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bstract. An algorithm for image segmentation of the secondary
epta in the lungs using light microscopy is presented. After convert-

ng the original analog image to binary with proper thresholding,
orphological operations are applied to individual lumen regions to
xtract the secondary septum regions that appear as cavelike re-
ions in each lumen. To reduce the errors of misclassifying the pri-
ary septa from secondary septa because of the occasional leaks

n the broken primary septum lines, a gap-closing procedure is de-
igned before another separation procedure of the secondary septa

s executed. The algorithm is applied to real lung images of both
ormal and cancerous lungs. The results show that the algorithm is
obust and is able to identify and segment the secondary septa in
ungs effectively. © 2011 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.1.010508�

NTRODUCTION
he human lung is largely of a saccular conformation con-

aining mainly smooth-walled channels and terminal sac-
ules at birth.1 The channels later transform into alveolar
ucts and the saccules into alveolar sacs via the outgrowth of
ew secondary septa from the saccular walls of the primary
epta.1,2 After their development in infancy, the human lungs
ncrease in size but not complexity.3 In a study of the normal
nd hypoplastic lungs at the pseudoglandular stage, Chinoy
t al.4 showed that after implantation of the lungs, larger
irspaces and formation of secondary septa appear in nor-
al lungs, whereas hypoplastic lungs have defective saccular

tructures and no secondary septa.
Tschanz and Burri5 previously proposed an algorithm

easuring the septum length by counting the number of
oints in each segment of one-pixel-wide lines skeletonized

rom binary images. McCurnin et al.6 used this skeleton al-
orithm to study the morphologic effects of the persistent
atent ductus arteriosus in a preterm baboon model of

eceived Mar. 22, 2010; accepted for publication Jul. 19, 2010; published
nline Dec. 27, 2010.
062-3701/2011/55�1�/010508/7/$20.00.

. Imaging Sci. Technol. 010508-
ronchopulmonary dysplasia. Hosgör et al.7 showed the
hickening effects of alveolar walls from the fibrin deposition
n lung septal capillaries. Boucherat et al.8 observed that
ongenital diaphragmatic hernia (CDH) occurring in hu-
an lungs presents thicker alveolar septa. They also found

hat, in control fetuses, lung parenchyma matured homoge-
eously during the period with thinning of septal walls and

surge of secondary septa while CDH lungs displayed
hicker walls and deficiency in secondary septa.8 Foster et al.9

ypothesized that the tips of secondary alveolar septa con-
ain differentially expressed gene products and showed that
everal gene products, including galectin-1, are enriched in
he tips of these alveolar secondary septa.

While visual observation may reveal subjective estima-
ion of septa, the quantitative analysis of septa requires seg-

entation of septum regions from the images. There are
umerous algorithms designed for segmentation of medical

mages.10–16 However, very little has been done with the seg-
entation of lung septa. While a primary septum connects

ther septa on both its ends, a secondary septum outgrown
rom the saccular walls of the primary septa appears to be
he protruding area from the saccular walls of a primary
epta and thus has one end attached to the primary septa
nd the other end suspended open in air space or lumen. In
his article, we will present a robust algorithm based on the

orphological operations for the segmentation of the sec-
ndary septa from the real images of both normal and can-
erous lungs.

REPRODURE A: PREPROCESSING
igure 1(a) shows a typical image of lung tissue in which the
right chambers of the ductal lumens are enclosed by the
arker primary walls or septa. The secondary septa appear
imilar to the primary walls except that they are attached to
he primary walls only at one end.

Let a lung septum image of size N1 �N2 be represented
y a two-dimensional (2D) discrete sequence
Jan.-Feb. 20111
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x = �x�n1,n2���n1,n2� � Dx� , �1�

n which

Dx = ��n1,n2��0 � n1 � N1 & 0 � n2 � N2� . �2�

he septum image such as that in Fig. 1(a) usually has a
omogeneous background and much darker walls. A simple
lobal thresholding may be used to exclude the brighter
ackground, such as

� = ��n1,n2��x�n1,n2� � T ;�n1,n2� � Dx� �3�

n which � is called the foreground set. Since a location at
n1 ,n2� is always in Dx throughout this paper, � can be
implified without ambiguity to

� = ��n1,n2��x�n1,n2� � T� . �4�

he background set can be written as

�̄ = ��n1,n2��x�n1,n2� � T� . �5�

ince the proposed algorithm is based on the manipulation
f regions, we need a transform to convert a binary image to

Seconary
septa

Primary
septa

Bronchiolar
arteries

Ductal
lumen

(a)

(b)

igure 1. �a� A normal lung image. The secondary septa are those pro-
ruding areas from the saccular walls of the primary septa. �b� The dark
egions represent the extracted areas of the secondary septa in the lung
mage. The gray areas include the primary septa and others such as the
ronchiolar artery walls.
set of regions and an inverse transform to convert the set o

. Imaging Sci. Technol. 010508-
f regions back into the binary image. Figure 2 displays an
xample to show how that transform works. Fig. 2(a) shows

sample binary image in which the “+” sign marks the

oreground pixels or member points in �̄. Three separate
egions are clearly observed in the binary image. The desired
ransform maps the image to a set of three components as
hown in Figs. 2(b)–2(d). We define such a transform as

� • � to convert �̄ into ��̄, a set of regions each of which is
omposed of all the four-connected elements in the binary
mage. The transform can be implemented by starting with a
ew member followed by searching recursively for the four-
onnected neighboring elements (pixels immediately con-
ected horizontally and vertically) until all elements are ex-

austed. When applied to the background set �̄, we have a
et of regions,

��̄ = ���̄� = �
k=1

K�̄

�k , �6�

n which K�̄ is the total number of separate regions, and
ach region, �k, is a set of propagated four-connected pixels.
wo different regions in ��̄, such �k and �l, for k� l, have
o four-connected neighboring elements.

A hole-filling operator F� • � is used to fill the holes in-
ide the region of �k. The holes in the region of �k are sets
f the background pixels that cannot be reached by connect-

ng through the background pixels from the edge of the
mage. Thus, the region F��k� becomes a solid region with-
ut any holes. If the hole-filling operation is applied to a
roup of separate regions, it applies to the regions individu-
lly, such as

F���̄� = �F��k��1 � k � K�̄� . �7�

he set of all the hole points is XOR��̄ ,�−1�F���̄���, in
hich �−1� • �, the inverse operator of �� • �, converts an object

−−−−−−−−−−−−−−−
−+++−−−−−−−−−−−
−−+++−−−−−−−+++
−−+++++−−−−++++
−+++++−−−++++++
−−−++−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−++++++−−−−−
−−−−++−−+++++−−
−−−−−++++++−−−−
−−−−++−−++++++−
−−−++++++++−−−−

−−−−−−−−−−−−−−−
−+++−−−−−−−−−−−
−−+++−−−−−−−−−−
−−+++++−−−−−−−−
−+++++−−−−−−−−−
−−−++−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−

−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−+++
−−−−−−−−−−−++++
−−−−−−−−−++++++
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−

−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−
−−−−++++++−−−−−
−−−−++−−+++++−−
−−−−−++++++−−−−
−−−−++−−++++++−
−−−++++++++−−−−

(b)

(a)

(c) (d)

igure 2. �a� A synthetic set �̄ including the points marked by +. The
perator ��• � transforms �̄ in �a� into ��̄, a set of three objects of �1 in
b�, �2 in �c�, and �3 in �d�.
r region back to its components. Organizing the individual

Jan.-Feb. 20112
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oints into the four-connected regions, we have the set

�
�̄

o
= ��XOR��̄,�−1�F���̄���� = ��

�̄,k

o �1 � k � K
�̄

o � �8�

n which K
�̄

o
is the total number of the separate four-

onnected regions of �
�̄,k

o
. Let the set

�
�̄
� = ��−1��

�̄,k

o ���F��
�̄,k

o �� � T1;1 � k � K
�̄

o � , �9�

here � • � is the size or the total number of elements in the

et. The set, �
�̄
� , includes all the elements in the small re-

ions whose sizes are smaller than a given value of T1. Since

he small regions in �
�̄
� are likely the loose regions detached

rom the walls, they are added to the background, to form

�b = ���̄ � �−1��
�̄
� �� , �10�

onsisting of both the ductal lumens and other small loose
pecks inside the lumens.

A lumen region should be isolated from any other lu-
ens in �b. However, there may be occasional thin gaps in

oth primary and secondary walls creating leaks. If a gap
appens in a secondary wall, a part of the secondary wall
ay be disconnected creating a loose island. The detached

sland region may still remain outside of �b since its size is
sually larger than a given small threshold of T1. If a gap
appens in a primary wall, the leak connects the two neigh-
oring lumens. This gap has to be filled in order to avoid the
rror of misclassifying a piece of primary wall as a part of a
econdary wall. The gap is usually very thin such as that
hown in Figure 3(a) in which two lumens are connected by
he small leak at the end of the dark wall. A morphological
pen procedure with a small 3�3 structure element (SE)
an be used to separate the two lumens with only small
lterations to the lumen boundaries. Let

�b = ��b,k�1 � k � Kb� , �11�

n which the regional set �b has a total of Kb regions. Let

�̄b�k� = XOR��b,��b,k�� , �12�

he set of all regions except the only one region indexed by k.
pplying a morphological open operation with a small SE,

ize of 3�3 for instance on the single region �b,k as shown
n Fig. 3(a), we obtain a regional set ��Open��−1��b,k� , SE��
hat may have more than one region. Discarding the smaller
egions, in which the sizes are smaller than T2 for instance,
n ��Open��−1��b,k� , SE�� the remaining larger regions are

epresented by �̄T2
�k�. Thus, the complete regional set

ecomes

�̄T2
= �

k=1

Kb

�̄T2
�k� , �13�

hich is a set of detached regions in which the sizes are

arger than T2. We can also show a

. Imaging Sci. Technol. 010508-
�̄T2
= ��T2,k�1 � k � KT2

� , �14�

n which KT2
is the number of regions in �̄T2

.
The SE, used in the morphological open operation is a

mall 3�3 square. Large SE may close wider gaps in the
alls. However, larger SE may also introduce larger errors to

he walls and other dark points. Thus, the size of SE in the
bove morphological open operation should be selected as
mall as possible. If the gap in a primary wall is too large to
e closed by a small SE, the broken primary wall may be
rongly recognized as one or two separate pieces of the

econd walls. The corrections of these broken primary walls
ill be discussed in the next section.

Procedure A is summarized in the flow chart of Figure 4
n which the input is x, the gray-level image of lung tissue

igure 3. Separation of thinly connected lumens. �a� Two lumens are
alsely connected because of a thin gap in one of the primary septa, �b�
umens separated with a morphological open operation.
nd the output set is

Jan.-Feb. 20113
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�̄T2
= ��T2,k�1 � k � KT2

� , �15�

he set of KT2
being separate lumen regions. The block

arked by the dashed lines indicates a loop of iterations.

ROCEDURE B: SEGMENTATION OF ONE-ENDED
EPTA
et CSE�r� be a circular structuring element of radius r
efined as

CSE�r� = ��m1,m2��m1
2 + m2

2 � r2� . �16�

SE�r� is the set consisting of elements inside a circular
haped region of radius r, which is centered at the origin.

If the size of kth lumen, �T2,k ��̄T2
, is small enough,

or example smaller than T3 =300, it may not have a signifi-
ant secondary septum that caves inward. To simplify the
omputation, those small regions are excluded from consid-
ration. The remaining larger lumens will undergo sepa-
ately a sequence of dilations and erosions so that such cave-

2T
Ψ

Θ

ΘΨ

ΘΨ'

bΨ

( )kbΨ

( ){ }kbψ bΨ

Input
x

Thresholding
T

( )•ξ

Size Thresholding
1T

),( ••xor

Hole Filling
( )•F

( )•−1ξ

( )•ξ



),( ••xor

Size Thresholding
2T

( )
bK

k 1=

Open

for 1=k to bK do

( )•ξ

igure 4. The flow chart of procedure A to create the regional set of �̄T2
rom the input image.
ns can be detected. The procedure is as follows:

. Imaging Sci. Technol. 010508-
or k = 1 to KT2
do

Sk =	;

if ��T2,k�
 T3

�

b1 = dilate��T2,k , CSE�13��;

b2 = F�b1�;

b3 = erode�b2 , CSE�15��;

b4 = XOR��T2,k , b3�;

a = b4 �b3;

A =��a�, where A = �Ai � i = 1 , . . . , IA�;

for i = 1 to IA do

�

if ��Ai�
 TA�
�

Sk = Sk �Ai;

�

�

�

The procedure is a loop consisting of KT2
iterations. To

etter understand the procedure, we display some interme-
iate results in Figure 5 to demonstrate the progress of the
rocedure. At the beginning of the kth iteration, the input is
lumen �T2,k as shown as the white region of Fig. 5(a).

nitialized as a null set, Sk accumulates the one-ended septa
uring the loop of KT2

iterations. If the size, ��T2,k�, is too
mall, the iteration is skipped and the iteration index k is
ncreased by one for the next iteration. The region, �T2,k, is
ilated with a CSE to obtain a region in which the one-
nded septum regions that are slim intrude into �T2,k filled,
s shown in Fig. 5(b). We chose the radius of the SE to be 13
o that all of the one-ended septum regions can be changed
y the dilation since the thickness of these slim regions is
hinner than 25 pixels wide. A hole filling process is then
pplied to fill in any holes in the dilated region. If the dilated
egion has no holes such as the one in Fig. 5(b), the hole
lling process will have no effect on the region. An erosion
rocess with a lightly larger SE than the previous dilation SE

s applied to the dilated region so as to restore the original
egion, except the one-ended septum regions as shown in
ig. 5(c). The difference between the two regions before and
fter the erosion yields the regions of the one-ended septum
reas and some other smaller and thinner regions as shown
n Fig. 5(d). Since the boundary lines of the lumen region
ppearing in Fig. 5(d) are located outside the lumen, they
isappear in the intersection with the lumen region as
hown in Fig. 5(e). These smaller regions in Fig. 5(e) are due
o the sharp curves along the boundary of the lumen region
nd thus are excluded. The remaining large regions in Sk are
onsidered as the extracted one-ended septa. The output,
Jan.-Feb. 20114
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=�
k=1
KT2Sk, is the accumulation of the one-ended septa in all

f the iterations.

ESTORATION OF THE BROKEN PRIMARY SEPTA
n practice, a primary septum may occasionally appear bro-
en. Thus, the broken primary septum may be considered as
ne or two secondary septa because it may appear as one or
wo single-ended extensions. If a leak or gap in a primary
eptum is very thin, for example, one or two pixels wide, a

orphological open operation of small structuring elements
n the lumen regions (equivalent to a morphological close
peration to the septum regions) may close it with insignifi-
ant errors at the regional boundaries. However, when the
ap is wider it will be difficult to close the gap since applying
n operation with a larger structuring element may also in-
roduce a higher level of distortion.

To deal with the primary septa having wide gaps, we
xamined the difference between the broken primary septa
nd the real secondary septa. A broken primary septum ap-
ears as two separate regions that are close in distance while
secondary septum is one isolated region that is relatively

ar from the other secondary septa. Our approach in sepa-
ating the secondary septa from the broken primary septa in
he one-ended septum pool, S, is to try and bridge the gaps
etween any two single-ended septa.

The procedure is summarized in the chart of Figure 6.

he inputs are the two sets, �̄T2
and S, the two outputs from

he procedures A and B. The set �̄T2
contains lumen regions

hile S contains the one-ended septum regions. The union
¯

T2
�S includes both the lumen and one-ended septum

egions and excludes the other septum regions connected on
¯

Figure 5. The progress of a single iteration in proc
lumen in the kth iteration, �T2,k; �b� dilation of �T2,k
the difference between the sets in �b� and �c�; �e�
containing all the regions in �e� larger than the pre
oth sides. Thus, the negation P= ���T2
�S� contains the s

. Imaging Sci. Technol. 010508-
rimary septum regions. We apply a morphological dilation
ith a round SE of radius rP to P and obtain the output

iP=dilate�P , SE�rP��. �̄T2
has a total of KT2

lumen regions.

he one-ended septa next to �T2,k, the kth lumen in �̄T2
, are

n Sk. If the regions in Sk are morphologically dilated by a
ound SE of radius rP such as DiSk =dilate�Sk , SE�rP��, these
ilated regions may have portions overlapping with those in
iP. The binary image of the overlapped areas is

gk = �−1�DiP� � �−1�DiSk� . �17�

he image gk may have several small isolated regions. Let the
et Gk contain all of the regions in the binary image of gk.
ince each region in Gk is adjacent to two regions in P�Sk,
hose adjacent to two regions already touching should be
emoved. The remaining regions Gk

− �Gk are accumulated
nd finally added to the set S so that the gaps are filled. Let
+ =�

k=1
KT2Gk

−. The set G+ contains all of the small regions
hat bridge the gaps between septum regions. The set
�S�G+ includes both primary and secondary septa and

he bridging regions. Its complement includes all of the lu-
en regions again processed by procedure B so that the new

ingle-ended septa are obtained. Since the broken primary
epta are repaired after filling the gaps, the single-ended
epta obtained this time are considered as the secondary
epta.

ESULTS
ig. 1(a) shows the original image of a normal lung consist-

ng of bronchiolar arteries surrounded by thick walls, ductal
umens of the air spaces, primary septa or walls that enclose
he air sacs, and the secondary septa outgrowing from the

of segmenting the one-ended septa. �a� A single
�13�; �c� erosion of the set in �b� by CSE�15�; �d�
rsection of the sets in �c� and �d�; and �f� the set
of TA.
edure A
by CSE
the inte
accular walls of the primary septa as indicated by the over-

Jan.-Feb. 20115
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ay arrows. Since the secondary septa are grown out of the
rimary walls, they appear to be the protruding areas from

he saccular walls of the primary septa and thus have one
nd contacted to the primary septa with the other end sus-
ended in air. The image is size 1280�960. Fig. 1(b) shows

he segmentation of the secondary septa from the image in
a). The dark regions represent the extracted areas of the
econdary septa in the lung image while the gray areas in-
lude the primary septa and other areas such as the bron-
hiolar artery walls. The visual comparison between the dark
egions in the segmentation and the secondary septa of the
riginal image demonstrates that the segmented regions
atch well to the secondary septum regions.

Figure 7 displays additional segmentation results of the
econdary septa from both normal and cancerous lungs. Fig.
(a) shows an image of normal lung. Fig. 7�a�� is its corre-
ponding segmentation for the secondary septa. Figs. 7(b)
nd 7(c) show two images of cancerous lungs while Figs.
�b�� and 7�c�� show the segmentations of their secondary
epta, respectively. Comparing the original images on the left
olumn in Fig. 7 with their respective segmentation of the
econdary septa as the dark intensity in the right column, we
onclude that the extracted regions match very well to the
eal secondary septum regions. Thus, the proposed algo-
ithm performs very well and produces accurate segmenta-
ions for the secondary septa in lungs.

ISCUSSION AND CONCLUSIONS
uantization of structural components of the lung has al-
ays been one of the prime objectives of biological
orphometry.17,18 To evaluate the features, a segmentation

f the lung images is a prerequisite in order to separate the
esired regions from the remainder so that all of the quan-
ization are performed only on the desired regions. The sec-
ndary septa in lungs are outgrown from the primary walls
nd thus are differentiated from the primary walls in the
ense that each has only one end attached to a primary wall

condary septa indicated by the dark regions; ��b�
racted secondary septa from images in �b� and �c�,
+
kG

kS

S2T
Ψ

DiP

P

kDiS

kg

kG

−
kG

~

for 1=k to
2T

K do

( )••~

Dilation

1−ξ

Discard those regions
adjacent to two adjoining
regions in kSP 

Dilation

∑



••

ξ

1−ξ

Procedure B

Figure 6. The flow chart of restoring the broken primary septa.
Figure 7. �a� An image of normal lung; �a�� segmented se
and �c�� two images of cancerous lungs; ��b�� and �c��� ext
Jan.-Feb. 20116
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nd the other end is loose in the air. In real application, leaks
hat can happen to both primary and secondary walls may

ake the segmentation task difficult. To have a robust seg-
entation algorithm, we have to fill those possible leaks
hile also retaining all the other parts as similar as possible.

n the current manuscript, we use two gap-filling steps to fill
he leaks. The first gap-filling step is to use a morphological
lose operation with a small SE to fill the thinnest leaks as
hown in Fig. 3. Lumen regions are then extracted and iso-
ated from each other. Adjoining each lumen are the primary
epta and also possibly the secondary septa. A procedure is
esigned to extract the single-ended septum regions (only
ne end is in touch with the outside of the lumen) adjacent
o the same lumen. Among the recognized single-ended sep-
um regions, the broken primary septa and the real second-
ry septa are differentiated by calculating their distances. The
econd gap-filling step is then to fill up the wider gaps by
dding small regions between the two ends of the broken
rimary septum regions. The real secondary septa are then

dentified by again extracting the single-ended septum re-
ions again from the image in which the leaks in the septum
egions are repaired.

The results of both normal and cancerous lungs are
resented. The results show the accuracy of the segmenta-
ions of the secondary septa based on the visual comparisons
etween the real secondary septa and the segmented ones.
he algorithm is robust since the imperfect septum regions
ith possible leaks in the real images are repaired before the

ingle-ended septum regions are segmented.
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