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New & Noteworthy

For over 50 years, stereology has been used as the gold standard to quantify the three-dimensional
anatomy of the human lung. Traditionally, stereology has been applied to lung casts, and two-
dimensional light and electron microscopy images. However, such techniques are labor intensive
involving fixation, embedding, and sectioning of samples, which has prevented extensive studies,
especially when assessing changes with disease.

This study provides a method to apply stereology to multi-resolution, volumetric computed
tomography (CT) images. The stereological-sampling cascade enables macroscopic measurements
obtain using multi-detector computed tomography (MDCT, ~800um resolution) on explanted air-
inflated lung specimens, to be directly linked with high-resolution measurements obtained using
microCT (<11pm resolution) on frozen lung samples. The method yielded a comprehensive
quantitative dataset on the small airways and parenchymal lung structures within the healthy
human lung, highlighting the differences between male and female lungs, which provides

reference data for future pathological studies to assess lung disease.



Abstract

RATIONALE: The application of stereology to lung casts and 2-dimensional microscopy images
is the gold standard for quantification of the human lung anatomy. However, these techniques are
labor intensive involving fixation, embedding and histological sectioning of samples and thus,
have prevented comprehensive studies.

OBJECTIVE: To demonstrate the application of stereology to volumetric multi-resolution
computed tomography (CT) to efficiently and extensively quantify the human lung anatomy.
METHODS: Non-transplantable donor lungs from individuals with no evidence of respiratory
disease (n=13), were air inflated, frozen at 10cmH20, and scanned using CT. Systematic uniform
random (SUR) samples were taken, scanned using microCT, and assessed using stereology.
RESULTS: The application of stereology to volumetric CT imaging enabled comprehensive
quantification of total lung volume, volume fractions of alveolar, alveolar duct, and tissue, mean
linear intercept, alveolar surface area, alveolar surface area density, septal wall thickness, alveolar
number, number-weighted mean alveolar volume, and the number and morphometry of terminal
and transitional bronchioles. Using this dataset, we found that women and men have the same
number of terminal bronchioles (last generation of conducting airways), but men have longer
terminal bronchioles, a smaller wall area %, and larger lungs due to a greater number of alveoli
per acinus.

CONCLUSIONS: The application of stereology to multi-resolution CT imaging enables
comprehensive analysis of the human lung parenchyma that identifies differences between men
and women. The reported dataset of normal donor lungs aged 25-77 years, provides reference data

for future studies of chronic lung disease to determine exact changes in tissue pathology.



I. Introduction

To understand how disease alters the normal architecture of the human lung and how it can affect
lung function, it is imperative to have robust reference data of normal lung anatomy. Several
stereology-based studies have provided quantitative information about the anatomy of the human
lung using 2-dimensional (2D) light, and electron microscopy, but these studies involved labor
intensive fixation, embedding and histological sectioning techniques(5, 6, 57, 10, 11, 24, 33, 51—
53, 56). In recent years, volumetric imaging techniques such as computed tomography (CT) now
offer the possibility to obtain high-resolution 3D images of the entire thorax within a single breath
hold(26). Volumetric CT imaging has the advantage that the spatial relationship of structures is
maintained, enabling quantification of multiple parameters such as lung volume, regional gas
volume, and bronchovascular morphometry to be obtained(13, 14, 58).

The current limitation of thoracic CT imaging is that the 800-1000um resolution(23) does not
allow visualization of the smallest lung structures such as the peripheral generations of conducting
airways, the terminal bronchioles (mean diameter of 487um(29)), alveolar ducts or alveolar septae
(~12um)(6). The application of microCT imaging with a resolution as high as 1um, has permitted
volumetric imaging of human lung tissue samples to visualize small airways, alveolar
structures(25, 50), and quantify small airways disease(22, 29, 48).

To date, stereology has only been applied to microCT images to quantify the 3D architecture of
the whole mouse lung(45, 46) and the small airways in ex-smokers with and without chronic
obstructive pulmonary disease (COPD)(22). As highlighted by the American Thoracic
Society/European Respiratory Society (ATS/ERS) guidelines(15) it is essential that controlled
inflation, fixation and systematic uniform random (SUR) sampling are applied to ensure that

samples are representative of the whole lung. To enable the assessment of disease it is essential



that a comprehensive dataset of stereological measures for the whole lung be available from a
reference cohort lungs from individuals free of respiratory disease.

The present study describes a detailed methodology for SUR sampling of un-fixed, frozen human
lungs, using multi-resolution volumetric CT imaging that rigorously adheres to the ATS/ERS
guidelines for stereological sampling(15). Due to the application of volumetric multi-resolution
CT imaging, this is the first study to analyze: volume fractions of alveoli, alveolar ducts, and tissue,
mean linear intercept, alveolar surface area, alveolar surface area density, septal wall thickness,
alveolar number, number weighted mean alveolar volume, as well as total number and
morphometry of terminal and transitional bronchioles per lung, within the same lung which has
never been achieved using existing methodologies. We demonstrate how a detailed stereological
assessment of the lung parenchyma identifies anatomical differences in the lung structure of
women and men, which has important implications for how alterations in lung structure are

assessed in chronic lung diseases.

1. Methods

a. Lung Specimens

Donor lungs (n=13) without known respiratory diseases were collected through the University of
Pennsylvania (n=7), University of Michigan (n=3), and Katholieke Universiteit Leuven (n=3).
Lungs were released for research purposes if a transplant could not happen in time and informed
consent was obtained from the donors in accordance with Belgian state legislation, where all
suitable candidates automatically become donors, or from the donors next-of-kin in North America
following a protocol outlined in the Gift of Life Donor Program (http://www.donors1.org). Lungs
were archived in a registry approved by the Providence Health Care Research Ethics Board (HOO-

50110), University of British Columbia. The donor demographic data are listed in table 1.



Immediately after excision, a vascular graft tube is sewn to the main stem bronchus which
is then connected to a tight underwater seal to inflate the lung. Lungs were inflated with air to a
transpulmonary pressure of 30cmH20 to ensure alveolar recruitment, then held at 10cmH20 while
rapidly frozen in liquid nitrogen vapor for 1 hour (Figure 1A). To obtain the total lung volume
(V(lung)) lungs were imaged frozen using CT (120kV, 250mAmps, 1sec exposure time, slice
thickness 0.625mm, average in plane pixel size of 0.7x0.7mm, Figure 1B). A radiologist (CJH)
scored all specimen CT scans for airway abnormalities, emphysema, and interstitial abnormalities.
Each lung was then cut into 2cm thick consecutive axial slices from apex to the base, on dry ice
as indicated by the yellow lines in figure 1A using a pre-cooled commercial grade meat band saw.
All slices were photographed at the same magnification with a reference scale which is crucial for
subsequent sampling using the images, and stored at -80°C.
b. Systematic Uniform Random (SUR) Sampling
Image registration was performed to match the orientation of the ex-vivo lung CT scan with the
photographs of the cut lung slices (Figure 1C and D) using a custom program developed in Matlab
(MATLAB Release 2016b, The MathWorks, Inc., USA). A SUR sampling method(15) was
applied by superimposing a line grid (225mm?) on the photographs of all lung slices (figure 1D).
Connective tissue, large airways and blood vessels, that would represent more than 75% of a
sample, were excluded from the sampling, yielding X potential sampling sites on all lung slices
(on average 400 sites per lung, see example of all remaining intersection points of the line grid in
figure 1D). Using a custom made hole punch device, 10 cylindrical tissue cores, 16mm in diameter
and 20mm in height, were extracted across the lung volume (X / 10) using a random starting point
which enabled a systematic uniform distribution. A total of 130 tissue cores were obtained across

all lungs. The location of all SUR samples was translated to the CT scan (Figure 2A), to generate



a density histogram of the whole lung and each SUR sample (Figure 2B). Compared to in-vivo CT
scans of the normal lung with a distribution peak at -850HU, the excised lungs lack blood flow
and thus the peak is shifted to -910HU as previously reported(7, 32, 49).

c. MicroCT imaging

The frozen SUR samples were imaged with a microCT scanner (XT H 225ST, Nikon, USA) using
a recently developed and validated cryo-microCT stage (Parameters: 40kV, 350uA, Molybdenum
target, 500ms exposure time, and a gain of 32dB) resulting in an isotropic voxel size of 11pum(47).
d. Stereology

Reference Volumes

The total lung volume was calculated using semi-automatic image segmentation performed on the
ex vivo lung CT scan, excluding the main stem bronchus and surrounding connective tissue (see
3D rendering of the lung segmentation in figure 1B). The total parenchymal volume was calculated
by selecting 10 systematic uniform randomly (SUR) selected slices from the apex to the base of
the ex vivo lung CT scan. A point grid of 100mm? was superimposed onto each of the 10 slices
(see figure 1C) and the total number of points falling on parenchyma and non-parenchyma were
counted. The ratio of points falling on parenchyma versus total number of points on lung
(parenchyma + non-parenchyma) was used to determine the parenchymal volume fraction
(Vv(par/lung)). The parenchymal volume fraction was then multiplied with the total lung volume
to calculate the volume of parenchymal tissue used as reference volume to calculate alveolar
surface area and total number of alveoli as previously described(15, 46).

Stereological Counts

To conduct stereological assessment on each lung tissue core, 10 SUR cross-sectional images were

extracted from each microCT scan. Using a custom software for stereological counting on



microCT (Computer Assisted Stereology, developed by our lab in Matlab), a line grid (1mm long
lines in a checkered pattern) was overlaid on each image to determine the number of intercepts
within each line(5, 46, 51, 52) (Figure 3A). To obtain volume fractions of the parenchymal
components each end point of each line was assigned as either alveolar, alveolar duct, tissue or
non-parenchymal tissue (vessels and airways) which was excluded, as demonstrated in Figure 3A.
From the number of lines and intercepts it is possible to calculate the mean linear intercept (Lm)
and the alveolar surface area density (Sv(alv/lung)) as previously described(20, 21, 30, 31, 46). To
calculate alveolar surface area, the alveolar surface area density is multiplied with the tissue
volume per sample (volume fraction of tissue x sample volume) (15, 30, 46). To calculate the
average septal wall thickness, the volume fraction of alveolar tissue volume is multiplied by 2 and
divided by the alveolar surface density(46, 51).

Estimation of alveolar number was achieved by application of the physical disector
approach(17, 33) to the microCT scans as previously described(45) using the STEPanizer
program(43). The number of alveoli were estimated using 20 pairs of SUR cross-sectional images
which were subsampled for generating a set of 160 (1.65mm x 1.65mm) disectors with a height of
22um(43). Approximately 160 subsampled disectors were needed to obtain a total count of roughly
200 events per tissue sample, which has been shown to be sufficiently precise (8, 16). The paired
SUR images were loaded into the STEPanizer program(43) and a counting frame was projected
on each image. As shown in Figure 3B (image A and image B), the number of appearing and
disappearing alveolar wall bridges was then counted within the counting frames. The number of
alveoli and number weighted mean alveolar volume were then calculated as previously

described(29, 33, 45).



The volumetric 3D microCT scans were used to scroll through the airways present to first
identify the transitional bronchioles (TrB), the first generation of respiratory bronchioles, which
can be identified by containing alveolar openings in the airway wall(9), as shown in Figure 3C.
Identification of the transitional bronchioles is an unambiguous method to strictly identify the
transition from the respiratory zone to the last generation of conducting airways, termed the
terminal bronchioles, as previously defined by Rodriguez et al.(38). Identification of transitional
bronchioles subsequently enabled the parent airway to be counted as a terminal bronchiole (TB).
The volume of the tissue samples was measured using a complete 3D segmentation of the microCT
scan. The numbers of terminal and transitional bronchioles per milliliter of lung (TB/ml and
TrB/ml, respectively) were calculated by dividing the number of respective bronchioles by the
sample volume. When TB/ml and TrB/ml were multiplied with the total lung volume obtained
from the CT scan, the total number of bronchioles per lung was calculated. As previously described
by Tanabe et al.(41), images perpendicular to the skeleton line of terminal bronchioles are
extracted. To enable comparison between all airways we select images at 10% increments along
the branch length. The initial start point is at 50% of the branch, followed by 10% increments
towards the two end points, i.e. 40% and 60%, 30% and 70%, 20% and 80%, ending with 10%
and 90%, resulting in 11 images along the branch length. The extracted images are generally
limited to a 4mm x 4mm field of view around the airway to enable the identification of neighboring
structures. By extracting images at these consistent intervals, it is possible to assess airways at the
same points along their branch length. Semi-automatic segmentation of the inner and outer airway
wall enabled calculation of cross-sectional lumen area, wall thickness, wall area percent,
circularity, and perimeter. The number of alveolar attachments was counted manually on all cross-

sections and divided by the outer airway perimeter length to for normalization.



e. Statistics

The results are expressed as mean + standard deviation (SD) values per sample or whole lung. T-
tests were used to compare morphometric measures by sex, linear regression with a 95%
confidence interval and Spearman rank test were used for all other tests; a p-value <0.05 was

considered significant.

I11. Results

a. Patient characteristics

The 13 donor lungs consisted of 3 left and 10 right lungs with an average lung volume of
2,883+721ml, obtained from 6 females and 7 males, with an average age of 5716 years (range 25
to 77 years). All donors died of non-respiratory causes, eight had no smoking history and five were
ex-smokers with an average of 19+15 pack years. For all donors the average body height was
172+6¢cm, and average body weight was 94+22kg. No lung function measurements were available
for any donor. All demographics data are presented in Table 1. Based on the radiological
evaluation, three of the specimen showed upper-lung dominant mild emphysema (Cases 6, 10 and
12, table 1).

b. Comprehensive stereological assessment of the normal donor lungs

Table 2 compares the morphometric measurements obtained using our CT-stereology approach,
to prior studies conducted using stereology on formalin-fixed tissue samples using histology and
electron microscopy, whole lung casts, or representative sampling using microCT, on lungs
inflated to similar pressure. All data from this study are also presented per case in table 3.

Reference volume

In this study, the average total lung volume was 2,883+721ml, which is comparable to previous

studies of donor lungs with an average for all studies of 2,798+1,007ml. The volume fraction of
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parenchyma (Vv(par/lung), excluding large airways and vessels visible on CT) measured on the
CT images was 87+3%, which is comparable to the values reported in previous studies using
images of gross lung specimens 90%(6) and 88%(56).

Terminal and Transitional Bronchioles

There was on average 7,697+2,910 terminal bronchioles per lung and 14,956+6,664 transitional
bronchioles per lung. Haefeli-Bleuer et al., previously estimated a total number of 15,000
transitional bronchioles per lung, based on the average acinar volume measured on two lung casts
of the left upper lobe(9). Using representative sampling and microCT imaging, McDonough et al.
reported 22,300 terminal bronchioles per lung (4 donor lungs)(29) and Verleden et al., reported
17,427 terminal bronchioles per lung (7 donor lungs)(48), but no transitional bronchioles were
counted in these two studies.

A total of 122 terminal bronchioles (n=68 in males and n=54 in females) from a subset of
three randomly selected samples per case, were assessed in detail. The average terminal bronchiole
branch length was 2.25+0.91mm, with an average lumen area of 0.28+0.19mm?, and a maximum
and minimum lumen diameter of 0.65+0.2mm and 0.52+0.17mm, respectively. The average
terminal bronchiole had a wall area percent of 37.1+9.04%, a wall thickness of 0.06+0.02mm, and
11.48+2.65 alveolar attachments. These values are comparable to a prior study by Tanabe et al,
who analyzed 38 TB’s from random samples scanned using microCT from 7 donor lungs(40).

Airspace Measurements

The average Lm per lung was 348um, as compared to 216um by Thurlbeck who used formalin-
fixed samples(42). Using microCT, McDonough et al.(29) and Verleden et al.(48), reported Lm’s
of 336um and 269um, respectively. In this study, the total alveolar surface area (S(alv,lung)) was

67+20m? per lung, which is in line with the study by Weibel(51) using light microscopy who

11



estimated an alveolar surface area of 63m? per lung, and the study by Gehr et al. using transmission
electron microscopy (TEM) who reported an alveolar surface area of 72m? per lung(6). In contrast,
Wiebe(56) and Thurlbeck(42) using light microscopy and formalin-fixed samples reported a total
alveolar surface area of 31m? and 32m? per lung, respectively, at a comparable level of
magnification to the current study.

The average alveolar septal wall thickness for the normal lung was 12+3um. Gehr et al.
previously used TEM to determine an air-blood barrier thickness of 2.2um(6). As the alveolar
septa generally consist of two air-blood interfaces, and a capillary lumen approximately the size
of an erythrocyte (average diameter 7.2um(44)), using the data provided by Gehr et al., the whole
septal wall thickness would be approximately 12um. The only other study to estimate septal wall
thickness used the inverse of the alveolar surface density(2), which has been shown to incorrectly
calculate septal wall thickness(6, 15, 46). However, using the data of Coxson et al., for alveolar
surface density and tissue volume fraction for smokers with normal lung function, we calculated
an average septal wall thickness of 13um by applying the same formula used in the current study.

Parenchymal Components

The volume fraction of the parenchymal components in the normal lung consisted of 71% alveoli,
13% alveolar duct space, and 16% alveolar tissue. The only previous studies to estimate the
volume of fraction of alveoli were Gehr et al. who reported an alveolar volume fraction of 78%(6)
and Ochs et al. who reported 70%(33).

We determined the total number of alveoli within the normal lung to be 106+41 million
per lung, whereas Weibel reported 294 million per lung(51) and Ochs 240 million per lung(33)
using light microscopy. Using representative sampling and microCT images with 16um resolution,

McDonough has estimated a total of 80 million alveoli per lung(28). Further, the number weighted

12



mean volume of an alveolus was 18x10°um? compared to Ochs et al. who reported 4x10°%um? using
light microscopy(33).

c. Comparison of Lung Measures by Sex

There was no difference between males and females for the total number of terminal (Figure 5A)
or transitional bronchioles (Figure 5B) per lung. However, terminal bronchioles in males had a
longer branch length (Figure 5C, females: 2.02+0.67mm, males: 2.43+1.03mm), and a reduced
luminal circularity (Figure 5D, females: 0.94+0.07, males: 0.94+0.03), whereas, terminal
bronchioles in females had a significantly greater wall area percent (Figure 5E, females: 40.6+9.9,
males: 34.4+7.2). There was no difference in the cross-sectional area (females: 0.31+0.25mm?) or
number of alveolar attachments per terminal bronchiole adjusted for perimeter (females: 12+3,
males: 11+2), between males and females (Figure 5F and G).

While the mean volume of an alveolus (Figure 6A) was not different between males and
females, the total alveolar surface area (Figure 6B) and number of alveoli were significantly greater
in males compared to females (Figure 6C). When normalized by volume, these alveolar
dimensions did not differ between males and females (Figures 6D and E), which indicates that
men have a larger alveolar surface area and total number of alveoli, due to a larger total lung
volume as shown in figure 6F.

d. Correlations of lung measures with lung volume, lung height, subject age and smoking
history

There was a significant correlation of lung volume with alveolar surface area (Figure 7A) and
number of alveoli (Figure 7B), but not with any other morphometric measures. Due to the SUR
sampling design, and the extensive counting employed within each sample, it was possible to

assess differences in morphometry over lung height, however no morphometric measures
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correlated with lung height. Further, none of the lung measures correlated with age. In addition,
there were no differences in any of the morphometric measures with smoking history except that
the ex-smokers in this study had a greater number of terminal bronchioles per ml of lung (p<0.05,

Figure 8).

1. Discussion

To our knowledge the method described in this study is the first to enable the application of
stereology to multi-resolution CT imaging, to obtain robust, high-precision quantitative data on
the human lung. Further, the application of cryo-CT imaging of the human lung and tissue samples
enabled the quantification of lung structures to occur without the requirement of tissue fixation.
The resulting comprehensive guantitative dataset of lung anatomy from the lungs of a cohort of
normal subjects aged 25-77 years, demonstrated several anatomical features of the lung
parenchyma that were difference between men and women. Such analysis will be important in
future studies of chronic diseases to determine the exact pathological changes that occur with
chronic respiratory disease.

Prior to the recent application of volumetric microCT imaging of fixed, and dried lung
samples(22, 25, 29, 46, 48) airway casts or extensive serial histological sectioning were used to
study the 3D morphometry of the transitional bronchioles and acinar structures(9, 37). To count
terminal and transitional bronchioles using stereology and volumetric imaging in this method, we
applied the strict criteria suggested by Rodriguez et al.(38), and subsequently Haefli-Bleuer et
al.(9), who defined transitional bronchioles as the first bronchiole along the airway tree in which
the first alveolus occurs. One advantage of volumetric microCT imaging is that it allows the
observer to easily identify individual alveoli or small groups of alveoli on the airway walls while

browsing through the serial images, rather than extensive histological sections. Furthermore, 3D
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datasets enable tracking of the branching airways so that the relationship of parent and daughter
airways can be recorded as long as they remain in the field of view. Thus, as we have described
previously(22), it is possible to identify the last generation of conducting airways, the terminal
bronchioles, by assessing if one of the daughter airways is a transitional bronchiole containing
alveoli in its wall. With this method it is possible to reproducibly count terminal and transitional
bronchioles within the human lung using volumetric imaging. Using this definition we determined
that on average there are 14,956 transitional bronchioles within the normal human lung. To our
knowledge, the only other study to estimate the number of transitional bronchioles in donor lungs,
was a study of lung casts by Haefli-Bleuer et al. in which they estimated the number of acini, using
their definition(9). Using this approach the authors estimated there are 15,000 transitional
bronchioles in the human lung which is almost exactly the same as our finding using microCT.

In terms of terminal bronchioles we counted on average 7,697 in the human lung. Based on a
dichotomous airway branching, one would expect to find exactly half the number of parent
terminal bronchioles to daughter transitional bronchioles. However, as shown by the diagram in
Figure 3C a terminal bronchiole can bifurcate into a respiratory bronchiole and one conducting
bronchiole in addition to the normal occurrence of two daughter respiratory bronchioles. Two
previous studies using microCT have reported 22,300(29) and 17,427(48) terminal bronchioles
within normal donor lungs. The main differences between these prior studies and the current study
is that they did not use SURs sampling, account for tissue shrinkage, or use the unambiguous
definition of Rodriguez et al.(38) for identifying transitional bronchioles to identify terminal
bronchioles.

In terms of parenchymal structures, mean airspace size (Lm) is one of the most commonly used

measurements to quantify airspace enlargement. A limitation of the measurement of Lm is that it
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is not able to distinguish between alveolar air space and alveolar ducts(20), and can be significantly
affected by inflation status, or elastic properties of the lung, the latter of which would also affect
tissue shrinkage with fixation. However, in conjunction with the measure of parenchymal volume
fraction and the total lung volume one can calculate the total alveolar surface area (tissue available
for gas exchange)(15, 31, 33) and septal wall thickness(6), which are corrected for tissue volume
in every sample, and therefore are not affected by inflation or elastic properties of the lung. Using
volumetric imaging of frozen lung samples the measurements of alveolar surface area (67m?)
reported in this study is comparable to previously reported values (63m? and 72m?) obtained using
light microscopy images on fixed tissue samples(6, 51). The 11um image resolution provided by
microCT was sufficient to estimate septal wall thickness (12um), that was comparable to previous
studies (Gehr et al. = 12um, Coxson et al. = 13um) performed at much higher resolutions than the
current study(2, 6).

By measuring the volume fractions of alveoli and alveolar ducts it is possible to understand
their influence on Lm measurements. As previously shown, with adequate magnification and
resolution, it is possible to perform a relatively unbiased distinction between alveolar space and
alveolar duct space(31). For example, to determine what contributes to an airspace enlargement
(Lm) it is crucial to distinguish between changes in alveolar surface area or alveolar ducts, as the
prior has a significant effect on the functional capacity of the lung. Further, differences in the
percentage of alveoli, ducts, and parenchymal tissue have been shown to change with aging (51).
The analysis of volume fractions of tissue will be important in future assessments of chronic lung
diseases to understand the microscopic tissue pathology of early disease, in addition to the

alterations in lung anatomy due to aging and sex. As volume fractions are not as sensitive to
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resolution, our measurement of 71% alveolar volume fraction is comparable to 78% reported by
Gehr et al. in which they used the much higher resolution provided by TEM(6).

In the current study we report 10641 million alveoli per lung, whereas Weibel reported
294 million per lung(51) and Ochs 240 million per lung(33) using light microscopy. Using
representative sampling and microCT images with 16um resolution, McDonough et al estimated
a total of 80 million alveoli per lung(28). Further, we report an average alveolar size of 18 10°um?
compared to 4 10°um?® by Ochs et al.(33). Several factors may explain the smaller number and
larger size of alveoli, reported in this study. Firstly, using microCT the voxel resolution in this
study was 11um compared to the higher resolution in histological studies which may allow smaller
alveoli to be counted. Additionally, the disector height in the current study was 22um, while Ochs
et al.(33) used a spacing of 9um with histology. It is therefore possible that alveolar openings may
have been missed. Further, the mean age of subjects in this study was 57 years and a reduction in
the number of alveoli with age has previously been shown. Future studies with a larger age range
of subjects will be required to answer this question.

When the anatomical structures of the lung were compared by sex, the data demonstrate
that men and women have the same number of terminal bronchioles. Thus, as the lung has a
predominantly bifurcating airway tree, males and females must have a similar total number of
conducting airways to be able to have the same number of terminal bronchioles (last generation of
conducting airways), despite men having larger lungs. The data also demonstrate that the number
of alveoli is greater in men compared to women, but the average alveolar size is the same. Since
the respiratory zone of the lung is divided into acini which start with the first generation of
respiratory airways, termed the transitional bronchioles, and we report that the number of

transitional bronchioles are the same in men and women, we conclude from the data that the acini
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within men must therefore have a larger acinar volume to accommodate the greater number of
alveoli present within the male lung (estimated by dividing the volume of parenchyma by the total
number of transitional bronchioles; average: 200mm?, men: 232mm? and female: 162mm?). A
greater number of alveoli in men also explains previous findings that have demonstrated that men
have a higher diffusion capacity compared to women(34). Regarding the morphometry of the
terminal bronchioles, males had a longer branch length compared to females, most likely to
accommodate the larger acinar volumes and to enable the terminal bronchiole to reach the lobular
center. Despite Dominelli et al. reporting that females have ~30% smaller cross-sectional area in
the central airways than men(4), the cross-sectional area of the terminal bronchioles measured in
this study was found to be similar in males and females.

The importance of airway wall thickness and its significant correlation with sex has been
investigated by many studies with controversial results(1, 3, 27, 35, 49), but only a few studies
have specifically looked into differences of airway wall measurements between males and females
of healthy individuals to better understand baseline measures. Zach et al. reported that for the large
conducting airways visible by thoracic CT, the wall area percent is influenced by sex(59), whereas
Camp et al.(1), concluded that CT might not have the resolution necessary to detect such a subtle
remodeling. By analyzing anatomically matched airways, Kim et al. have shown that the
subsubsegmental airways of females have an higher WA% than males(19), and based on our
microCT data, we confirm this difference is also present in the terminal bronchioles. The exact
structural tissue component that results in thicker airway walls in females is still to be determined,
and will require future histological study.

There are however some limitations to be noted in the study. The resolution of microCT

provides many advantages for the detailed assessment of the lung anatomy, but such scans cannot
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be performed in-vivo and are limited to resected lung specimens, preventing longitudinal
assessment of the lung anatomy. The current study used donor lungs with no known respiratory
diseases, however no lung function data were available for the donors preventing any correlations
with the presented measurements. Three of the thirteen cases showed signs of mild radiologically
defined centrilobular emphysema on the specimen CT scans. Several large cohort studies using
clinical CT have reported that life-time never smokers, in addition to ex-smokers with preserved
lung function, have evidence of mild emphysema(12, 39). Therefore, as the three donor lungs were
representative of the emphysema observed within the normal population, and as the microCT
assessment showed no significant differences from the normal range of non-smokers, they
remained included in the study. Lastly, the 16mm x 20mm samples used in this study, resulted in
a resolution of 11um, thus, due to the partial volume effect, objects smaller than 11um would be
overestimated(15, 45, 51) (known as the coast of Britain effect(55)). However, the partial volume
effect caused by the x-ray absorption occurring sub pixel sized objects especially at edges has
some advantages. For example, partial-volume effects have been used to measure cracks in
crystalline rocks(18) or pores in soil samples(36) that were considerably smaller than the pixel
dimensions of the microCT images(54). Further, we have previously demonstrated that when
measurements of septal wall thickness on histology are corrected for shrinkage due to tissue
fixation and embedding, you obtain the same value as on a matched frozen microCT samples(47).
To resolve the septal walls in greater detail, smaller tissue samples or interior microCT scans could
be conducted to increase resolution.

In conclusion, volumetric multi-resolution CT imaging of the frozen lung combined with
stereological sampling enables a comprehensive understanding of the complex human lung

structure. This study reports several anatomical features of the lung parenchyma that are different
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between men and women, which could not be identified using Lm alone. Such detailed
stereological measurements of the alveoli, ducts and parenchyma will be crucial in future studies
of chronic lung diseases to try to determine the exact changes in tissue pathology, especially early,

microscopic disease lesions that cannot be detected by clinical CT.
V. Acknowledgements

The authors would like to acknowledge Dr. Arron Barlow from the Cellular Imaging and
Biophysics Core for his help with microCT image acquisition, Dr. W. Mark Elliott and Darren
Sutherland from the James Hogg Lung Registry, and Ms. Madeleine Downey for her dedication
in helping to perform the stereological counting, all from the Centre for Heart Lung Innovation.
The authors would also like to extend special thanks to Dr. Peter Paré for his invaluable comments
and revisions. In addition, the authors would like to thank Mr. Derrick Horne from the UBC bio
imaging facilities for his expertise on preparing tissue samples for imaging. We would like to thank
Dr. Ewald R. Weibel for his mentorship and who was consulted numerous times on how to best
translate the methodologies developed by himself and others for an accurate stereological
assessment of the whole human lung using CT. His excellent guidance and feedback will be missed

(From the Living History of Physiology compendium (https://www.the-aps.org/community/aps-

membership/Living-History-of-Physiology?SSO=Y) here is an interview with Dr. Weibel

(https://youtu.be/dBsNrUIE4GU)).

20


https://www.the-aps.org/community/aps-membership/Living-History-of-Physiology?SSO=Y
https://www.the-aps.org/community/aps-membership/Living-History-of-Physiology?SSO=Y
https://youtu.be/dBsNrUlE4GU

V1. Tables

Table 1.
Lung Smoking .
B . . Imen
Used Age - qdy Weight Cause Of  History Specime
Case Sex  Ethnicity Height Volume
[left/ [years] [ko] Death [pack
. [cm] [mL]
right] years]
Cardio-
1 L 25 Female Caucasian 165 107 vascular 7 1,740
arrest
Cardio-
2 R 29 Female Black NA 149 vascular 0 2,063
arrest
3 L 42 Male Caucasian 178 75 Stroke 15 3,401
4 L 53 Male Caucasian 165 65 Stroke 0 3,701
Cardio-
5 R 56 Male Black 180 103 vascular 0 2,313
arrest
6 R 57  Female Caucasian 170 g5 Subarachnoid NA 2,644
haemorrhage
7 R 61 Male Caucasian 178 102 Stroke 0 3,611
8 R 64 Male Caucasian 178 98 Stroke 15 4,080
9 R 64 Male  Caucasian 175 81 Gunshot NA 3,281
wound
10 R 65 Female  Caucasian 175 100 Stroke 15 3,131
11 R 71 Female  Caucasian 168 95 Stroke 0 2,346
12 R 77 Female  Caucasian 163 91 Head Trauma 45 2,204
13 R 77 Male  Caucasian 175 gp ~ Subarachnoid 0 2,968
haemorrhage
Summary 3L/10R 57+16 E;i/( 172 +6 94 + 22 2883+ 721
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Table 2.

Horsfield Haefeli-
Thurlbeck Verleden
Measurements [ Present Weibel & Gehr et Bleuer Wiebe et Ochs et McDonough McDonough
etal., etal.,,
(per lung) Study 1963 Cumming al., 1978 etal., al., 1998 al., 2004 et al., 2011* et al., 2015*
1967 2014
1968 1988
# Subjects 13 5 25 1 8 2 10 6 4 7 4
Airway Histology Airway
Study type |MicroCTHistology Histology HistologyHistology MicroCT MicroCT MicroCT
Cast TEM Cast
Specimen Formalin Cast Cast
Air Formalin GA Formalin Formalin Air Air Air
inflation steam material material
Sample GA fixed GA fixed GA fixed
Frozen FFPE FFPE NA JB-4 NA FFPE  FFPE
preparation and dried and dried and dried
Age 57+16 36+26 53+18 25 30+9 Adults 71+9 29+9 54+4 54+12 544
6 non-
2 non- 2 non-
smokers
Smoking smokers smokers
5 ex- NA NA NA NA NA NA NA NA
history 2 ex- 2 ex-
smokers
smokers smokers
2 NA
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Lung volume | 2,883+ 2,510 + 2,467 2,170+ 2500- 2,100+1,534+ 3,251+ 3,300+ 3,251+
[miI] 721 1,070 716 402 3,000* 400 521 261 700 261
Vy(par/lung) 0.89 +
87+3 91+1 -- - 900 -- 88+0 92+3 --
[%0] 0.05
Terminal
7,697 + 22,300 + 17,427 +
bronchiole -- - ~13,996 -- - - - .
2,910 3,900 6,577
number
Transitional
14,956 + 13,000 —
bronchiole - - - - - - - - -
6,664 16,000*
number
216 + 336.81+ 269+
Lm[um] (348 +45 -- -- -- -- -- - -
28 60.48 28.00
Sv(alv/lung) 371+
266 +41  -- - - - - - - - -
[1/cm] 29
S(alv, lung)
67+20 63+16 32+8 -- 72+17 -- 31+6  -- - - -
[m?]
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t(alvsep) [um]| 12+ 3 - —- - 12 +1f —- - - - - -
z(alv,tissue)
— — — - 2+ 11 — - _— — - -
[um]
V.(alv/par)
71+3 60 £ 4 - - 78+3 - - 703 - - --
[%6]
V(duct/par)
13+4 32+5 - - -- - - -- - - --
[%0]
V. (tissue/par)
16+4 7+1 - - -- - - -- - - --
[%0]
Ny [1/mm?®] | 42 +12 201 £ 99 - - -- - - 170 £ 16 - - 28+4
N(alv) [10°] |106 £41 294 +11 - - -- - - 240 £ 89 - - 80zx21
1,790 +
V(alv) [mI] - - - 3,386 £+ 687 - - 988 + 328 - - --
531
oy (alv)
18+7 - - - - - - 4+0 - - -
[10°um?]
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NA — not applicable

GA = Glutaraldehyde

FFPE = formalin fixed and paraffin embedded

JB-4 = A water-soluble, glycol methacrylate based, plastic resin
“--" no data reported or measured in the study

TEM = transmission electron microscopy

*estimated based on average lung volume and acinar volume.
tCalculated based on data provided in the study

Ivalue based on electron microscopy images

*Both studies by McDonough et al. used the same cases, more measurements were performed for

the later study.

Lm = mean linear intercept
Sv(alv/lung) = alveolar surface density
S(alv, lung) = total alveolar surface area

T = wall thickness, alvsep = alveolar septa, alv,tissue = air-blood barrier, only visible with
electron microscopes

Vv = volume fraction
Ny = alveolar density

vy (alv) = number weighted mean volume of an alveolus
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Table 3.

Average
Case 1 2 3 4 5 6 7 8 9 10 11 12 13
+SD
Lung side L R L L R R R R R R R R R 3L/10R
Age [years] 25 29 42 53 56 57 61 64 64 65 71 77 77 57 £16
Pack years 7 0 15 0 0 0 0 15 0 15 0 45 0 7 £13
Lung volume 2,883
1,740 2,063 3,401 3,701 2,313 2,644 3611 4,080 3,281 3,131 2,346 2,204 2,968
[ml] 721
V(par/lung)
85 78 90 91 88 84 89 89 85 89 87 86 87 87 =3
[%0]
7,697 +
TB per lung 8,453 4,649 13,203 6,709 3,833 8,036 9428 8907 3,191 10,372 4,948 8,275 10,057
2,910
14,956 +
TrBperlung | 17,129 8,439 27,363 13,634 7,534 16,223 17,466 18,355 5,637 21,847 8,246 10,251 22,308
6,664
Lm [um] 289 327 321 346 325 366 335 357 430 366 307 444 313 348 £45
Sv(alv/lung)
332 244 299 278 247 262 239 269 186 262 312 216 307 266 +41
[1/em]
S(alv,lung)
49 39 91 94 50 58 77 98 52 73 64 41 79 67 +20
[m?]
T [um] 12 20 13 12 12 12 10 12 15 13 8 11 10 12 £3
Vy(alv/par) 69 67 70 71 70 69 79 70 68 72 71 67 76 71 +3
[%0]
V(duct/par) 11 8 11 13 15 15 10 13 18 11 16 21 9 13 +4
[%0]
V.\(tissue/par) 20 24 19 16 15 16 12 16 14 17 13 12 15 16 +4
[%0]
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Nv(alv/lung)

43 47 50 43 37 49 47 37 30 18 54 29 65 42 £12
[1/mm3]
N(alv,lung)

63 76 155 145 75 108 150 136 84 51 111 56 168 106 +41
[10°]
V(alv,lung) 1,019 108 2,143 2,386 1,426 1539 2533 2559 1905 1,996 1,457 1,267 1,955 1,790 +
[mi] 531
vy(alv) 16 14 14 16 19 14 17 19 23 39 13 23 12 18 =7
105um3]

TB = terminal bronchioles

TrB = transitional bronchioles

Lm = mean linear intercept

Sv(alv/lung) = alveolar surface density
S(alv, lung) = total alveolar surface area
T = Septal wall thickness

Vv = volume fraction

Ny = alveolar density

vy (alv) = number weighted mean alveolar volume
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VII. Figure Headings

Fig. 1

Fig. 2
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Fig. 3
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Fig. 4
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Fig. 8
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VIII. Figure Captions

Figure 1: Stereological sampling of air inflated frozen lungs

A. Representative image of an air inflated frozen right lung specimen used in this study. Yellow
lines indicate how the lung was sliced into 2cm thick slices using a pre-cooled band saw. B. The
whole lung is scanned using computed tomography (CT) prior to slicing to enable segmentation
and calculation of the total lung volume. The white dashed box indicates the location of CT slice
visualized in figure 1C. C. The orientation of the CT scan is matched to the lung slice
photographs. A point grid is applied to the CT images to determine the parenchymal volume
fraction. D. Example photo of the lung slice matching figure 1C with a randomly placed digital
grid used to determine systematic uniform random (SUR) samples. Red arrows indicate sampling
sites that were excluded from sampling because they fell on a fissure gap or non-parenchymal
features such as large airways or blood vessels.

Figure 2: Intersection analysis of whole lung and SUR sample histograms

A. 3D rendering of the systematic uniform random (SUR) sample locations are displayed
together with the sagittal and transaxial images of the CT scan to visualize the uniform
distribution of the samples taken. The CT data at the registered locations of the SUR samples
was used to calculate the histogram similarity between the voxel based density distribution of the
whole lung and the SUR sample locations. The density distribution of the whole lung and SUR
samples was compared to demonstrate the level of representativeness of the samples. B. The best
match between whole lung histogram and histogram of SUR sample locations. C. Median case of

histogram matchings. D. Worst histogram match.

Figure 3: Stereological counting probes applied to microCT images of human lung tissue

samples
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A. Example microCT image with randomly overlaid checkered line grid (line length 1mm). Line
intercepts with alveolar tissue were counted (pink stars; each star indicates one crossing of the
line from air space into tissue or from tissue into air space). End of lines were used to count
parenchymal features (alveoli (yellow), alveolar ducts (green), septal walls (turquoise) and non-
parenchyma (red)). The sub-panel shows a magnified view of the area with just one of the line to
better illustrate the ability to distinguish line intercepts (white arrow heads). B. An image pair
(disector) used to count appearance of an alveolar wall called a “bridge”. For that, images were
loaded into the STEPanizer program which projected a counting frame (red) on all images. Solid
part of frame line indicates the forbidden line and alveoli touching or intersecting with it are not
counted, while alveoli intersecting or touching the dotted line are included. C. An oblique view
through a microCT scan was generated to show a longitudinal cut through a terminal bronchiole
and its daughter branches (transitional bronchioles, the first order respiratory bronchioles). The
image was paired with a schematic of the sibling airway branching structure and provides the
means to highlight the method used to unambiguously label the airways at the transition from the

conducting to the respiratory zone (i.e. terminal and transitional bronchioles).

Figure 4: 3D visualization of conducting and respiratory bronchioles imaged by microCT

A. 3D rendering of segmented airway tree with orthogonal microCT images (sagittal and
transaxial) of a tissue sample. Conducting airways are colored in orange, while respiratory
bronchioles are colored in light blue. B. Skeleton overlaid onto the 3D rendering of the airway
tree. Branch-points are indicated as spheres in magenta, endpoints of branches in blue and points
at which cross-sectional images were computed in red. Eleven cross-sectional images along a
terminal bronchiole are computed at 10% intervals starting from the center of the branch and

moving towards the end points. C. Three example cross-sectional images through one of the
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TB’s are shown (red arrows in B). Automatically detected airway walls are outlined with a

yellow line. A blood vessel drained of blood is shown next to the airway.

Figure 5: Comparison of terminal bronchioles in males and females

A. The number of terminal (TB) and B. transitional bronchioles per lung between males (n=7)
and females (n=6). The morphometry terminal bronchioles from males n=68 and females n=54
was assessed for: C. length, D. circularity, E. wall area percent, F. cross-sectional area and G.
number of alveolar attachments adjusted for perimeter length. *: p<0.05; ***: p<0.001; NS. (not

significant): p>0.05.

Figure 6: Comparison of parenchymal morphometry in males and females

A. The number weighted mean alveolar volume, B. total alveolar surface (S(alv,lung)), C. total
number of alveoli (N(alv,lung)), D. alveolar surface density (Sv(alv/lung)), E. alveolar number
density (Nv(alv/lung)) and F. the total lung volume were compared between males (n=7) and

females (n=6). *: p<0.05; NS. (not significant): p>0.05.

Figure 7: Correlations of total alveolar surface area and number of alveoli with Lung

Volume

Correlations of A. The total alveolar surface area (S(alv,lung)) and B. The total number of
alveoli per lung (N(alv,lung)) with lung volume. Spearman rank correlation was used to calculate

the p value and rho value.

Figure 8: Comparison with smoking status

Data per lung was divided into subjects that did not have any smoking history (n=6) and subjects

with a history of smoking (n=5). Comparison between smokers and never-smokers was
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performed for A. total lung volume, B. mean alveolar volume, C. number of terminal bronchioles
(TB) and D. transitional bronchioles (TrB) per ml of lung, E. alveolar density (Nv(alv/lung)) and

F. surface density (Sv(alv/lung). Simple t-test was used to calculate significance. *: p<0.05
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