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Abstract Human interaction has become almost mandatory
for an automated medical system wishing to be accepted by
clinical regulatory agencies such as Food and Drug
Administration. Since this interaction causes variability in
the gathered data, the inter-observer and intra-observer vari-
ability must be analyzed in order to validate the accuracy of
the system. This study focuses on the variability from different
observers that interact with an automated lung delineation
system that relies on human interaction in the form of delin-
eation of the lung borders. The database consists of High
Resolution Computed Tomography (HRCT): 15 normal and
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81 diseased patients’ images taken retrospectively at five
levels per patient. Three observers manually delineated the
lungs borders independently and using software called
ImgTracer™ (AtheroPoint™, Roseville, CA, USA) to delin-
eate the lung boundaries in all five levels of 3-D lung volume.
The three observers consisted of Observer-1: lesser experi-
enced novice tracer who is a resident in radiology under the
guidance of radiologist, whereas Observer-2 and Observer-3
are lung image scientists trained by lung radiologist and bio-
medical imaging scientist and experts. The inter-observer var-
iability can be shown by comparing each observer’s tracings
to the automated delineation and also by comparing each man-
ual tracing of the observers with one another. The normality of
the tracings was tested using D’ Agostino-Pearson test and all
observers tracings showed a normal P-value higher than 0.05.
The analysis of variance (ANOVA) test between three ob-
servers and automated showed a P-value higher than 0.89
and 0.81 for the right lung (RL) and left lung (LL), respective-
ly. The performance of the automated system was evaluated
using Dice Similarity Coefficient (DSC), Jaccard Index (JI)
and Hausdorff (HD) Distance measures. Although, Observer-
1 has lesser experience compared to Obsever-2 and Obsever-
3, the Observer Deterioration Factor (ODF) shows that
Observer-1 has less than 10 % difference compared to the
other two, which is under acceptable range as per our analysis.
To compare between observers, this study used regression
plots, Bland-Altman plots, two tailed T-test, Mann-Whiney,
Chi-Squared tests which showed the following P-values for
RL and LL: (i) Observer-1 and Observer-3 were: 0.55, 0.48,
0.29 for RL and 0.55, 0.59, 0.29 for LL; (ii) Observer-1 and
Observer-2 were: 0.57,0.50, 0.29 for RL and 0.54, 0.59, 0.29
for LL; (iii) Observer-2 and Observer-3 were: 0.98, 0.99, 0.29
for RL and 0.99, 0.99, 0.29 for LL. Further, CC and R-squared
coefficients were computed between observers which came
out to be 0.9 for RL and LL. All three observers however
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manage to show the feature that diseased lungs are smaller
than normal lungs in terms of area.

Keywords Lung, CT, Automated delineation - Manual
delineation - Inter-observer - Variability - Stability -
Reliability - Statistical tests

Introduction

Lung diseases such as tuberculosis, lower respiratory infec-
tions and chronic obstructive pulmonary disease, and lung
cancer are among the top ten factors of death worldwide
[50]. There is an estimate of 9.5 million deaths related to lung
disease which is one sixth of total deaths in the world annually
[50]. In the United States, lung disease related deaths are on
the rise, ranking third and continuing to increase [5]. An esti-
mate of 400,000 Americans die from lung disease related
cases annually [6].

Interstitial Lung Disease (ILD) is a broad category of dis-
eases that share common physiologic and radiologic proper-
ties, and these could be caused by exposure to hazardous
materials [31, 40, 42]. These disorders mostly have a common
trait of progressive scarring or fibrosis of the lung tissue which
decrease oxygen gas exchange at the lungs. In ILD, lung
volumes can be reduced, decreasing the lungs diffusing
capacity [34]. ILD is diagnosed based on the interpretation
of the High Resolution Computed Tomography (HRCT) from
CT images.

Computer Aided Diagnosis (CADX) systems serve as a
complementary role to radiologists. CADx by providing a
“second-opinion” to a radiologist [10]. Manual evaluations
of large database are laborious, subjective to error and vari-
ability in observations, so, radiologists are therefore interested
in CADx-based systems that can assist and provide as a
second-opinion on the manual decision making process.
CADx systems can help in classification of diseased areas
and quantification of their masses [21, 46]. Radiologists serve
to validate and test the system. Current medical regulatory
requirements mandate human interaction to be present in a
medical system for it to be clinically implemented [27].

Automated delineation or segmentation is one of the pre-
liminary and crucial steps in the development of a CADx

system to help radiologists [26]. Most automated lung delin-
eation systems are evaluated through a comparison of their
segmented regions with lung delineations or manual tracings
done by a lung expert. In a previous study, an automated lung
delineation system paired with a human interaction system is
proposed as shown in Fig. 1 [30]. This system utilizes an
initial automated lung delineation using threshold-based strat-
egy combined with morphology and is termed as a global
processing. A human interaction is introduced in the form of
the manual tracing done by a trained individual termed as an
observer. The human interaction is then compared with the
initial segmentation output. This helps to catch large devia-
tions and correct them by using a secondary automated lung
delineation based on texture paradigm termed as local pro-
cessing. The texture paradigm mentioned here involves the
usage of the texture property to study the entropic behavior
of the lung tissues. An entropy-based method is therefore
adapted in this segmentation paradigm. Other segmentation
techniques used widely include but are not limited to
thresholding [17], active contours or snakes [32, 48], region
growing [8] and texture based methods [9].

Since the human interaction mentioned thus far is in itself a
source of error, there could exist two sources of variability
[36]. The first variability is the intra-observer variability
where the same observer may be inconsistent in the measure-
ment of the lung [35]. The second variability is the inter-
observer difference that the system shows when more than
one observer is introduced. The observers’ manual tracing is
considered the gold standard. As the system is not definitive, it
is especially important to study the variability from both
sources. In addition the process of tracing can be tedious and
time consuming, which leaves room for variability from one
observer to another [4]. For this study, there are three ob-
servers enlisted to perform manual tracings. Odd number of
observers (such as three in this case) was used because they
can easily reach a consensus decision while evaluating the
CADx system. Ideally, the more observers available would
be better, however for this study there are three observers
available to do manual tracings.

The focus of this study is inter-observer variability. This is
to explore the effects of different observers in the ALDS seg-
mentation system on the segmentation performance yielded.
Inter-observer variability is a growing factor to be studied

Fig. 1 Flow diagram of Global
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signified by the numerous studies in different fields
where the manual tracing relies on an input by an ex-
pert. Examples of such studies include studies on ven-
tricular wall motion [43], carotid intima media thickness
[38], pulmonary nodules [20, 51] lesions [1, 46], lung
“honeycombing” [49] and tumor [12, 16, 37]. However
there are also various other studies that showed inter-
observer variability on lung borders produced from au-
tomated lung delineation [22, 28, 29, 39].

Thus, the goal of this study is to investigate the inter-
observer variability analysis of an automated lung delineation
system. The first observer (Obs-1) is a novice radiologist purs-
ing his medical residency with lesser experience, whereas the
second (Obs-2) and third (Obs-3) are both trained biomedical
image scientists and have more experienced. The inter-
observer variability is studied using various methods to see
both visually and numerically the difference of having multi-
ple observers. The general statistics of the observers’ tracings
and the analysis of variance (ANOVA) is demonstrated in this
study. Next, the performance of the automatic segmentation
system compared to the three observers was demonstrated
using the following performance measures: Dice Similarity
Coefficient (DSC), Jaccard Index and Hausdorff Distance.
To determine the acceptability of an observer that has lesser
experience, the Observer Deterioration Factor (ODF) was
computed which was shown to be less than 10 %, which
was an acceptable criteria for our analysis. This means that
the observer being investigated is 90 % in agreement when
compared against an experienced tracer. We show the deriva-
tion and rationale for these acceptance criteria in the perfor-
mance evaluation section under the subsection observer dete-
rioration factor (ODF) and interpretation of error for evalua-
tion of the observers.

One approach to observe the difference between observers
figuratively is by using the Bland-Altman (BA) Plot. BA plot
used the Bland-Altman method which demonstrated the level
of agreement between two methods measuring the same var-
iable [23]. Statistically the difference between observers was
shown using T-test, Mann—Whitney and Chi-Squared test
[15, 19]. The correlation and regression test were also per-
formed to show the agreement between observers. In
Table 1, the abbreviations used in this study are displayed
for the ease of understanding. These abbreviations listed here
are the most commonly used throughout the text..

The limitation of this paper is that it only evaluates
the inter-observer variability and not the intra-observer
variability. This is due to limited resources and time in
this study. However when more resources are readily
available, the authors would like to investigate the intra
observer variability as well. For future works, the au-
thors would like to evaluate the observer variability in a
three dimensional (3D) perspective since this study was
limited to 2D analysis.

Table 1  Abbreviations used in this study and their definitions
Abbreviations Definition

Obs Observer

Obs-1 Observer 1

Obs-2 Observer 2

Obs-3 Observer 3

DSC Dice Similarity Coefficient
I Jaccard Index

ANOVA Analysis of Variance

HD Hausdorff Distance

ALDS Automatic Lung Delineation System
BA Bland-Altman

ILD Interstitial Lung Disease

Materials and method
Data acquisition and patient demographics

HRCT Thorax images were obtained from the Department of
Diagnostic imaging of Kuala Lumpur Hospital with ethical
clearance granted for 96 patients. Images were recorded using
Siemens Somatom Plus4 CT scanner from May 2011 to June
2012. Each slice was attained at 10-30 mm intervals of pa-
tients in supine position during full suspended inspiration. All
images were processed to be in the size of 512 x 512 pixels.
For each patient a senior radiologist determined the five slices
to represent the disease based on anatomical landmarks. The
anatomical landmarks for the five levels were level 1: aortic
arch, level 2: trachea carina, level 3: pulmonary hilar, level 4:
pulmonary venous confluence and level 5: 1 to 2 cm above the
dome of right hemi-diaphragm. The 96 patients consist of 15
healthy (normal cases) and 81 diseased cases. The diseased
cases consisted of Interstitial Lung Disease patients (ILD
cases) and non-ILD lung related diseases (non-ILD cases).
There were 48 male patients and 48 female patients aging
from 18 to 90 years old.

Automatic lung delineation system

The automatic lung delineation system (ALDS) was devel-
oped by members of Advanced Diagnostics And Progressive
Human Care (Diagnostics) Research Group in UTM Razak
School in collaboration with Global Biomedical
Technologies, Inc., Roseville, CA, USA as shown in the flow-
chart shown in Fig. 1 [30]. The system involves a global
processing and a local processing. The global processing con-
sists of two types of threshold based and morphology opera-
tions that include dilation and erosion. The first type of thresh-
old method used is Otsu’s threshold method that finds the
optimum threshold to separate the image into two classes for
the variance between the classes to be minimum [33]. This
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threshold is applied to remove the body pixels from the sur-
rounding. Secondly, an empirical threshold is used to separate
the lung pixels from the body pixels. The global parameters
include the threshold value of =324 HU, the structure element
used for morphology operation which is a “square” that is
3 x3 pixels in size. This global processing yields the initial
segmentation.

When the error criterion is exceeded, local processing is
done on the initial segmentation. The error criterion is the
error difference between the initial segmentation and the lung
delineation done by the lung image experts. Large errors
would indicate poor segmentation which shows that the lung
analyzed is diseased. This adds the ability to detect possible
erroneous segmentations and easily correct them. The local
processing is a refined segmentation, based on the texture
property, entropy of the image, and morphology operations
of dilation and erosion. This refined segmentation will deal
with the segmentation that was not able to be done through the
global processing. Local parameters here are the structure el-
ement used, which is a 3 x 3 pixel ’square”. Thus the system is
robust, as it has not only the ability to spot large errors and
correct them based on the local processing.

Manual delineation

In this study, manual tracings by three observers were used to
study the effect of having different tracers. The first observer
is a novice trainer who is a resident in radiology under the
guidance of radiologist (L.S) with less experience. The second
and third observers (C. R. N and J.C.M.T) are lung image
scientists trained by lung radiologist (A.Y) and biomedical
imaging scientist and experts (J.S.S and N.M.N). All tracings
were done independently using the same software called

File v View v Options v Validation v

Tracer™

version: 0.1.1.0

- TOOL BOX

© Tracing LUMA
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O MA: Media Adventitia
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[ Show Wall Region
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(a) Before tracing

ImgTracer™, from AtheroPoint™, Roseville, CA, USA/
Global Biomedical Technologies, Inc., Roseville, CA, USA
as shown in Fig. 2.

Inter-observer analysis

Statistical analysis was done to compare the lung area from the
tracings of observers and the lung area segmented using the
ALDS. The lung area is counted for each lung using segmen-
tation borders and ground truth borders from the observers.
The length of each pixel is obtained from each DICOM head-
er. The area is counted as below (Eq. 1);

A=hxl (1)

Where / = height of the pixel (mm) and /= length in (mm).
Area (4) is in mm?. The system used for the variability anal-
ysis in this research is shown in Fig. 3. The inputs of this
system proposed are the output from the ALDS system men-
tioned before and the three manual delineations of the lungs
from the three observers. These four inputs are analyzed with
summary statistics and the performances of the segmentation
based on all three observers are compared. The summary sta-
tistics are calculated for both right lung and left lung area. This
includes the mean, variance, standard deviation (SD), relative
standard deviation (RSD), standard error of the mean (SEM),
minimum, maximum and median. After this is completed, the
error plots were drawn. The error plots included Bland-
Altman plots, Regression plots and overlays of the segmenta-
tion by the ALDS system together with manual delineations
by the three observers. The next step of the system was to
evaluate the inter-observer variability with T-test and Mann—
Whitney test. These two tests were used to show the
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Fig.2 ImgTracer™ system used for tracing the manual lung borders. (a) web-based ImgTracer™ has loaded the CT lung image, (b) boundary traced for

lungs (Courtesy of AtheroPoint™, Roseville, CA, USA)
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Fig. 3 Inter-Observer variability
system overview

| Automated Segmentation

| Observer 1

| Observer 2

| Observer 3

variability of the observers when compared to one another for
both right and left lungs. Eventually, this leads to the valida-
tion of the tests on the variability of the observers.

Results

The results of the inter-observer analysis are shown in four
subsections. The general analysis subsection shows summary
statistics of the left lung and right lung; the ALDS segmenta-
tion performance compared with all three observers; compar-
ison of the three ground truths where inter-variability is shown
in the form of Bland-Altman plots where one ground truth
represents one axis; and the classification capability of the
ALDS segmentation system to identify normal and diseased
lungs based on the delineated ground truth lung area by all
observers.

General analysis
Area of L/R lung traced by observers

Tables 2 and 3 show the variability between all three observers
and the summary statistics of the right lung and left lung for all
three observers (Obs). The mean for Obs-2 and Obs-3 were
very similar at 10427 and 10421 mm? for right lung and
7954.35 mm? compared to 7955.56 mm? for left lung respec-
tively. Obs-1 had a higher mean than Obs-2 and Obs-3 with
10542 mm? as a mean area for the right lung and
8049.17 mm? for the left lung. The other parameters listed
also differed in a similar manner.

Interobserver
Analysis

T Test

Error Plots
Bland-Altman Plots
Scatter Plots
Overlays

Statistical Tests Validated Results

Mann-Whitney
Test

Data normality test for three observer tracings

The normality of the tracings of the three observers was also
tested using the D’ Agostino-Pearson test. The test computes a
P-value based on the coefficients of skewness and kurtosis.
Obs-1 yielded a P-value of 0.08, Obs-2 yielded a P-value of
0.10, whereas Obs-3 yielded a P-value of 0.08 for both right
and left lungs. The P-values of all three observers were above
0.05 that suggested normality for all three observers.

ANOVA test between observers and automated system (ALDS)

Further, Analysis of Variance (ANOVA) test was also per-
formed on the segmented lung area corresponding to the three
observers and the automated system is shown in the Tables 4
and 5, respectively. The ANOVA test results show the P-value
(0.893) for the right lung (Table 4) and the P-value for the left
lung 0.811 (Table 5) is above 0.05, respectively.

Performance evaluation of ALDS against three observers

Performance of ADLS using Jaccard index and dice similarity
against three observers

Next the performance of the ALDS segmentation is shown
when compared with three different observers. This is done
by comparing the output of the ALDS segmentation with three
different observer’s manual tracings. The similarity of the
ALDS segmentation compared to the ground truth from the
observers is measured to evaluate the ALDS system perfor-
mance. To do this, the study used dice similarity coefficient
(DSC) and Jaccard’s Index for both left lung and right lung.

Table 2 Summary statistics of
the manual tracing done by three Obs

Area of right lung (1000 mm?)

observers for the right lung

Mean 95 % CI Var SD RSD SEM  Med Min Max
Obs-1 10542 10.261-10.823 9461206  3.076  0.029  0.143 10459 1.123  19.491
Obs-2 10427  10.151-10.702  9113.126  3.019  0.029 0.140 10.334  1.117  19.773
Obs-3 10421  10.147-10.696  9041.789  3.007  0.029  0.140 10.295 1.116  19.727

Obs indicates observer, CI confidence interval, Var variance, SD standard deviation, RSD relative standard
deviation, SEM standard error of the mean, Med Median
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Table 3 Summary statistics of
the manual tracing done by three Obs

Area of left lung (1000 mm?)

observers for the left lung

Mean 95 % CI Var SD RSD SEM Med Min Max
Obs-1 8.04917  7.831-8.268  5704.412 2388  0.0297  0.111 7.939 1.231 14.008
Obs-2  7.95435  7.740-8.169 5515769 2349  0.0295 0.109 7.867 1.350  14.020
Obs-3  7.95556  7.742-8.169  5454.474 2335 0.0294 0.108  7.869 1.327 13.991

Obs indicates observer, CI confidence interval, Var variance, SD standard deviation, RSD relative standard
deviation, SEM standard error of the mean, Med Median

The DSC and Jaccard’s Index were calculated and tabulated in
Tables 6 and 7.

For the right lung, the DSC mean values were 97.25,
98.58 and 98.53 %, and the Jaccard’s Index mean
values were 94.69, 97.24, 97.15 % for Obs-1, Obs-2
and Obs-3 respectively. For the left lung, the DSC mean
values were 96.70, 98.21, 98.26 % and the Jaccard’s
mean values Index were 92.75, 96.52 and 96.62 % for
Obs-1, Obs-2, and Obs-3 respectively. The results show
that for both the left lung and right lung, Obs-2 and
Obs-3 gave a higher similarity. This suggests that there
is Obs-2 and Obs-3 managed to give relatively compa-
rable performance of segmentation due to the reason
that they are more similar and have less variability be-
tween them compared to Obs-1.

Performance of ALDS using Hausdorff distance against three
observers

We adapted Hausdorff Distances (HD) as a metric for com-
puting the performance of ALDS. Here, we compute the HD
between the automated lung borders and the manually traced
lung borders using three observers. Since HD in principal
extracts the maximum distance from one point of the automat-
ed lung border to another point of the manual traced lung
border, any difference between these two borders are ampli-
fied. When comparing the two lung borders say 4 and B, HD
is mathematically expressed as H(A,B) and computed mathe-
matically according to Eq. 2 [14, 18, 25]:

H(A,B) = max(h(4,B),h(B,A4)) (2)

Table4 ANOVA calculation for the right lung area traced using three
observers and the automated lung area

and % (4,B) is expressed as (Eq. 3):
h(4, B) = maxmin||a—b|| (3)

where, lla—bll is the underlying Euclidean distance between
point @ and point b. Point a is any point along the border 4,
and point b is any point along the B border. /(4,B) in essence
ranks each point of border 4 based on its nearest point on the
border B, and uses the largest distance or highest rank as the
distance. Note that /(B,4) is computed the same way as /(4,
B). Using the above formulation, HD was computed for the
left and right lungs, shown in Table 8.

It can be seen that Level 1 showed the lowest HD for all three
observers for both right and the left lungs. This suggests that
Level 1 has the highest segmentation quality. This concurs with
the high DSC values represented in Level 1 (Tables 6 and 7).
This was just opposite in Level 4, where HD was largest sug-
gesting highest difference between the three observers and au-
tomated ALDS system. This again concurs with previous DSC
values presented in Tables 6 and 7. Obs-2 and Obs-3 have least
amount of difference in the HD values and are relatively consis-
tent for all levels (L1 to L5) compared to Obs-1. Obs-1 showed
the largest difference between Obs-1 and ALDS for all 5 levels
for both left and right lungs. All this is very consistent with our
assumptions because Obs-1 is least trained and is a medical
resident compared to the experienced observers 2 and 3.

Observer deterioration factor (ODF) and interpretation
of HD error for evaluation of the observers

On further inspection of the observers’” HD values, 90 % of
tracings from Obs-2 and Obs-3 showed HD less than 20 mm,

Table 5 ANOVA calculation for left lung area traced using three
observers and the automated lung area

Source DF Adj SS Adj MS F-value  P-value Source DF Adj SS Adj MS F-value  P-value
Obs 3 5.65E+06 1.88E+06  0.204 0.893 Obs 3 5.40E+06 1.80E+06  0.319 0.811
Error 1844 1.70E+10  9.22E+06 Error 1844 1.04E+10  5.64E+06

Total 1847 1.70E+ 10 Total 1847 1.04E+10

Obs indicates observers, DF degrees of freedom, Adj SS adjusted sum of
squares, Adj MS adjusted mean square

@ Springer

Obs indicates observers, DF degrees of freedom, Adj SS adjusted sum of
squares, Adj MS adjusted mean square



J Med Syst (2016) 40: 142

Page 7 of 18 142

Table 6 Performance evaluation

of ALDS using right lung Level

Right lung

Dice similarity coefficient

Jaccard’s index

Obs-1 - Obs-2 - Obs-3 - Obs-1 - Obs-2 - Obs-3 -

ALDS ALDS ALDS ALDS ALDS ALDS
L1 97.26 98.55 98.43 94.79 97.20 97.02
L2 97.35 98.66 98.58 94.87 97.37 97.21
L3 96.95 98.43 98.39 94.11 97.02 96.85
L4 96.75 98.39 98.44 93.74 96.86 96.95
L5 97.94 98.87 98.83 95.98 97.78 97.70
Mean 97.25 98.58 98.53 94.69 97.24 97.15

whereas Obs-1 showed HD less than 30 mm. The devi-
ation of 10 mm corresponded to the lack of experience
of Obs-1 compared to Obs-2 and Obs-3. To understand
and quantify the tracing performance of the Obs-1, we
compute the degradation factor of Obs-1 with respect to
the other two observers: Obs-2 and Obs-3. The ODF is
mathematically expressed as the variability between the
observer’s HD errors (HDE) per unit lung maximum
length. The maximum lung length (L,.x) Was computed
as the maximum distance between any two pair of
points along the lung boundary. The variability between
the observers HDE is the difference of HDE between of
observer which is being evaluated (say A) against ref-
erence observer (say B). Mathematically, it is expressed
as (Eq. 4):

|HDE(4)-HDE(B)|
Lmax

ODF(A,B) = x 100% (4)
where, HDE(A) is the HDE between ALDS borders and
borders taken from Observer-A, while HDE(B) is corre-
spondingly the HDE between ALDS borders and the
borders from Observer-B. L., is the mean of the max-
imum span of the lung space over all the images in the
database. Using this concept, we can express ODF

between obsever-1 and observer-2, ODF(1,2) and be-
tween obsever-1 and obsever-3, ODF(1,3) as follows
(Egs. 5 and 6):

|HDE(Obs-1)~HDE(Obs-2)|

ODF(1,2) = B x 100%  (5)
HDE(Obs-1)~HDE(Obs-
oDF(1,3) = [HDE(Obs L) ©b3)| . 100%  (6)

where, L.« is the maximum span of the lung space over the
entire database, ODF (1,2) represents the ODF of Obs-1 against
Obs-2 and ODF(1,3) represents the ODF of Obs-1 against Obs-
3. One can now compute the stability of the observer’s ability by
giving the threshold value on ODF as per the assumption
adapted in medical industry for performance evaluation. Here,
the stability of the system can be defined in regulatory spirit,
where the medical device can be considered stable under aver-
age conditions. Such an assumption leads us to assume that a
typical degradation of the performance should be less than 10 %,
which implies an accuracy of 90 %. This means the ODF should
be less than 10 % for a system to be accepted as stable, however
has a potential for improvement under further training. Since
ODF (1,2) and ODF (1,3) are both less than threshold deterio-
ration of 10 %, this shows that Obs-1 is acceptable.

Table 7 Performance evaluation

of ALDS using left lung Level  Left lung

Dice similarity coefficient Jaccard’s index

Obs-1 - Obs-2 - Obs-3 - Obs-1 - Obs-2 - Obs-3 -

ALDS ALDS ALDS ALDS ALDS ALDS
L1 97.54 98.71 98.70 95.23 97.47 97.46
L2 97.02 98.48 98.49 94.25 97.01 97.04
L3 96.30 98.30 98.37 92.91 96.67 96.80
L4 96.10 97.64 97.79 92.53 95.44 95.73
L5 96.59 97.96 97.99 93.48 96.06 96.09
Mean  96.70 98.21 98.26 93.66 96.52 96.62
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Table 8 Hausdorff distance

performance of ALDS on the Level  Hausdorff distance (mm)
right and left lung
Right lung Left lung
Obs-1 - Obs-2 - Obs-3 — Obs-1 - Obs-2 - Obs-3 -
ALDS ALDS ALDS ALDS ALDS ALDS
L1 7.33 3.73 4.26 8.62 4.80 3.59
L2 18.31 11.43 12.71 15.54 8.92 9.55
L3 19.70 10.42 11.48 19.45 9.65 9.12
L4 26.62 11.87 12.02 19.83 11.23 11.06
L5 15.79 9.13 10.00 14.13 8.98 9.79
Mean 17.55 9.32 10.09 15.51 8.72 8.62

Inter-observer variability of ground truth lung area

Coefficient of correlation and regression test
between observers

Next, to demonstrate the similarity between the ob-
servers, we implemented the correlation and regression
tests. This was to understand the relationships between
observers: Obs-1 and Obs-2, Obs-1 and Obs-3, and
Obs-2 and Obs-3. The correlation coefficient (CC) and
R-square coefficient from the region test are presented
in Table 9. Both CC and R-square coefficient for all
relationships show an encouraging high number that
suggests high degree of similarity across all the ob-
servers. One observation that can be noticed is that
Obs-2 and Obs-3 relationship gave the highest CC value
and R-squared value for both right and left lung sug-
gesting Obs-2 and Obs-3 are the most similar to each
other.

Bland-Altman plots

The graphical comparison of the lung area traced by the
three observers is done using Bland Altman (BA) plots
for right and left lung as shown in Fig. 4. From the BA
plots, it can be seen that the difference between the
manual tracing of Obs-2 and Obs-3 is in a higher

Table 9  CC and R-square coefficient between observers

Obs Right lung Left lung

CcC R-square CcC R-square
Obs-1 vs. Obs-2 0.9939 0.9878 0.9928 0.9857
Obs-1 vs. Obs-3 0.9941 0.9882 0.9928 0.9856
Obs-2 vs. Obs-3 0.9996 0.9992 0.9992 0.9985

@ Springer

agreement compared to difference between Obs-1 and
Obs-3, and difference between Obs-1 and Obs-3. This
is due to the smaller two SD ranges of the difference
between Obs-2 and Obs-3. This in turn shows that the
variability between Obs-2 and Obs-3 is relatively lower
than the variability between Obs-1 and Obs-2 and vari-
ability between Obs-1 and Obs-3. The low variability
means that Obs-2 and Obs-3 managed to produce more
similar manual tracings over the different slices of
HRCT. A similar behavior was observed for the left
lung.

T-test, Mann-Whiney and chi-squared test between three
observers & its interpretation

Next, a two tailed T-test and Mann—Whitney test is also done
to show the variability of the observers when compared to one
another for both right and left lungs. Since there are three
observers there are three categories of relationship as shown
in Table 10. Both tests reveal that Obs-2 and Obs-3 have high
similarity with 0.98 and 0.99 for the T-test and Mann—
Whitney test respectively for the right lung in Table 10. For
the left lung the values also reflect that of the right lung with
0.99 for both T-test and Mann—Whitney test in Table 10.
These numbers from the T-test and Mann—Whitney test indi-
cates the closeness between the observers. For the cases of
Obs-1 and Obs-2, the value of T-test and Mann—Whitney are
similar to each other at 0.57 and 050 respectively for the right
lung and 0.54 and 0.59 respectively for left lung. The high P-
values reject the null-hypothesis that the observers are
completely different.

Besides the T-test and Mann—Whitney test, a Chi-
Squared test was performed to evaluate the three ob-
servers and the results are displayed in Table 10. The
results from Chi-Squared test did not show in detail the
difference between observers as shown in T-test and
Mann—Whitney Test, however the results showed that
there was high level of similarity between observers.
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Table 10  T-test and Mann—Whitney test of inter-observer variability on both lungs

Observer Right lung Left lung
T-test Mann—Whitney test Chi-squared test T-test Mann—Whitney Test Chi-squared test
P-value P-value P-value P-value P-value P-value

Obs-1 vs. Obs-2 0.57 0.5 0.239 0.54 0.59 0.239

Obs-1 vs. Obs-3 0.55 0.48 0.239 0.55 0.59 0.239

Obs-2 vs. Obs-3 0.98 0.99 0.239 0.99 0.99 0.239

Inter-observer variability between diseased and control
lungs

Area quantification of diseased vs. controls using three
observers

The observations of the ground truth from all the observers
were then compared to the ALDS segmentation visually in the
form of overlays for normal cases in Fig. 5 and for abnormal
cases in Fig. 6. The green boundaries represent the segmenta-
tion and the red boundaries represent the ground truth from
different observers. For normal cases the similarity between
the green borders and red borders are almost in-distinguish-
able, indicating high similarity. This is because normal lungs
are easier to segment due to clearer borders between lungs and
body. For abnormal cases the comparison is done as in Fig. 6.
For example for level 4 for left lung shown in Fig. 6, it can be
seen that the green border is further away from the red bound-
ary and the green region is smaller than the red region. The
abnormal lungs can have complicated and more vague borders
than the lungs and body region.

In Tables 11 and 12, the area of each level of segment is
compared to that of the three observers for right lung and left
lung. The lung area of the right lung is typically larger than

that of the left lung because of the position of the heart [7]. The
diseased lung area theoretically should be smaller than that of
normal lungs [34]. However in certain levels the diseased lung
could actually be a similar size with the ground truth signify-
ing accurate segmentation. The disease may not be prevalent
in certain levels, which would explain the good segmentation
in those levels. In Tables 11 and 12, it can be seen that for
certain levels the area of the abnormal lungs is smaller than
that of the normal lungs in Level 4 (L4) and Level 5 (LS) for
Obs-2 and Obs-3 for the left lung. The variation between
observers can be seen for the normal lung in Table 11 where
Obs-1 has a higher mean area compared to Obs-2 and Obs-3.

Regression plots of diseased vs. controls using three observers

For all three observers, the regression plots indicate the abnor-
mal right lung and left lung labeled x’ and normal right lung
and left lung area labeled ‘0’ in Fig. 7. The trend line represents
the ideal case where the segmented lung area is identical to that
of ground truth lung area indicating accurate segmentation.
Deviation from the trend line would indicate poor segmentation.
It is encouraging that most of the points are close to the trend line
signifying accurate segmentation. However from Fig. 7 it is seen
that most of the large deviations from the trend line are points
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Fig. 6 Overlay of segmentation (green) and three observers (red) borders for abnormal right lung and lefi lung

labeled ‘x” which are abnormal lungs. This feature is present in
analysis of all three observers. The abnormal lungs can be de-
tected based on the large lung area difference between segmen-
tation and ground truth for all three observers. The same feature
is seen for the left lung. It is encouraging that all three observers
exhibit the feature of abnormal lungs deviate from the trend line.

Graphical representation highlighting the differences be-
tween normal and abnormal lungs using Bland-Altman (BA)
plots for all three observers are shown in Figs. 8 and 9. It is
noticeable that the two standard deviation (2SD) ranges
shown as the two dotted lines are larger in abnormal lungs
as compared to that of the normal lungs for both left lung
and right lung. This supports the feature that abnormal lungs
are detected based on low similarity to that of the ground truth
for all three observers. This difference can be seen in both left
lung and right lung.

Discussion

The purpose of this study was to investigate the inter-observer
variability in the analysis of lung segmentation and

segmentation performance. From the results section, we see
visually the high performance of the system for segmentation
in the places where the manual borders of all three observers
can be totally overlapped against the borders of the segmen-
tation (green) (see Fig. 5) and high performance numbers
summarized in Tables 6 and 7. The general statistics from
Tables 2 and 3 shows that Obs-1 is slightly different than
Obs-2 and Obs-3. The Bland-Altman plots in Fig. 4 show that
Obs-1 has a higher difference when compared with Obs-2 and
Obs-3. Obs-2 when compared with Obs-3 has a smaller dif-
ference shown by the smaller 2SD ranges.

In terms of outliers, Obs-1 vs. Obs-2 and Obs-1 vs. Obs-3
comparisons has more spread out outliers as compared to Obs-
2 vs. Obs-3 comparison as seen for the right lung and left lung
in Fig. 4. When the outliers are removed the 2SD ranges
decreased for all comparisons suggesting that the observers
are more in agreement. The decrease in 2SD ranges signify
that the Observers show less variability when the outliers are
removed. These outliers are actually samples of manual trac-
ing that observers actually differ in. This difference can be due
to of difference of opinion or an error from tracing. This is
possible considering that manual tracing is not definitive and

Table 11 Normal and abnormal

lung area from ALDS and ground Level Right lung

truths from observers (Obs) for

right lung Normal lung average area (<1000 mm?) Abnormal lung average area (<1000 mm?)

ALDS Obs-1 Obs-2 Obs-3 ALDS Obs-1 Obs-2 Obs-3

L1 7.152 8.0834 7.145 7.138 8.131 8.039 8.041 8.084
L2 8.610 9.706 8.557 8.536 9.766 9.762 9.773 9.706
L3 10.406 10.674 10.328 10.281 10.649 10.853 10.626 10.674
L4 11.566 11.641 11.526 11.466 11.522 11.972 11.649 11.641
L5 12.575 12.336 12.505 12.464 12.159 12.403 12.347 12.336
Mean 10.099 10.506 10.048 10.013 10.462 10.625 10.505 10.506
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Table 12 Normal and abnormal

lung area from ALDS and ground ~ Level Left lung

truths from observers (Obs) for

left lung Normal lung average area (x 1000 mm?) Abnormal lung average area (x1000 mm?)

ALDS Obs-1 Obs-2 Obs-3 ALDS Obs-1 Obs-2 Obs-3

L1 6.452 6.419 6.445 6.422 7.199 7.204 7.192 7.251
L2 7.887 7.862 7.832 7.819 8.174 8.329 8.272 8.231
L3 9.333 9.219 9.272 9.228 8.433 8.698 8.440 8.486
L4 9.655 9.766 9.599 9.545 7.768 8.054 7.894 7.869
L5 9.273 9.288 9.228 9.204 7.214 7411 7.371 7.374
Mean 8.546 8.537 8.501 8.469 7.765 7.949 7.842 7.850

the process of tracing is a long and tedious process that may
give rise to fatigue as well [4]. From the comparisons 2SD
ranges in Fig. 4, it can be suggested that Obs-2 vs. Obs-3 have
the highest agreement denoted by the smaller 2SD ranges.
Thus Obs-2 and Obs-3 relatively similar and have less vari-
ability as compared to Obs-1.

The effect of different observers on the system is shown by
the difference in performance of segmentation as in Tables 6
and 7. For the right lung the Dice Similarity Coefficient (DSC)
values were 97.25, 98.58 and 98.53 % for Obs-1, Obs-2 and
Obs-3 respectively. In terms of Jaccard Index for the right lung,
the three observers yielded 94.69, 97.24 and 97.15 % for Obs-1,
Obs-2 and Obs-3 respectively. For the left lung, the DSC values
were 96.70, 98.21, and 98.26 % for Obs-1, Obs-2 and Obs-3
respectively. The Jaccard’s Index values for the left lung were
92.75, 96.52 and 96.62 % for Obs-1, Obs-2 and Obs-3 respec-
tively. These values showed that the ALDS segmentation accu-
racy was still high for three observers with small difference.
This shows the ALDS system was able to segment the lung
with an acceptable accuracy for all three observers being com-
pared with their manual delineations. This is of significance
especially in to validate that the high performance of the
ALDS segmentation was able to be repeated by another observ-
er that is Obs-2 and Obs-3 or in Obs-1’s case was able to reach a
comparable performance to all other observers.

The P-values in Table 10 suggest and support the notion
that Obs-2 and Obs-3 are very similar with the high P-value of
up to 0.98 and 0.99 for right and left lung respectively. This
suggests that the level of tracing can be repeated by another
person and is very encouraging. When comparing Obs-1 vs.
Obs-2 and Obs-1 vs. Obs-3 both yield values that are satisfac-
tory and suggest that there is variability between observers.
The P-values for both T-test and Mann—Whitney test in-
creased significantly when the outliers from the Bland-
Altman plot are removed for Obs-1 vs. Obs-2 and Obs-1 vs.
Obs-3 comparisons. The rise in P-values indicates the ability
of the tracings to be more actually be more similar with the
omission of outliers. Thus the observers have the ability to
have less variability which shows that the level of manual
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tracing can be repeated. The Chi-Squared tests show that the
P-values for all relationships are higher than 0.05, thus the
observers are not independent from one another. We also show
the correlation coefficient (CC) and R-squared coefficient,
showing the similarity between the observers. The relation-
ship between Obs-2 and Obs-3 showed the highest CC of
0.999 which is slightly higher than 0.994 for both Obs-1 vs.
Obs-2 and Obs-1 vs. Obs-3, relationships respectively, as seen
in Table 9.

Besides showing segmentation performance, introducing
different observers could also affect the ability of the ALDS
segmentation system to determine the abnormal lungs. From
the regression plots in Fig. 6, all three observers produced
visually very similar plots. The feature of abnormal lungs
causing the most deviation from the ground truth is evident
in all three observers’ delineations for both left and right
lungs. Bland-Altman (BA) plots for each observer for both
abnormal lung and normal lung were shown in Figs. 8 and
9. For both left lung and right lung, the abnormal plots were
visually similar. For normal lungs, Obs-1 was noticeable dif-
ferent than Obs-2 and Obs-3 for both left lung and right lung.
The two standard deviation (2SD) ranges represented by dot-
ted lines had a bigger range in Obs-1. This is the variability
introduced when a different observer is enlisted. Although
there was a difference between Obs-1 compared to Obs-2
and Obs-3, the 2SD ranges of normal lungs are smaller than
abnormal lungs for all observers. This can be said to support
the feature of difference between normal and abnormal lungs.

There are few possibilities of variability for this case of
comparison. The first is the number of points done by an
observer. The more the points used could give a more accurate
and detailed tracing and vice versa. On average the points
traced by Obs-2 and Obs-3 is higher than that of Obs-1.
Figure 10 shows an example of tracing. Obs-1 traced 49
points, Obs-2 traced 102 points and Obs-3 traced 92 points.
Due to the lesser number of points by Obs-1 details such as the
detail of tracing as indicated by the white arrows in Fig. 10.
From here it can be said since the lesser number of points
decreases the detail of the tracing, it cases the similarity
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Fig. 7 Regression plot of normal labelled ‘0’ and abnormal lung x’ for right lung and lefi lung

coefficient to vary as well. From a randomly selected 10 im-
ages, the average points plotted were 43, 89 and 70 for Obs-1,
Obs-2 and Obs-3 respectively. Obs-1 has a significantly lesser
points than Obs-2 and Obs-3 for these 10 images. Overall

Obs-1 also has the least Dice Similarity Coefficient (DSC)
of all three observers at 97.25 % compared to that of 98.58
and 98.53 % for Obs-2 and Obs-3 respectively. Thus the lesser
amount of points traced that result in a lesser detailed tracing
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Fig. 8 BA plot of normal lung and abnormal lung by three observers and segmentation for right lung

could lower the system’s performance, however the results
still show an encourage correlation between the system’s out-
put and all three observer’s tracing. However since the
Observer Deterioration Factor was less than 10 %, the tracings
of the Obsever-1 is acceptable, however can be improved
under rigorous training.

@ Springer

Similar studies done for inter-observer variability such as a
study by Hu et al. proposed a segmentation algorithm tested on
8 eight normal patients that was also compared to two observers
where the distance between the segmentation and ground truth
was calculated based on pixels was presented in the form of
mean, max and root mean square [17]. Comparatively, our
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Fig. 9 BA plot of normal lung and abnormal lung by three observers and segmentation for leff lung

study has three observers and 96 patients consisting of 15 nor-
mal and 81 abnormal patients. Our study showed visually as
well as numerically using various methods.

Nery et al. did an inter-observer analysis compared with a
lung segmentation based on watershed [28]. The study

compared the performance of segmentation based on two ob-
servers who were physicians. The difference between the seg-
mentation and observers’ delineation was calculated with
Dice Similarity Coefficient (DSC) and Pratt’s figure of merit.
Observer analysis was done on two images. Comparison was
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(a) Observer 1

Fig. 10 Sample of observers’ tracing right lung

done between observers and also observer to the segmentation
algorithm for two patients. This comparison is considered to be
limited because of the low number of patients. In our study we
have three observers compared to each other and the segmen-
tation across 96 patients’ images. Another work by Nery et al.
evaluated the inter-observer analysis based on Pratt’s figure of
merit and mean error compared to also a lung segmentation
based on watershed [29]. The work also evaluated the Bland
Altman plots of the difference of area and pixels of the lung
delineations from the observers and segmentation method.
However the work was also based on three observers alone
on 41 CT slices which are relatively small in terms of data.

Santos et al. did an inter-observer analysis compared with a
lung segmentation method based on gray-level thresholding [39].
The study did the analysis on 30 random selected images from
eight patients. The observers were six radiologists. Although the
number of observers was high, the number of randomly selected
image to be evaluated is very low. Santos et al. compared the
observers’ tracings based on Pratt’s figure of merit, mean distance
and maximum distance. Kuhnigk et al. also evaluated the inter-
observer variability compared with a lung segmentation method
based on watershed method [22]. The study compared results
from five observers on 24 patients. This again is relatively low
in terms of number of patients compared to our study. Kuhnigk
et al. showed an incomplete difference between observers by
showing the volume and mean distance for the right lung only.

The strength of this paper is that it was able to demonstrate
the variability and agreement between observers visually
through various plots as well as numerically through various
methods. Besides that the study also evaluates three observers
for a relatively large database of 96 patients. The relative high
number of patients utilized offers diversity of data which con-
sists of patients with normal lungs, ILD lungs and Non-ILD
lungs. This allows validation to be done for the segmentation
accuracy from all three observers. This paper also investigates
the characteristic of the segmentation system that requires a
human interaction thus having a diverse data would give a
more holistic presentation of segmentation with different
observers.
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(b) Observer 2

(C) Observer 3

While this study offers several diagnostic advantages, there
are certain aspects of this study which can be considered as a
limitation and extensions. They are: (i) the role of intra-
observer variability analysis [38]. This requires ground truth
tracings of the lungs borders by taking same observer at dif-
ferent times. We intend to consider this in our future research.
Note, that since the two analyses (inter- and intra-) are inde-
pendent to each other, the current inter-observer variability
analysis holds valid in such a scenario. (ii) Since this work
was done by taking five slices independently for each volume,
one of the extensions of this work would be to use the entire
lung volume in 3D by considering the spatial information of
the neighborhood slices [11, 47]. Under the 3D model frame-
work, one can again attempt the inter- and intra-observer var-
iability analysis paradigm. (iii) Lastly, an extension would be
to adapt Suri’s strategy for stratification of lung cancer stages
[2, 3] using the 2D/3D tissue characterization approaches [13,
24, 44, 45] using machine learning paradigm [41].

Conclusion

The study performed the inter-observer variability analysis of
the manually traced lung borders by three observers which
was also compared against the automated delineation system.
The study presented the following statistical tests: (i) test for
normality using D’ Agostino-Pearson test; (ii)) ANOVA test for
studying the similarity between observers; (iii) significant dif-
ference tests using T, Mann—Whitney and Chi-Squared tests.
We showed that all the three set of tests were successful,
which includes normality and ANOVA. The T-test, Mann—
Whitney test and Chi-Squared test showed that there is no
significant difference for all three observers. The regression
test showed high degree of correlation between all observers.
The performance indices DSC, JI between observers and au-
tomated system for the right lung were 97.25 and 94.65 %,
respectively for Obs-1, 98.58 and 97.24 % respectively for
Obs-2 and, 98.53 and 97.15 % respectively for Obs-3. For
the left lung the performance indices DSC and JI were 96.70
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and 93.66 % respectively for Obs-1, 98.21 and 96.52 % re-
spectively for Obs-2, and 98.26 and 96.62 % respectively for
Obs-3. Mean HD for Obs-2 and Obs-3 are less than 10 mm
while Obs-1 is less than 20 mm, which is consistent with the
experience and assumptions of the three observers. Although,
Observer-1 has lesser experience compared to Obsever-2 and
Obsever-3, the Observer Deterioration Factor (ODF) shows
that Observer-1 has less than 10 % difference compared to
the other two, which is under acceptable range as per our
analysis.
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