualized with less error. Eq. (6) was derived to compute the
error:

Eped = Poo + Pio * f + Pop * Nyio + P % f2 + Py
>kf*nratio +P02 * nrzatio (6)

for the cross-sectional area, perimeter, volume, and surface area
for an alveolar superellipse as a function of f and n,;, with the
polynomial coefficients from Table 1.

Figure 5 shows the experimentally obtained errors as a func-
tion of the aspect ratio and compares the results to the model for
a refractive index ratio of 1.53. The mean fcr of the alveoli seg-
mented in this study was 1.2, corresponding to modeling
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predicted percent errors of 26% for cross-sectional area, 5%
for perimeter, 46% for volume, and 28% for surface area.
For comparison, the experimentally obtained mean errors were
27% (area), 7% (perimeter), 46% (volume), and 25% (surface
area).

3.3 Correction of Alveolar Size Measurements

To test whether the modeling predicted error (Epq) from sec-
tion 3.2 could be used as a correction factor to compute absolute
measures (Mpeq) Of alveolar size from the originally segmented
OCT data, we determined fcr of each alveolus from the OCT
images and scaled the originally measured sizes (mgct):

moct
pred 1 Epred ( )

The resulting mean error between the corrected OCT mea-
surements and the original micro-CT measurements was —1%
for cross-sectional area, 2% for perimeter, —11% for volume,
and —9% for surface area. Figure 6 illustrates the comparison
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Fig. 6 Comparison of alveolar size measurements (cross-sectional area, volume, perimeter, and surface area) obtained from micro-CT images (y-axis)
and corrected OCT measurements according to modeling predicted error (x-axis). A linear fit (R > 0.85) shown for all parameters compares to identity

line (dotted black line), which indicates perfect agreement.
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of alveolar sizes as measured with micro-CT versus the pre-
dicted values and compares a linear fit of the data to the identity
line analogous to Fig. 3. Neither slopes nor intercepts of the cor-
rected values could be shown to be statistically significantly dif-
ferent from 1 or 0, respectively.

4 Discussion

4.1 Summary

In this study, we investigated the effect of refraction and total
internal reflection on the representation of subpleural alveolar
cross-sectional area, perimeter, volume, and surface area within
OCT images. OCT and micro-CT images of the same fixed
swine lung samples were compared, where micro-CT was con-
sidered a gold standard for visualization of the true alveolar size.
Under this assumption, we showed that OCT provides alveolar
size measurements that are highly correlated to measurements
from micro-CT. The absolute alveolar size parameters, however,
were significantly underestimated, independent of alveolar size.
Second, we presented the results of a ray-tracing model that cal-
culated the expected error of OCT size measurements resulting
from refraction artifacts. The predicted error from the model cor-
responded very well to the experimentally determined mean
error, and both showed an increasing error with increasing
aspect ratio, indicating that refraction and total internal reflec-
tion at the tissue—air interfaces are the primary reasons for the
underrepresentation of alveolar size in OCT images. Further, the
modeling results allowed us to derive scaling factors that were
used to correct the initial OCT measurements and successfully
approximate the absolute average micro-CT values.

4.2 Differences between Fresh In Vivo and Fixed
Subpleural Alveolar Tissue

This study was conducted as a crucial step toward validating
alveolar size measurements made from OCT images of sub-
pleural alveoli in vivo. We chose to compare OCT measurements
against micro-CT on small samples of fixed swine lung to image
the same field of view with both technologies at the same infla-
tion state and with similar spatial resolution. Adequate resolu-
tion could not have been obtained in micro-CT images of a
whole swine lung, since the resolution of micro-CT depends
on the transmission of the X-rays through the sample to capture
the absorption profile, whereas OCT collects the back-scattered
light. Further, the samples could be easily transported between
imaging technologies without creating morphologic changes to
the sample.

We expect three main differences between fixed tissue and in
vivo mammalian subpleural alveoli. First, the lower refractive
index of the living tissue, and therefore the lower refractive
index difference at the tissue—air interfaces, will reduce the
refraction artifacts within the OCT measurements. According
to our measurements of the group refractive indices of fixed
and fresh healthy lung parenchyma, the refractive index
would decrease from 1.53 to 1.41. Therefore, we expect conclu-
sions drawn from fixed tissue to remain proportional when tran-
sitioning to fresh tissue, and this difference can be modeled for
absolute measurements. It is important to note that in diseased
lungs, both the refractive index of the lung tissue as well as the
refractive index of the alveolar space could be altered. For exam-
ple, the alveoli could be fluid filled in pulmonary edema or the
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alveolar tissue could contain an excess of collagen in interstitial
fibrosis.

Second, the in vivo alveolar size of a specific alveolus is
expected to change dynamically during inflation and deflation
of the lung. In contrast, the alveoli in this study were represen-
tative of a single inflation pressure (20 cmH,0O) and were fixed
outside of the body where they were not subject to the effects of
the chest wall. Both our experimental and modeling results indi-
cate that the percent measurement error caused by refraction
artifacts was independent of alveolar size. Therefore, we believe
the results from different-sized alveoli at a single inflation state
are representative of the change in alveolar size in vivo.

Last, the alveolar shape could change dynamically during the
breathing cycle. For example, the upper surface of subpleural
alveoli could flatten out as overall lung volume increases.
From our modeling results, we believe that the error is signifi-
cantly dependent on the alveolar shape. More specifically, the
error increases with increasing curvature of the upper surface
of the alveolus and increasing aspect ratio. A circular cross-
section of air-filled fresh tissue (n,;, = 1.41), for example,
would have an error of 29.3%, which corresponds to the
error expected for a superellipse of f = 1.52, and compares
to 20.6% error for a superellipse with equal width and height.
This alveolar shape dependence of the measurement error could
be the primary cause for the spread in the experimentally deter-
mined error values.

4.3 In Vivo Measurements of Relative Subpleural
Alveolar Size

We were able to show excellent correlation for relative measures
of alveolar cross-sectional area, perimeter, volume, and surface
area between OCT and micro-CT images. This leads us to con-
clude that OCT could be used to answer important questions
about alveolar structure and function without any correction.
However, for exact results and depending on the research ques-
tion, we recommend an assessment of the alveolar shape
change. For example, OCT could potentially be employed to
quantify the dynamic percent volume change of specific alveoli
during the breathing cycle. In this case, the use of relative mea-
surements would only provide the same results as using cor-
rected measurements if alveolar expansion and contraction
were isotropic. Similarly, to quantify relative regional differ-
ences or compare clusters of alveoli in healthy and diseased
lungs, the shape characteristics between the clusters of alveoli
should be similar. Where the necessary assumptions about
alveolar shape cannot be made, the measured sizes should be
corrected to analyze absolute sizes.

In addition to being based on the analysis of fixed tissue, our
results were obtained evaluating a single lung from a single spe-
cies, swine. Because we were able to approximately explain and
validate our experimental results via a model, however, we
expect our conclusions to remain valid for all mammalian spe-
cies where single subpleural alveoli can be identified in OCT
images.

4.4 Correction of OCT Measures of
Subpleural Alveolar Size

Some studies may require evaluating absolute values of alveolar
size or a quantification of the change in percent error. Computa-
tional fluid dynamic (CFD) models of aerosol deposition in
the alveolar region, for example, could profit from exact data
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about the direction and magnitude of alveolar expansion and
contraction.!

In this study, we provided correction factors as a function of
the refractive index of the tissue and the alveolar aspect ratio to
account for the underrepresentation of alveolar sizes in OCT due
to refraction effects. These factors are based on our 2-D ray-
trace model of a superellipse-shaped cross-section. Further,
we tested these factors for correcting the previously discussed
OCT measurements of fixed swine lung samples and could
reduce the absolute mean error compared to micro-CT below
12% for all size parameters. The wavelength dependence of
the refractive index was not considered in the analysis because
the difference in refractive index over the 100-nm bandwidth of
our light source was estimated to be approximately 0.1% based
on the 0.2% change in index for water between 1.2 and 1.4 ym."”
The measured refractive indices also correspond well to pre-
viously published results. The refractive index of fresh lung tis-
sue was measured to be 1.38 at a wavelength of 632.8 nm,? and
important constituents of lung tissue have been shown to have
indices of 1.33-1.35 (interstitial liquid), 1.39 (nuclei), 1.41
(connective tissue fibers), and 1.61-1.66 (red blood cells) in
the visible wavelength range.”! The higher refractive index of
the fixed tissue could be due to the fixation solution containing
PEG 400 (refractive index of 1.47) and the subsequent drying
that reduced the water content of the tissue.

Based on the assumptions of the ray-trace model, these cor-
rection factors are recommended where alveolar shapes resem-
ble superellipse cross-sections. They were computed for a
range of tissue refractive index ratios between 1.04 and
1.61 and require a measure of the aspect ratio for each alveolus.
Further, we expect the scaling factors to more efficiently cor-
rect 2-D measurements compared to 3-D, as discussed in more
detail in the following subsections. It is also interesting to note
that the correction factors for the perimeter are primarily given
for completeness. In the evaluated index and aspect ratio
ranges, the modeling predicted perimeter error did not exceed
6%.

4.4.1 Alveolar shape

The superellipse shape was chosen because it seemed to provide
the most accurate representation of the general subpleural alveo-
lar shape within the micro-CT images. It is important to note,
however, that the superellipse was a large simplification for
the individual cross-sections. The upper surface of the alveoli
within the micro-CT images ranged from almost completely
rounded to completely flat, and the walls could be vertical or
inclined. Cross-sectional shapes of the same alveolus also varied
depending on the location and angle at which they were eval-
uated. Further, the correction factors were based on fully closed
alveoli. In reality, none of the fixed alveoli are completely closed
in three dimensions, and even single 2-D cross-sections must
often be closed manually during segmentation to compute
cross-sectional area. The spread of percent error in corrected
measurements for a given size or aspect ratio could in part
be caused by the discrepancy between the real and mod-
eled shape.

In vivo alveolar shapes could potentially differ more signifi-
cantly from the superellipse, and the correction factors would
have to be re-evaluated accordingly. For a circular cross-section,
for example, correction factors could be calculated according to
Eq. (8) and Table 2. Although any specific shape could in prin-
ciple be modeled to obtain exact correction factors, alveolar
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Table 2 Polynomial coefficients (P,,) to be inserted into Eq. 8 for cir-
cular alveoli with n., = 1.00-1.61) to calculate correction factors for
alveolar size measurements.

Coefficients Py P, P,

Cross-section -136.4 184.2 —47.29
Perimeter -41.86 58.53 -16.26
Volume -275.8 389.7 -112.4
Surface area -170.8 236.5 —-64.55

shapes can be evaluated only under the influence of refraction
artifacts within in-vivo OCT images due to the lack of compar-
able micro-CT data. However, refraction artifacts are expected
to be less severe in vivo owing to the smaller refractive index
ratio.

Epred = PO + Pl * Mpatio T P2 * n?atio' (8)

4.4.2 Aspect ratio

Similar to the general appearance of the alveolar shape, the
aspect ratio evaluated within in vivo OCT images is also subject
to refraction artifacts. For the alveoli segmented in this study, we
found that the OCT aspect ratio was closely related to the micro-
CT aspect ratio (P < 0.0001, R? = 0.69 for area and perimeter,
P < 0.0001, R? = 0.80 for volume and surface area). Using the
micro-CT aspect ratio instead of the OCT aspect ratio for the
calculation of the correction factor would have only slightly
improved the analysis of the scaled measures compared to
micro-CT: 1% mean error (compared to —2%) for cross-sec-
tional area, 2% mean error (compared to 2%) for perimeter,
2% mean error (compared to —11%) for volume, and —4%
mean error (compared to —9%) for surface area. It therefore
seems reasonable to correct OCT measurements of alveolar
size based on the aspect ratio visualized in the same images.

4.4.3 2-D versus 3-D alveolar sizes

Although the absolute mean error for all sizes was reduced to
less than 12%, the correction factors performed better for the
2-D cross-sectional area and perimeter than for the 3-D volume
and surface area. This could have been caused by two approx-
imations that were made for the 3-D case. First, the simulated
OCT image was directly modeled for the 2-D case and the 3-D
error was calculated assuming the 2-D result was circularly sym-
metric throughout the height of the alveolus. This stronger dis-
crepancy between the real and modeled shape for the 3-D case
could explain the larger difference between the actual and the
modeling predicted measurement error. Second, to calculate
the appropriate correction factor, the 3-D aspect ratio was
reduced to two dimensions. The alveolar width of the 3-D aspect
ratio was defined as the mean of the alveolar width and depth as
measured from the two transverse planes. To determine the exact
correction factor per alveolus, each specific alveolar shape
should be modeled in three dimensions.
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4.4.4 Fluid-filled alveoli

It is interesting to note that some studies have chosen to mini-
mize refraction artifacts by filling the alveolus with fluid, such
as saline, ethanol, or perﬂuorodecalin.l1’22’23 Our modeling
results confirm the efficacy of this approach. According to
Eq. (6) and Table 1, assuming a superellipse shape with an
aspect ratio of 1.2, a tissue refractive index of 1.41 and a
fluid-filled refractive index of 1.30 (n,;, = 1.085), the expected
error is 11% for cross-sectional area, 5% for perimeter, 22% for
volume, and 12% for surface area. Compared to the air-filled
case, the error in alveolar size measures from fluid-filled alveoli
would be more than halved.

4.5 Alternative Segmentation to Obtain Absolute
Alveolar Sizes

We have shown that OCT measurements of alveolar size can be
corrected to yield absolute values using modeling predictive fac-
tors. For exact results, however, the correction factors should be
determined by modeling the specific 3-D shape of each alveolus.
It could therefore be advantageous to obtain correct absolute
alveolar sizes directly through segmentation that accounts for
the primary refraction artifacts, such as the appearance of
two walls per alveolus.!! We also frequently observed triple
walls between adjacent alveoli in our OCT images and con-
firmed the additional walls as artifacts through the comparison
of the same alveolar wall in OCT and micro-CT images
[Fig. 7(a)-7(d)] and via ray-trace modeling of two adjacent air-
spaces [Fig. 7(e)]. We further quantitatively confirmed the
hypothesis that the outer two of three walls would be artifacts
in OCT images and could be excluded from segmentation.
Therefore, we re-segmented the original alveoli in the OCT
images by tracing the boundary along the central of three appar-
ent alveolar walls and compared the newly segmented alveolar
sizes to those measured in micro-CT images. Alveolar cross-
sections were re-segmented within the cross-sectional plane and
alveolar volumes within the en-face plane. Where no three clear
walls could be identified, the boundary was traced near the

center of the wall between alveoli. Fig. 7(f) and 7(g) illustrate
the alternative segmentation methods. Figure 8 shows the micro-
CT sizes over the newly segmented OCT values and compares
the linear fit to the experimental data points to the line of identity
similar to Fig. 3.

Mean errors for this alternative segmentation technique in
cross-sectional area and perimeter were reduced from 27%
and 7% (original segmentation method) to 7% and 0%, respec-
tively. Mean errors in volume and surface area were reduced
from 46% and 25% to 5% and —6%, respectively. Statistically,
the slope of the linear fit remained significantly different from 1
for cross-sectional area and surface area, but could not be shown
to be different from 1 for volume. The y-intercept was statisti-
cally different from O only for surface area. The nonparametric
correlations of size measurements between the techniques
remained equally high for cross-sections (R = 0.96,
P <0.0001), perimeter (R =0.91, P <0.0001), volumes
(R=0.93, P<0.0001), and surface area (R = 0.91,
P <0.0001).

As expected, this alternative segmentation could be advanta-
geous over a correction of sizes according to the modeling results
for 3-D measurements, since the exact 3-D shape of each indi-
vidual alveolus as well as the 3-D effect of refraction are con-
sidered. However, this approach requires that the refraction
effects result in distinguishable real and artificial alveolar
walls. Although we have frequently observed these multiple
walls in fixed excised lungs, it is unclear under which circum-
stances the effect would be seen in vivo and whether it could
be misinterpreted in the case of de-recruited alveoli in between
recruited alveoli. We therefore recommend the segmentation over
the correction approach where absolute alveolar volumes and
surface area must be determined in images showing triple walls.

4.6 Applicability to Non-subpleural Alveoli

It is important to emphasize that we limited our analysis to the
first layer of alveoli beneath the pleura. As previously
described,!! the imaging depth in air-filled alveolar tissue is sig-
nificantly compromised compared to fluid-filled alveoli. Fig. 9

Fig. 7 lllustration of triple-wall artifacts and an alternative segmentation method. A single alveolar wall (dashed arrow) in micro-CT (a, c) image appears
as three separate walls (dashed arrows) in the corresponding OCT (d, e) image. (e) Ray-trace simulation of two adjacent alveoli confirms outer two of
three walls can result from refraction artifacts. Alveoli were alternatively segmented at middle of alveolar wall in axial cross-sectional (f) and en-face (g)

planes.
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Fig. 9 lllustration of refraction effects that limit analysis to single layer of air-filled alveoli. (a) Original alveolar shapes input into ray-tracing model.
(b) Outlines of alveolar shapes calculated by ray-tracing model. (c) Resultant simulated OCT image.

shows a simulated image of two layers of alveoli created by the
ray-tracing model with the refractive indices for fixed tissue and
air. Whereas the first layer reconstructs as expected, the second
layer of alveoli appears extremely distorted and would require
complex correction to provide meaningful results.

However, any first layer of alveoli could potentially be
imaged and analyzed deeper in the lung parenchyma through
endoscopic or needle probes.””* Because these more internal
alveoli are not limited in their expansion by the pleura, they
could have a significantly different shape compared to the
alveoli analyzed within this study.

5 Conclusions

In this paper we present, to the best of our knowledge, the first
validation of subpleural air-filled alveolar size measurements
(cross-sectional area, perimeter, volume, and surface area)
from OCT images. OCT underestimated alveolar sizes com-
pared to measurements in micro-CT, but the relative changes
were accurately represented. We have measured the group
refractive index of fixed (n = 1.53) and fresh (n = 1.41)
swine lung tissue at 1310 &= 55 nm and confirmed the experi-
mentally observed quantitative difference in alveolar sizes
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between OCT and micro-CT images with a ray-tracing
model. We have also established that refraction is the primary
cause for measurement error of alveolar size from OCT images
and have used our model to derive Egs. (6) and (8), which cal-
culate correction factors to approximate absolute measurements
of superellipse and circular alveoli, respectively.

Whereas we expect differences in the refraction effects
between fixed and fresh tissue, the ray-tracing results indicate
that the differences are proportional and OCT can be used to
quantify alveolar size and mechanistic changes during various
ventilation settings in vivo.
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