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Supercomputer Description of Human Lung
Morphology for Imaging Analysis
T.B. Marionen, D. Hwang, X. Guan and J.S. Fleming
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A supercomputer code that describes the three-dimensional
branching structure of the human lung has been developed. The
algorithm was written for the Cray C94. In our simulations, the
human lung was divided into a matrix containing discrete volumes
(voxels) so as to be compatible with analyses of SPECT images. The
matrix has 3840 voxels. The matrix can be segmented into trans
verse, sagittal and coronal layers analogous to human subject
examinations. The compositions of individual voxels were identified
by the type and respective number of airways present. The code
provides a mapping of the spatial positions of the almost 17 million
airways in human lungs and unambiguously assigns each airway to
a voxel. Thus, the clinician and research scientist in the medical
arena have a powerful new tool to be used in imaging analyses. The
code was designed to be integrated into diverse applications,
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including the interpretation of SPECT images, the design of inhala
tion exposure experiments and the targeted delivery of inhaled
pharmacologie drugs.
Key Words: computer simulation;lungmorphology;voxel structure;
imaging analysis; aerosol therapy
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Jvnowledge
regarding the spatial distribution patterns of
inhaled particles has critical implications for medicine and
toxicology, in basic research and practice. For instance, aerosol
therapy protocols would be enhanced if pharmacologie drugs
could be selectively deposited at appropriate sites (e.g., recep
tors) within human lungs to elicit optimum therapeutic effects.
In addition, risk assessment regimens for air pollutants would
be improved if the localized doses delivered to sensitive airway
cells could be quantitated.
With the advancement of planar gamma camera and SPECT
technologies, the resolution of laboratory imaging processes has
steadily increased. For example, when using a two-head SPECT
instrument the three-dimensional distribution of an inhaled
aerosol deposition pattern can be measured. If aligned anatom
ical imaging such as CT or MRI is also performed, then the
deposition pattern may be related to the anatomical outline of
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RGURE1. Deposition of a nebulized aerosol in a typical normal subject. The
images are transverse cuts through the thorax with the front of the subject
uppermost and the left side of the subject on the right of the images (i.e., as
viewed from the feet with the subject supine). The images start with the apex
of the lung top left and proceed down the lung, running left to right then top
to bottom. The outline of the right lung obtained from aligned magnetic
resonance is also displayed, which enables the sites of aerosol deposition to
be located with respect to lung anatomy.

the lung (Fig. I). These data may be analyzed spatially by
dividing the lung into annular shells and much smaller discrete
cubic volumes termed voxels (7-3). This three-dimensional
information on aerosol deposition is clearly superior to that
obtained from planar imaging. However, it does not provide the
distribution in its most meaningful form; it is of most interest to
know the deposition pattern among the different airways. The
spatial data may be converted to a distribution by airway if the
three-dimensional structure of the airway network is known. A
simplified three-dimensional model, which defines the airway
content of each annular shell, has been used for this purpose
(/). However, this relies on a conceptual idea of airway
branching, which is an oversimplification of the real situation;
therefore the accuracy of analysis of image data using that
model is limited. The availability of a voxel-based model that
identifies the position of individual airways in three dimensions
as described in this article represents a significant advance.
This article describes a component of an interdisciplinary

FIGURE 3. The enveloping surface of the human lung as defined by the
topological technique of Delaunay tessellation. To orient the reader, the
portion of the trachea within the convex hull, and two generations of bronchi,
are indicated by dashed lines.

biomÃ©dicalresearch effort designed to address the aforemen
tioned problem. The objective was to describe the human lung
via an analytical model and display the morphology in a variety
of graphic formats compatible with clinical modes of analyses
of laboratory images from SPECT. Accordingly, the develop
ment of computer coding was a seminal element of the work, as
emphasized in the Materials and Methods section. The model
consists of a mathematical description of the human lung and a
supercomputer program to track the positions of the millions of
airways in the system. The model permits a comprehensive
mapping of the airway network, as represented (for instance)
via the identification of the airway composition of SPECT
voxels. The output of the model is intended to serve as a
template of the human lung, thereby aiding clinicians in the
interpretation of laboratory data and design of future experi
mental studies.
MATERIALS

Terminal bronchioles (1=12)
FIGURE 2. The tracheobronchial tree consisting of airway generations 0 :
I s 12 within the human lung.
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AND METHODS

This effort is a component of a systematic series designed to
develop supercomputer models of human lungs to aid in analyses
of images from SPECT studies. The first article defined a theoret
ical methodology to describe the outer surface of a human lung in
situ (4 ). The second of the series presented a supercomputer code
that described branching networks of airways within human lungs
(5) and gave numerous three-dimensional displays of the complex
systems, which could serve as templates for use in the laboratory.
The third (6) presented a supercomputer algorithm that described
how lungs could be segmented into annular-like shells compatible
with those established in experimental protocols (1-3) and gave
the respective compositions of the shells by airway type and
number. We present a supercomputer program that divides human
lungs into discrete volumes and classifies the composition of those
voxels by airway type and number. The work was performed using
a Cray C94.
The complex bifurcating system of airways within a human lung
is displayed in Figure 2. It is based on the overall branching
structure and dimensions of individual airways proposed by Weibel
(7), which is a symmetric dichotomously branching network. That
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morphology has been shown to be a suitable depiction of the
human lung for particle deposition studies (8-12). We have also
written codes to describe asymmetric airway systems such as, for
instance, those presented by Horsfield (13) for humans and
Schreider and Hutchens (14,15) for laboratory animals used as
surrogates in inhalation toxicology studies (16). Here, it will
suffice (i.e., for clarity of the illustrations) to consider the afore
mentioned symmetric model of Weibel (7).
The peripheral parenchyma of a lung, within which the branch
ing network exhibited in Figure 2 exists, is presented in Figure 3.
Such three-dimensional surfaces corresponding to different mor
phologies were described by Marionen et al. (4) using theoretical
concepts of topology. In mathematical terminology, the threedimensional surface is a "convex hull." Of particular interest to the
current work are the six points that define the limiting dimensions
of the lung in the (x, y, z) coordinate system. The solid symbols
signify points on the anterior surface of the parenchyma (i.e., are
visible from the given perspective), and the dashed symbols signify
corresponding axial points that are not visible (i.e., on the posterior
surface of the parenchyma). These points will be the basis of
defining the voxel matrix used in a SPECT protocol. We note that
the trachea actually penetrates into the convex hull; in other words,
as is the case in vivo, the distal end of the trachea lies below the
apical lobes of the lung. The portion of the trachea that is visible in
Figure 3 will be denoted as xt.
In Figure 4, a matrix of voxels is defined and superimposed on

the tracheobronchial (TB) tree. The latter is a trimmed version (O ^
I ^ 8) of the TB network appearing in Figure 2. The outer limits
of the matrix coincide with the maximum dimensions of the
bounding surface of a human lung (e.g., as described in Fig. 3). The
coordinates y = Â±K,cm define the width of the matrix (which is
that of the lung) and the coordinates z = Â±K2cm define the depth
of the matrix (which is that of the lung). The coordinate x = 0 is
the entrance to the trachea and x = + K3 cm defines the height of
the lung, the corresponding height of the matrix is = (K3 â€”x,)
where x, is the distance from x = 0 to the upper boundary of the
matrix. In our computations x, = 10 cm. Those dimensions define
planes that are tangent to the respective outermost points of the
lung. In effect, the three-dimensional matrix is a box that encom
passes the lung.
The dimensions K,, K2 and K3 may be prescribed for individual
patients. For example, in the medical arena, the dimensions can be
determined by segmentation of the lungs from magnetic resonance
images of the thorax (1).
Now let us explain how airways throughout the lung were
counted and corresponding voxel compositions determined. To
begin, it must be emphasized that there are 21number of airways in
generation I, for a total of I"02'
= 16,777,215 airways in the
human lung. Because of the enormous number of airways present,
we defined each airway by the coordinates of its center of mass. If
the center of mass was in a voxel, the whole airway was assigned
to that voxel.

RGURE 4. Matrix of voxels superim
posed on the branching network of air
ways within the human lung trimmed to
generation I = 8. A voxel is a cube of unit
(1 cm) dimensions.
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FIGURE 5. Composition of the voxel matrix with definitionof terminology and
description of various formats used in data analysis. Serial layers of the
human lung parallel to the (x, y) plane are coronal views, layers parallel to the
(x, z) plane are sagittal and layers parallel to the (y, z) plane are transverse.

I
(O

o
o

In Figure 5, the exterior of the voxel matrix is displayed. The
different schemes used in our analyses to itemize its contents are
presented. The three-dimensional array was sequentially layered in
three planes parallel to the (x, y, z) coordinate system, producing

FIGURE6. Coronal layer 8 of the human lung (fororientation,see Fig. 5)
dividedinto rows 1~12'each containing20 voxels.

transverse (x = constant), sagittal (y = constant) and coronal (z =
constant) views. There are 12 transverse layers, each containing
320 (i.e., 20 X 16) voxels; 20 sagittal layers each containing 192
(i.e., 16 X 12) voxels; and 16 coronal layers each containing 240

(i.e., 20 X 12) voxels. The complete matrix contains 3840 voxels
(i.e., 20 X 16 X 12).
We have systematically examined the times required to perform
computations with the Cray C94. The extent of the branching

TABLE 1
Composition of Voxels in Row 9 of Coronal Layer 8 (see Fig. 2)
Voxel

Generation01234567891011121314151617181920212223Totalnumber

ofairways100000000000000000000000002000000000000000210246315736283318073827708530000000000002102248114233
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FIGURE 7. Transverse layer 9 of the
human lung (for orientation, see Fig. 5).
The thickness of the layer is that of a
voxel (i.e., 1 cm). The total number of
airways within individual voxels is item
ized.

network was increased in successive steps from 0 ^ I ^ 5, 8, 12,
16, 20 and 23. The computational time increased markedly with the
upper limit of I. To map the three-dimensional airway network and
assign the individual airways to individual voxels required 0.94 sec
(0 < I < 5), 1.14 sec (0 < I < 8), 3.87 sec (0 < I < 12), 29.28
sec (0 < I < 16), 458.18 sec (0 < I s 20) and 4915.92 sec for the
complete lung (0 < I < 23).
An interior partition of the matrix is displayed in Figure 6. A
detailed coronal view of layer 8 is given. It is divided into 12 rows
(each row is part of a different transverse layer), each having 20
voxels.
RESULTS AND DISCUSSION

Figure 7 presents typical data* describing the voxel compo
sitions of contiguous transverse layers of the matrix (see Fig. 5
for orientation). Each transverse layer has 320 (i.e., 20 X 16)
voxels. The position of this particular transverse layer is as
indicated on the coordinate system in Figure 7. The respective
compositions of the individual voxels are presented in terms of
the number of airways present.
In applications of this modeling to issues from medicine and
toxicology it will be of paramount importance to classify the
type of airways present in each voxel; that is, to know if they are
from the TB (i.e., nonalveolated airways) or P (i.e., alveolated
airways) compartments of the lung. This is important because
those airways have clearance processes that differ in mecha
nism and efficiency of operation. The fundamental clearance
processes in the TB and P compartments are the mucociliary
and macrophage systems, respectively.
We have successfully achieved such a comprehensive map
ping of the entire matrix consisting of 3840 voxels. The
composition of each voxel was identified in terms of the
number of each type of airway present (i.e., Weibel generation

I). Representative data from that extensive dataset are presented
in Table lf, which contains a detailed itemization of the 20
voxels composing row 9 of coronal layer 8 in terms of the
number and type of airways present (see Fig. 6). We performed
analogous computations for all other coronal layers (i.e., 1-16)
shown in Figure 5; however, for the sake of brevity, that
information is not presented here.
At this juncture, let us relate the data of Table 1 with that in
Figure 7. In Table 1, the bottom line itemizes the total number
of all airways for each voxel. That total number of airways is
also shown in the corresponding voxel of Figure 7. For
example, voxel 3 has 27920 airways in Table 1 and that number
is present in voxel 3 of Figure 7.
We have also compiled tables in appropriate formats for all
sagittal layers (identified in Fig. 5) analogous to Table 1 for
coronal layer 8. Again, the information is omitted for brevity.
The supercomputer code was used to map the spatial orien
tations of the almost 17 million airways within the respiratory
system. Moreover, it was used to identify the airway composi
tion of discrete volumes (voxels) as are used in SPECT
analyses. In future work, the code will be integrated with a
particle deposition model (8-12) to determine localized pat
terns of aerosols within human lungs.
CONCLUSION

We have developed a supercomputer code that describes the
position of individual airways in the complex branching struc
ture of the human lung. The code is designed to be used in a
complementary manner with SPECT protocols. Specifically,
the code will aid clinicians and research scientists working with
gamma camera images that are divided into discrete volumes
(voxels). The code permits a comprehensive mapping of air
ways, assigning each to an unambiguous location. It itemizes
the composition of a three-dimensional voxel matrix superim-

"Detailed data for all transverse layers 1-12, which together describe the complete
lung, are available by accessing the SNM home page via the Internet: http://www.
snm.org.

TDetailed data for all rows 1-12 of coronal layer 8 are available by accessing the SNM
home page via the Internet: http://www/snm.org.
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posed over the human lung in terms of the number and type of
airways present. In future endeavors we intend to use the lung
code in diverse applications, including the interpretation of
SPECT images, the design of inhalation exposure experiments
and the targeted delivery of inhaled pharmacologie drugs.
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