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Abstract
Automated lung lobe segmentation methods often fail for challenging and 
clinically relevant cases with incomplete fissures or substantial amounts of 
pathology. We present a fast and intuitive method to interactively correct a 
given lung lobe segmentation or to quickly create a lobe segmentation from 
scratch based on a lung mask.

A given lobar boundary is converted into a mesh by principal component 
analysis of 3D lobar boundary markers to obtain a plane where nodes 
correspond to the position of the markers. An observer can modify the mesh 
by drawing on 2D slices in arbitrary orientations. After each drawing, the 
mesh is immediately adapted in a 3D region around the user interaction.

For evaluation we participated in the international lung lobe segmentation 
challenge LObe and lung analysis 2011 (LOLA11). Two observers applied the 
method to correct a given lung lobe segmentation obtained by a fully automatic 
method for all 55 CT scans of LOLA11. On average observer 1/2 required 
8  ±  4/25  ±  12 interactions per case and took 1:30  ±  0:34/3:19  ±  1:29 min. 
The average distances to the reference segmentation were improved from 
an initial 2.68  ±  14.71 mm to 0.89  ±  1.63/0.74  ±  1.51 mm. In addition, 
one observer applied the proposed method to create a segmentation from 
scratch. This took 3:44  ±  0:58 minutes on average per case, applying an 
average of 20  ±  3 interactions to reach an average distance to the reference 
of 0.77  ±  1.14 mm.

Thus, both the interactive corrections and the creation of a segmentation 
from scratch were feasible in a short time with excellent results and only little 
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interaction. Since the mesh adaptation is independent of image features, the 
method can successfully handle patients with severe pathologies, provided 
that the human operator is capable of correctly indicating the lobar boundaries.

Keywords: pulmonary lobes, interactive segmentation, lung, chest CT

(Some figures may appear in colour only in the online journal)

1. Introduction

Human lungs are subdivided into functional units called pulmonary lobes, each with separate 
bronchial, arterial and venous supply. The right lung has three lobes (upper, middle, and lower 
lobe) and the left lung two (upper and lower lobe). Often a visceral pleura called the pulmo-
nary fissure can be found at the lobar boundaries.

Although several academic and industry groups have worked on segmentation of the pul-
monary lobes from computed tomography data, it is still an open problem of high interest. 
Lobar segmentation is a prerequisite for regional quantitative analysis of the lung parenchyma. 
Lobar spread and heterogeneity of diseases such as emphysema provide crucial information 
for treatment selection and monitoring. Accurate delineation of the lobar borders is extremely 
important for assessment of fissure completeness (van Rikxoort et al 2012) or characterization 
of perifissural nodules (de Hoop et al 2012). Lobar segmentations are also essential for treat-
ment planning (Sciurba et al 2010).

Several automatic approaches for pulmonary lobe segmentation have been presented in 
literature, e.g. Kuhnigk et al (2005), Zhang et al (2006), Zhou et al (2006), Ukil and Reinhardt 
(2009), van Rikxoort et al (2009), Pu et al (2009), Wei et al (2009), van Rikxoort et al (2010), 
Lassen et al (2013), Ross et al (2013) and Qi et al (2014). All of these methods were evalu-
ated on different data sets and with different validation metrics, therefore it is impossible to 
compare them directly. Only a few groups explicitly used data with pathology for their evalu-
ation and only one group applied their method to publicly available data. Table 1 provides an 
overview of prior work. For a recent review of automatic lung lobe segmentation methods we 
refer the reader to (Doel et al 2015).

In clinical applications lobe segmentation is especially needed for scans with substantial 
pathologic changes. For these lungs the segmentation is challenging, since severe pathologies 
affect the density of lung parenchyma, the visibility of fissures, and sometimes even the shape 
of the lobes. Furthermore, there are lungs with abnormal anatomy, either innate or caused by 
surgery. Such scans cannot be handled by most if not all of the automatic segmentation meth-
ods currently available. A common characteristic of human lungs is the incompleteness or 
total absence of pulmonary fissures (Aziz et al 2004, Gülsün et al 2006). Therefore, methods 
that fully rely on fissure detection to construct the lobar boundaries will fail in a substanti al 
amount of cases. Figure  1 provides examples of cases that are challenging for automatic 
 segmentation methods.

Most of the published methods for automatic lung lobe segmentation were not evaluated 
on pathologic data. Recently a lung and lobe segmentation challenge called LObe and lung 
analysis 2011 (LOLA11) (LOLA11 2011) was organized that provides 55 chest CT data sets 
containing several challenging cases. Participants can run their lobe segmentation algorithm 
on these scans and compare their results to those other groups. The evaluation is performed 
centrally by the organizers of LOLA11 which allows direct comparing of different methods 
for the same data and with the same evaluation strategy. So far two groups (van Rikxoort et al 
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2010, Lassen et al 2013) participated in the challenge, both with fully automatic methods, and 
both exhibit errors for challenging cases. Thus, even state-of-the-art methods fail for cases 
with severe pathologies.

Drawing of a 2D contour for each lobe on every slice of the dataset is time consuming 
and not suitable for the clinical routine. Therefore, a method is required that allows fast and 
intuitive correction of a given lobe segmentation or a method which allows the user to quickly 
create a lobe segmentation from scratch. Only little work has been done in this area.

Some general methods for interactively modifying structures have been proposed, e.g. 
Olabarriaga and Smeulders (2001), Kang et  al (2004), Heckel et  al (2013) and Sun et  al 
(2013). In particular for pulmonary lobes two published methods allow interactive correc-
tion. Kuhnigk et al (2005) performed an automatic lobe segmentation based on a watershed 
transformation. In an optional post-processing step the observer was allowed to set additional 
markers on blood vessels in regions of misclassification. The method was evaluated by intra- 
and inter-observer studies on 150 data sets but was not compared against a manual reference 
segmentation. Ross et al (2009) presented an interactive lobe segmentation approach where 
the observer had to click several points along the fissures. These points were used to calculate 
the fissure surfaces based on a thin plate splines algorithm. An evaluation was performed 
with two observers on 20 data sets. The observers took around 6.5 min to segment the lobes 
of one data set. The interobserver average mean border distance was around 3 mm, but there 
was no comparison to a reference not created with the presented method. Both these interac-
tive methods allow correction of the lobes only based on the results of their own automatic 
segmentation method.

In this paper we present a method that allows fast and interactive correction of any given 
lobe segmentation. Since no image information is involved in the calculations, the method 
does not depend on image resolution, scan protocol, CT acquisition kernel, or even the modal-
ity of the data. It can be applied to cases with incomplete fissures, severe pathologies, or 
abnormal anatomy. The lobe segmentation can also be performed from scratch for cases for 
which no initial lobar segmentation result is available.

Table 1. Overview of automatic lung lobe segmentation methods presented in literature. MR  =  manual 
reference, VS  =  visual scoring, IA  =  interobserver agreement, RMSD  =  root mean square distance, 
MD  =  mean distance.

Author (year)
Number 
of scans Public data Evaluation Pathology Performance

Kuhnigk et al (2005) 150 No IA Yes Jaccard >= 0.995
Zhang et al (2006) 22 No MR No RMSD 1.96 mm, Dice 0.988
Zhou et al (2006) 7 No MR No Coincidence degree 98.26
van Rikxoort et al 
(2009)

100 No MR Yes 97% (Left) and 90% (right) 
points correctly assigned

Pu et al (2009) 65 No VS No 50.8% good or excellent
Wei et al (2009) 9 No MR Yes Avg MD 1.13 mm
Ukil and Reinhardt 
(2009)

29 No MR Yes Avg RMSD 1.82 mm

van Rikxoort et al 
(2010)

120 No VS, MR No Avg RMSD 1.71 mm, 85% 
good or excellent

Lassen et al (2013) 75 Yes MR Yes Avg MD 0.86 mm, LOLA11 
score 0.88

Ross et al (2013) 100 No MR No Dice 0.96
Qi et al (2014) 14 No MR No Avg mean distance 2.38 mm
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2. Method

The method works on an existing lobar segmentation (e.g. from an automatic method) and 
modifies the boundaries between the lobes. In this paper, the method described in Lassen et al 
(2013) is used, but any lobar segmentation can be employed. If no existing lobar segmentation 
is available, the method starts from a lung segmentation. The user inspects the lobar segmen-
tation on the scan. In cases where errors in the lobar segmentation are encountered, the user 
adapts the lobar segmentation with the proposed method. The interaction is performed by 
drawing the correct pathway, only in regions with errors, after which the lobar boundary is 
updated real-time in a 3D region around the user interaction. This allows for fast correction by 
interaction on only a few slices. A preliminary version was published in Lassen et al (2011b). 
The method consists of the following steps which are also illustrated in figure 2:

 (A) Selection of representative lobar boundary voxels
 (B) Creating a lobar boundary mesh
 (C) Processing user input
 (D) Propagating user input into the 3D region
 (E) Recalculation of lobar boundary mesh
 (F) Export of lobar segmentation mask

2.1. Selection of representative lobar boundary voxels

The interactive lobar segmentation operates on the borders between the lobes. Since there is a 
lot of redundancy in the lobar boundary voxels, the method extracts only representative points 
between the lobes. Provided a lobar segmentation multi-label mask, the representative voxels 
on the boundaries of the lobes are extracted using a rank filter.

A 3 × 3 × 1 rank filter is applied on axial slices. The rank filter sorts all voxel values under 
the 3 × 3 × 1 kernel in ascending order and outputs the index of the position of the current 
voxel value. Thus, inside a homogeneous region the values are 0 and at the boundary between 
two structures the values are higher. The proposed method does not need all boundary voxels 
of the lobes but instead only a couple of representative seed points which are ideally located 
in bended regions of the boundary. The high number of boundary voxels is reduced in two 

Figure 1. Coronal view of chest CT scans that are challenging for automatic lung lobe 
segmentation methods. All images are taken from the LOLA11 challenge (LOLA11 
2011) (a) Severe pathology in the left lung makes it difficult to localize the lobar 
boundaries. (b) Since the spine has an abnormal deformation, the lobes are deformed 
as well. (c) The heart and the upper lobe of the left lung moved to the right side of the 
chest, because the right lung has shrunk as a result of severe pathology. (d) Severe 
pathology in the left lung and incomplete fissures in the right lung.
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steps. First, only the voxels with a rank output �4 are regarded as boundary voxels. These 
voxels are located in bended areas of the boundary and are therefore an optimal input for the 
here presented method. Second, only voxels from every fourth axial slice are kept. From the 
remaining voxels 3D markers M = {m0, m1, ..., mn} ⊆ R3 are generated. Depending on the 
size and the anatomy of the lungs the resulting number of markers in M is around 1000–2000 
for the major fissures and around 800–1200 for the minor fissure of a scan with a voxel size 
of 0.5 mm in each direction.

2.2. Creating a lobar boundary mesh

In 3D the pulmonary boundaries are usually smooth, slightly bent surfaces. Therefore, a mesh 
is a suitable representation of the lobar boundary. Using a mesh as basis for handling interac-
tion allows one to easily propagate 2D user input from one slice to a 3D region around the 
drawing. This prevents the observer from having to spend a lot of time correcting by interact-
ing on many slices.

Figure 2. Description of the proposed method using the example of a left lung. (a) 
Step A: selection of representative lobar boundary voxels (light red  =  upper lobe, light 
green  =  lower lobe) into 3D markers (red). (b) Step B: calculation of a lobar boundary 
mesh based on the 3D markers. (c) Step C: convert 2D observer input (red curve) into 
3D markers (blue). (d) Step D: propagate observer input into 3D by deleting initial 
markers on neighboring slices. (e) Step E: recalculate lobar boundary mesh based on the 
remaining markers and the observer markers. (f) Step F: convert lobar boundary mesh 
to lobar label image.

B C Lassen-Schmidt et alPhys. Med. Biol. 62 (2017) 6649
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The key idea of our approach is to first define a plane mesh that is large enough to subdi-
vide the lung in two parts. We determine an overall orientation of the plane calculated based 
on principle component analysis (PCA) that ensures a cutting plane that covers the total lung. 
Since the lobar boundary is not a flat plane we adapt it to spatial positions M given by an auto-
matic lobe segmentation and/or user input. Both steps are now described in detail.

To generate the plane of the first step, the object aligned bounding box of all markers in M 
is calculated. Next, the bounding box is reduced to two dimensions based on PCA. Therefore, 
the center of gravity c (see figure 3(a) is subtracted from all markers mi resulting in the trans-
lated marker set Mt. The origin of the coordinate system is now in the translated center of grav-
ity ct (see figure 3(b)). The covariance matrix A = COV(Mt, Mt) and the three Eigenvalues 
0 � λ0 � λ1 � λ2 of A with the Eigenvectors v0, v1, v2 are calculated. To reduce M to two 
dimensions a plane P (see figure 3(c)) is generated which is orthogonal to the Eigenvector v0 
that corresponds to the smallest Eigenvector λ0:

P : (x + c) · v0 = 0, (1)

where x represents any vector for which the dot product with v0 results in zero after translation 
to the original origin of the coordinate system. Since v0, v1, and v2 are orthogonal, P is a plane 
with an orientation along the Eigenvectors v1, v2 corresponding to the two largest Eigenvalues 
of the covariance matrix A.

Along the plane P a regular quad mesh is created that represents the lobar boundary. To 
ensure that the complete lung is covered by the mesh, the bounding box is increased by factor 
2 and the resulting plane is sampled to 10 000 faces and 10 201 (1012) nodes.

In the second step the plane mesh is deformed in order to pass the actual position of the 3D 
markers M and thereby to represent the shape of the lobar boundary. Square areas are defined 
around all nodes of the mesh so that the whole mesh is covered by squares without intersection 
(see figure 4(a)). From the squares, rectangular cuboid regions along the normal vector v0 are 
set and all mi in each region are regarded (see figure 4(b)). Next, the marker mi with the maxi-
mum distance to the mesh is calculated for each region and the node in the center of the square 
is translated along v0 with the distance of the marker mi that shows the maximum distance to 
the mesh (see figure 4(c)). Nodes belonging to squares not containing any markers mi are not 
translated. The result is a plane mesh with spikes (see figure 4(d)). To represent the smooth, 
slightly bent shape of the lobar boundary an iterative Laplacian smoothing is performed with 
100 iterations in a 3  ×  3 neighborhood. In this procedure the nodes of the mesh are translated 
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Figure 3. Calculation of the plane for the mesh creation. (a) Lobar boundary markers 
M and the center of gravity c. (b) The translated markers Mt with the corresponding 
translated center of gravity ct. (c) A plane is created that is along the largest Eigenvectors 
v1, v2 of the covariance matrix which is calculated for Mt.
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to a new spatial position based on the average positions of the nodes itself and the 8 nodes 
in its neighborhood. The smoothing is not applied to the nodes that have been displaced to a 
marker mi. After this smoothing procedure the mesh represents the shape of the given lobar 
boundary.

2.3. Processing user input

The user interaction is kept simple and intuitive. An observer inspects the lungs and draws the 
correct lobar boundary in regions where the current segmentation substantially deviates from 
its true value. Drawings are only needed on a few slices since user interaction is effectively 
propagated to neighboring slices as explained below. The required user input is very flexible. 
Small sections as well as the complete lobar boundary on a slice can be drawn. Furthermore, 
interaction in arbitrary orientation (axial, sagittal, coronal, or any other plane) is allowed. 
After each drawing, the user contour is converted to 3D markers mi, i = 1 . . . n which are 
added to the list of lobar boundary markers M.

2.4. Propagating user input into the 3D region

Fast and minimal user interaction is required to make a method applicable in the clinical 
routine. Correcting the lobar boundary on each slice is time-consuming and tedious. The pro-
posed method propagates the 2D user input into a 3D region and therefore typically requires 
interaction only on a few slices.

The calculation of the 3D region is based on the assumption that a large distance between 
the initial lobar boundary and the observer curve on a 2D slice tends to go along with a large 
error on the neighboring slices. Thus, the larger the distance between the initial boundary and 
the observer curve is, the more adjacent slices require correction. To calculate the relevant 
3D region in which correction is needed, first a 2D area on the slice with the user drawing is 
determined. We use the enclosed area between the observer curve and the initial lobar bound-
ary (see figure 5(e)).

The following description of the procedure is illustrated in figure 5. First, a straight line 
between the endpoints of the user drawn curve is set and an area orthogonal to this line 
is calculated in the plane in which the user curve was drawn (see figure 5(c)). Next, only 
the observer curve and the lobar boundary that is intersected by this stripe-shaped area are 
regarded (see figure  5(d)). The convex hull is calculated from these two structures which 
results in an enclosed area between initial boundary and observer curve (see figure  5(e)). 
The calculation of the convex hull is necessary because there might be no intersection points 
between the lobar boundary and the observer curve since the observer is not required to touch 
or cross the initial boundary.

To propagate this area into the neighboring slices, a 3D region (see figure 5(f)) is calculated 
that is smooth and exactly encompasses the 2D convex hull. To achieve this the boundary 
points ci, i = 1 . . . k of the convex hull are determined and used as constraints to compute an 
implicit function f (x) that is zero at ci, i = 1 . . . k. This function takes the form

f (x) = P(x) +
k∑

i=1

wiφ(x − ci). (2)

P(x) is a constant and linear translation in space described as a first degree polynomial. The 
actual shape of the 3D object is calculated by the weighted sum of radial basis functions (RBF) 
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φ(x) = ‖x‖3. For each position x the Euclidean distance to all constraints ci, i = 1 . . . k is cal-
culated. Each RBF is weighted by wi, such that each constraint is fulfilled, i.e. f (ci) == 0 
for each i. This representation also minimizes an energy term given by the curvature of f(x), 
resulting in a smooth shape. The weights wi and the parameters for P(x) are calculated with 
a linear system of equations. The input for this linear system are all ci because it as a prereq-
uisite that f (ci) = 0. The resulting 3D region is bounded by the iso-surface f (x) = 0 . See 
Heckel et al (2011) for details where this procedure is used to fit a smooth 3D object through 
a set of user drawn contours.

The obtained region is slightly dilated by a morphological operation applying a cubic  kernel 
(3 × 3 × 3) to ensure that we cover all relevant markers mj that had caused the segmentation 
error. Finally, all initial boundary markers mj inside this region are deleted, whereas the mark-
ers based on any user curves (the current one and possible curves drawn in previous iterations 
as the steps C-E can be repeated multiple times) are added to the marker list M.

2.5. Recalculation of lobar boundary mesh

The lobar boundary mesh is recalculated as described in step B. For the calculation of the 
mesh all initial markers that have not been deleted in step D and the markers created from the 
observer curves are taken into account.

2.6. Export of lobar segmentation mask

After working on the mesh representation, the lobar boundary is reconverted into a multi-
label mask of the pulmonary lobes. First, the mesh is voxelized into the lung mask resulting 
in a voxel set that divides the lung mask into two regions. Next, the regions are labeled with 
a connected component analysis. The labels representing the specific lobes are chosen based 
on the z-coordinate of the center of gravity of the regions assuming that the upper lobe has the 
highest z-coordinate followed by the middle and the lower lobe. Due to the voxelization of the 
mesh there is a gap between the lobe regions. To close the gap all voxels of the gap are set to 
one of the adjacent lobe regions. This is done by a majority filter (kernel size 7 × 7 × 7) which 
sets all voxels inside the gap to the voxel value of the majority of the neighboring voxels.

Figure 4. Simplified scheme of a small section  of the mesh to illustrate the mesh 
adaptation procedure. In reality, there are markers on both sides of the mesh and the 
search region spans in both directions. (a) Mesh with markers M and square areas 
around the nodes (blue). (b) Exemplary search region for one node. The region is along 
the normal and based on the square. Three markers are found. (c) The node is displaced 
along the normal by the distance of the marker with the maximum distance (red) to the 
mesh. (d) Before the smoothing the mesh shows spikes caused by the displacement of 
the nodes.
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2.7. Workflow

For each lobar boundary, the observers repeat the steps C-E until they are satisfied with the 
result. The mesh is immediately recalculated after drawing, the observer inspects the interpo-
lation results on the neighboring slices and continues correction if necessary. All drawn curves 
can be edited, moved, or deleted at any time. Finally the mesh is exported to the lobar label 
image.

We used the following workflow. In the right lung, first the major fissure, the boundary 
between the lower lobe and the other two lobes is constructed or modified. In the next step 
the boundary between the middle lobe and the upper lobe, which includes the minor fissure, 
is constructed or corrected. In the left lung only one lobar boundary is needed, following the 
left major fissure. Since the lobar boundaries in the right and in the left lung are independent, 
they can be processed in an arbitrary order.

The lobe segmentation from scratch consists of the steps C, E, and F. As soon as the 
observer has drawn two curves the mesh is calculated. Each further curve modifies the mesh 
and finally the mesh is converted to a lobar multi-label mask.

2.8. Implementation

The method is integrated in our prototype medical workstation CIRRUS Lung built with 
MeVisLab (Ritter et al 2011) that provides a wide variety of algorithms for quantitative analy-
sis of thoracic CT scans, including automatic segmentation of lungs, lobes, fissures, airways, 
and vessels. In CIRRUS Lung the user can zoom, pan, adjust window level, and can simulta-
neously view and edit the segmentation in any of the three orthogonal views.

3. Experiments and results

3.1. LOLA11

The LOLA11 challenge (LOLA11 2011) was a part of the Fourth International Workshop 
on Pulmonary Image Analysis (Beichel et al 2011) held during the 2011 MICCAI confer-
ence. The goal was to provide a transparent and fair comparison of segmentation methods 
for lungs and lobes from chest CT. Interested groups can download the data and upload their 

Figure 5. Schematic illustration of the calculation of the 3D influence region around 
the observer curve in a sagittal view of the lung. (a) Given lung lobe segmentation with 
a leakage into the lower lobe. Red: upper lobe, green: lower lobe. (b) Observer curve 
(red) to correct the segmentation. (c) Orthogonal area from a straight line between the 
endpoints of the observer curve (purple area). (d) Only the observer curve and the lobar 
boundary that is intersected by this stripe-shaped area are regarded. (e) Convex hull of 
the observer curve and the remaining part of the lobar boundary. (f) 3D region around 
the calculated area.
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Table 2. Results experiment 1 and 2: overlap scores and distance measurements for the 
presented segmentation method and the automatic segmentation method by Lassen et al 
(2013) that was used as initial segmentation to apply the proposed interactive correction 
method.

DICE overlap Mean SD Min Median Max

Automatic Lassen et al (2013)
Left upper lobe 0.92 0.16 0.20 0.98 1.00
Left lower lobe 0.89 0.23 0.00 0.96 1.00
Right upper lobe 0.92 0.09 0.60 0.96 1.00
Right middle lobe 0.77 0.30 0.00 0.89 0.99
Right lower lobe 0.91 0.18 0.00 0.97 1.00

LOLA11 score 0.88

Exp 1: observer 1
Left upper lobe 0.95 0.13 0.20 0.98 1.00
Left lower lobe 0.91 0.21 0.00 0.98 1.00
Right upper lobe 0.94 0.08 0.68 0.97 1.00
Right middle lobe 0.84 0.24 0.00 0.92 0.99
Right lower lobe 0.96 0.07 0.54 0.98 1.00

LOLA11 score 0.92

Exp 1: observer 2
Left upper lobe 0.95 0.14 0.20 0.99 1.00
Left lower lobe 0.91 0.21 0.00 0.98 1.00
Right upper lobe 0.94 0.08 0.63 0.97 1.00
Right middle lobe 0.86 0.21 0.00 0.93 1.00
Right lower lobe 0.96 0.07 0.54 0.98 1.00

LOLA11 score 0.93

Exp 2: from scratch
Left upper lobe 0.95 0.14 0.21 0.99 1.00
Left lower lobe 0.91 0.21 0.00 0.98 0.99
Right upper lobe 0.94 0.08 0.68 0.97 1.00
Right middle lobe 0.85 0.22 0.00 0.93 0.99
Right lower lobe 0.96 0.07 0.54 0.98 1.00
LOLA11 score 0.92

Distance to fissure Average of case mean (mm)
Median of case 
mean (mm)

Automatic Lassen et al (2013)
Left major 0.98  ±  1.45 0.47
Right major 3.97  ±  21.86 0.48
Right minor 3.09  ±  20.83 0.06
Overall 2.68  ±  14.71 0.34
Exp 1: observer 1
Left major 0.62  ±  0.70 0.40
Right major 0.70  ±  1.40 0.30
Right minor 1.36  ±  2.79 0.50
Overall 0.89  ±  1.63 0.40
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segmentation results for the lungs and/or the lung lobes. The challenge is still open and new 
results can be submitted. To allow other groups a comparison to the here presented method, 
we uploaded our results to LOLA11 and report the results here.

3.2. Data

The proposed method was applied to all 55 scans of the LOLA11 challenge (LOLA11 2011). 
These scans are from a variety of clinically common scanners with various scan protocols. 
Most of the data sets are nearly isotropic with an in-plane resolution between 0.53 mm and 
0.78 mm. The slice thickness varies between 0.3 mm and 1.5 mm. About half of the data sets 

Table 3. Results experiment 1 and 2: average number of interactions and interaction 
time (in seconds) performed by the observers for the correction and the lung lobe 
segmentation from scratch. Cases that were not corrected by an observer are left out 
(that were 4 cases for observer 1 and 11 cases for observer 2). Please note that the row 
total lung refers to complete cases, thus for each case the three lobar boundaries are 
summed up beforehand.

Number of interactions/interaction time (s)

Average Min Max Median

Exp 1: observer 1
Left major 2/23 0/4 6/79 1/20
Right major 3/33 0/6 8/85 2/30
Right minor 3/33 0/8 8/74 3/26
Total lung 8/90 1/26 18/185 7/94

Exp 1: observer 2

Left major 8/58 0/2 33/242 7/58
Right major 10/78 0/1 22/193 10/82
Right minor 7/63 0/1 22/328 7/59
Total lung 25/199 3/31 62/451 25/206

Exp 2: from scratch
Left major 6/78 2/23 16/232 6/69
Right major 7/84 0/4 11/152 7/77
Right minor 6/62 0/4 10/149 6/57
Total lung 20/224 8/118 30/414 20/217

Exp 1: observer 2
Left major 0.48  ±  0.58 0.32
Right major 0.47  ±  0.72 0.22
Right minor 1.25  ±  3.24 0.36
Overall 0.74  ±  1.51 0.30
Exp 2: from scratch
Left major 0.67  ±  0.78 0.41
Right major 0.54  ±  0.86 0.22
Right minor 1.09  ±  1.79 0.61
Overall 0.77  ±  1.14 0.41

Distance to fissure Average of case mean (mm)
Median of case 
mean (mm)
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Figure 6. Coronal views of five segmentation results (red  =  upper lobes, blue  =  middle 
lobes, green  =  lower lobes). Row 1, LOLA case 2: poor automatic segmentation result. 
Row 2, LOLA case 10: middle lobe missing in automatic segmentation, corrected by 
all observers. Row 3, LOLA case 21: due to incomplete fissures, the boundaries of 
the middle lobe are not easy to detect. Row 4, LOLA case 28: observers did not agree 
whether the large bulla in the left lung belongs to the upper or lower lobe. Row 5, LOLA 
case 48: only minor corrections required along the pathologically thickened fissures. 
(a) Automatic result. (b) Experiment 1 observer 1. (c) Experiment 1 observer 2. (d) 
Experiment 2 segmentation from scratch.
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are highly challenging cases for the lobe segmentation task due to incomplete fissures, severe 
pathologies, or abnormal anatomy (see figures 1 and 6).

3.3. Validation method

The challenge requires participants to upload masks in which each voxel is labeled as either 
outside the lungs or having one of the 5 possible lobe labels. The LOLA11 evaluation was 
performed by the organizers of the challenge. They used a reference segmentation manually 
drawn by a human observer on 9 coronal slices for each case. The LOLA11 score was calcu-
lated by the overlap of the segmentation result for a lobe S and the reference segmentation R:

Overlap(S, R) =
|S ∩ R|
|S ∪ R| (3)

A drawback of this overlap measurement is the fact that a perfect segmentation of the lobar 
boundary may still result in a poor overlap in case the lung segmentation is bad. Therefore 
also the mean distance MeanD and maximum distance MaxD to the manually drawn refer-
ence lobar boundaries were calculated. Lobar boundary voxels are defined as those voxels 
that have a 6 connected neighboring voxel with a different lobe label. For each lobar boundary 
voxel RB the distance to the closest voxel of the lobar segmentation result SB were calculated. 
Let dmin(r, SB) := min{d(r, s)|s ∈ SB} be the minimum distance of a reference lobar border 
voxel r to the lobar boundary segmentation result of the method SB. Then the mean distance 
MeanD and maximum distance MaxD can be defined as follows:

MeanD(RB, SB) = mean{dmin(r, SB)|r ∈ RB} (4)

MaxD(RB, SB) = max{dmin(r, SB)|r ∈ RB} (5)

To compensate for the slight segmentation inaccuracy caused by manual drawing the lobes 
in the reference standard, a slack border of 2 mm around the reference segmentation was 
defined. For the calculation of the distances, all voxels of the segmentation result inside the 
slack border were set to a distance of 0 mm. The size of the slack border was based on the 
segmentation results of a second human observer who had drawn the lobar boundaries on the 
same slices as the first observer for all cases. The mean interobserver variance was 1.5 mm 
(±1.28 mm) between the drawn boundaries.

3.4. Experiment 1

In experiment 1 the results of the automatic segmentation method by Lassen et al (2013) for 
the 55 LOLA11 data sets were used as the initial segmentation. Two observers applied the 
here presented method to correct the results of the automatic segmentation wherever it was 
needed. Observers 1 and 2 are experts in lung CT analysis for 15 resp. 10 years.

Table 2 lists the overlap and mean and maximum distances for both observers. Since outli-
ers might have a strong effect on average distance measurements of all 55 cases, the median 
of all cases is also listed. For comparison, the same statistics are provided for the automatic 
method to show the improvement of the segmentation quality caused by the correction process.

The interaction time and the overall number of interactions are important for the accept-
ance of an interactive method. Both were monitored and are presented in table 3. Figure 6 
shows images of the initial lung lobe segmentation and the results after correction.
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3.5. Experiment 2

The interactive method can also perform a lung lobe segmentation ‘from scratch’ for cases 
without an initial lobe segmentation. Only a lung segmentation is required to define the outer 
boundaries of the lobes. In experiment 2 the first observer of Experiment 1 applied the ‘from 
scratch’ method to the 55 LOLA11 data sets. The required lung segmentations were taken 
from the method presented in Lassen et al (2011a). The same measurements as in Experiment 
1 were performed. The statistics are presented in table 2. Table 3 lists the number of interac-
tions and the correction time of the observer. The right column in figure 6 shows some illustra-
tive results.

4. Discussion

The LOLA11 challenge (LOLA11 2011) allows groups to objectively compare their lobe 
segmentation methods. So far two groups participated with automatic lung lobe segmentation 
methods. Both these automatic methods showed poor results for difficult cases. This indicates 
a need for interactive segmentation methods for this task. The proposed method can be used to 
correct a given lung lobe segmentation or to create a lung lobe segmentation from scratch only 
based on a given lung mask. In experiment 1 two observers applied the interactive correction 
method to the results of the automatic segmentation approach presented in Lassen et al (2013) 
for all 55 cases of LOLA11. The overall LOLA11 score improved from 0.88 for the automatic 
method to 0.92 (Observer 1) and 0.93 (Observer 2). Table 2 shows that for all lobes the over-
laps improved. However, the minimum overlap is still 0 for the left upper lobe and the right 
middle lobe. This is however caused by a case with a particularly poor lung segmentation. One 
should note that LOLA11 is also a lung segmentation challenge and the 55 cases contain some 
scans where even lung segmentation is extremely challenging due to the presence of severe 
pathological changes. Since the proposed method splits a given lung mask into lobes, a poor 
lung mask automatically causes poor lobe segmentation overlaps.

In addition to the overlap, the distance to the reference lobar boundary was calculated. This 
measure only takes into account the boundaries between lobes and is therefore less sensitive 
to poor lung segmentation. The average distances were improved from 2.68 mm (automatic 
method) to 0.89 mm (observer 1) and 0.74 mm (observer 2).

Observer 2 had on average around three times more interactions and more than twice 
as much interaction time compared to observer 1 (see table  3). The monitored interaction 
time is the time that an observer spends on regarding the lungs and drawing the corrections. 
Depending on the quality requirements observers can decide whether they want to spend more 
time to get an accurate segmentation or do it faster and aim for an approximately correct seg-
mentation. Experiment 1 showed that observer 2 indeed achieved a slightly better accuracy 
while spending an average of 3:19 minutes on each scans compared to observer 1 who only 
spent 90 seconds for a case. However, compared to manually drawing the lobar boundary on 
each slice an interaction time of 3:19 minutes is still very fast for getting a good segmentation 
results for all lobes. The method was evaluated on standard PCs without including the GPU. 
The update time after the user draws a curve is less than one second.

One should note that the interaction time (as reported in table 3) is defined as the time 
between starting to regard the lobes and accepting the case. Thus most of the interaction time 
is used to inspect the scan. But cases in which an observer decided not to interact at all, were 
left out, to avoid a positive bias in the reported results. Observer 2 decided for 11 cases (3, 14, 
17, 18, 29, 31, 32, 41, 49, 51, 53) that no correction was required. Observer 1 only deemed this 
acceptable in four cases (27, 29, 43, 51) but made substantially fewer corrections per case on 
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average. This may also contribute to the average higher interaction time of observer 2 since the 
average interaction time is calculated only on cases with at least one interaction.

Experiment 2 showed that the segmentation results from scratch with an overall LOLA11 
score of 0.92 and an overall distance of 0.77 mm to the reference are comparable to the results 
of the correction in Experiment 1. On average the observer drew 20 corrections and spent 
under four minutes for one case. Thus, good performance in a short time is also possible for 
segmentation of the lobes without an initial segmentation result.

For the right lung the first observer could reach a minimal higher accuracy in Experiment 2 
compared to Experiment 1. The improvement of the accuracy is 0.16 mm/0.27 mm. Regarding 
the in plane image resolution of 0.53–0.78 mm and the slice thickness of 0.3–1.5 mm the dif-
ference between the methods is less than one voxel. For the left lung the accuracy was less 
(0.05 mm) in Experiment 2. We explain the slightly different results by the same user with the 
intraobserver variation caused by the fact that we evaluate an interactive tool.

In this paper our interactive method was applied to CT data since this is the most common 
use case for lobe segmentation. However, the approach does not use the voxel data directly. 
Therefore, it is independent of image resolution, scan protocols, pathologies, and even modal-
ities. It could also be used to segment lobes in MRI data of the lung.

A limitation of the current implementation of the presented approach is the accuracy of an 
imported given lobe segmentation (see section 2.1). Instead of calculating the exact position 
between two lobes, the position of boundary voxels of one of the two adjacent lobes is consid-
ered. This might only be a problem for scans with a voxel size of several millimeters which is 
not typical in clinical practice.

The method is also not restricted to lung lobes per se but can be applied to any task where a 
single 3D object needs to be subdivided, possibly hierarchically, into sub-objects by defining 
or modifying a cutting plane. In future work we want to apply the method to segmentation of 
the pulmonary segments, for example using an initial automatic segmentation, for example 
the one by Stoecker et al (2013) or van Rikxoort et al (2009). Another idea for future work 
is to shift the user drawings automatically to edges in the image within a small neighborhood 
around the user input (e.g. as proposed in Wieclawek and Pietka (2015)). This feature would 
provide more accurate results for cases with complete fissures but the results might be worse 
for scans with pathologies such as emphysema.

So far the presented method only modifies the lobar boundaries between adjacent lobes and 
not the outer lung boundaries. For cases with a poor initial lung segmentation the proposed 
method is not sufficient. To overcome this problem, we plan to extend the presented interac-
tive segmentation approach towards correction of an unacceptable lung segmentation. The 
challenge will be to adapt the method to modify a closed mesh representing the lung mask 
instead of only modify an open mesh that cuts the lung into two parts. There is a variety of 
failed lung segmentations such as large missing regions due to tumors or fibrosis, oversegmen-
tation to the stomach filled with air or non-smooth boundaries. The new approach should be 
able to handle all of these cases.

5. Conclusion

In conclusion, a method for interactive segmentation was presented and applied to lobe seg-
mentation from chest CT scans. The evaluation showed excellent performance, with only a 
few interactions that were applied in a short time. The type of interaction is intuitive since the 
observer can draw the correct boundary wherever it is required. Due to immediate feedback 
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the observer can continue drawing until the result is satisfactory. The method could be applied 
to a range of other 3D segmentation tasks.
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