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ABSTRACT

Background and purpose: In preclinical radiation studies, there is great interest in quantifying the radiation
response of healthy tissues. Manual contouring has significant impact on the treatment-planning because of
variation introduced by human interpretation. This results in inconsistencies when assessing normal tissue
volumes. Evaluation of these discrepancies can provide a better understanding on the limitations of the current
preclinical radiation workflow. In the present work, interobserver variability (IOV) in manual contouring of
rodent normal tissues on cone-beam Computed Tomography, in head and thorax regions was evaluated.
Materials and methods: Two animal technicians performed manually (assisted) contouring of normal tissues
located within the thorax and head regions of rodents, 20 cases per body site. Mean surface distance (MSD),
displacement of center of mass (ACoM), DICE similarity coefficient (DSC) and the 95th percentile Hausdorff
distance (HDgs) were calculated between the contours of the two observers to evaluate the IOV.

Results: For the thorax organs, right lung had the lowest IOV (ACoM: 0.08 + 0.04 mm, DSC: 0.96 + 0.01,
MSD:0.07 + 0.01 mm, HDgys5:0.20 + 0.03 mm) while spinal cord, the highest IOV (ACoM:0.5 + 0.3 mm,
DSC:0.81 =+ 0.05, MSD:0.14 + 0.03 mm, HDg5:0.8 + 0.2 mm). Regarding head organs, right eye demonstrated
the lowest IOV (ACoM:0.12 + 0.08 mm, DSC: 0.93 + 0.02, MSD: 0.15 + 0.04 mm, HDgs: 0.29 + 0.07 mm) while
complete brain, the highest IOV (ACoM: 0.2 + 0.1 mm, DSC: 0.94 £+ 0.02, MSD: 0.3 + 0.1 mm, HDgs:
0.5 + 0.1 mm).

Conclusions: Our findings reveal small IOV, within the sub-mm range, for thorax and head normal tissues in
rodents. The set of contours can serve as a basis for developing an automated delineation method for e.g.,
treatment planning.

1. Introduction

extensive work has been conducted on the development of advanced
treatment-planning systems combined with high precision irradiation

Preclinical radiation studies are essential in radiation therapy (RT) to
understand the interaction of biological pathways with radiation expo-
sure, to evaluate the long-term side effects of radiation and hence to
enable clinical translation to humans [1,2].Radiobiological researchers
have shown great interest in obtaining information regarding the radi-
ation response of normal tissues and tumors utilizing small animal
models and image-guided precision radiotherapy [3]. Similarly,

platforms mimicking human RT [4-6]. Even though there is extensive
research in humans regarding the quantification of the interobserver
variability (IOV) in organ segmentation [7,8], similar research in small
animals has only recently been started [9].

Assessment of organ delineation includes several applications, for
instance, the contouring of organs for monitoring changes due to radi-
ation toxicity such as lung fibrosis or monitoring adaptations of organ
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volumes longitudinally [10-14]. In the case of tumor presence, deter-
mination of its precise extent and position is essential to minimize the
amount of radiation delivered to normal tissues besides the tumor target
region translating in minimization of radiation-induced effects within
the normal tissue volume [3]. The workflow followed in rodent studies
with modern precision image-guided radiation platforms is shown in
Supplementary Fig. 1 [11-13].

The workflow starts with the animal set-up followed by imaging,
which is nowadays mostly X-ray cone-beam Computed Tomography
(CBCT) imaging [6]. In the same step, image reconstruction is performed
to obtain the CT volumes followed by delineation of the targeted areas.
Next, the images are fed to the treatment-planning phase for quantita-
tive analysis regarding the planned dose. This involves a separate pro-
cess of tissue volume delineation, and possibly iterative steps in a
feedback loop of irradiation preparation such as beam configuration and
dose calculation until the optimal dose is chosen for each different tis-
sue. Manual contouring, i.e., segmentation of normal tissue in this case,
is identified as one of the most time-consuming tasks which can be vastly
improved using automated contouring algorithms [10,15]. The latter
commonly need sets of manual contours to develop the automated
model. The time required for tissue segmentation is mainly dependent
on anatomical complexities, introducing IOV per body site. Experi-
mental settings such as the X-ray energy or the use of CT contrast media
may also influence the degree of difficulty of manual contouring
[16,17]. Furthermore, the tedious task of contouring the tissues implies
human bias, e.g., in experience level and therefore may compromise
reproducibility and cause inaccurate dose delivery, especially combined
with respiratory-induced motion [4,18,19].

The hypothesis of this work was that the IOV is within the order of
sub-millimeters, and therefore negligible, on the conditions that clear
contouring guidelines are provided. To demonstrate this, the IOV be-
tween two operators was quantified in manual contouring of normal
organs for rodents in the thorax and head region for various organs.
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2. Materials and methods
2.1. Dataset

In this work, two publicly available sets [20] of non contrast-
enhanced and contrast-enhanced CBCT images (n 20 each), ac-
quired with an image-guided precision irradiator (X-RAD 225Cx, Pre-
cision X-Ray Inc., North Branford, USA) [21], were used retrospectively
from two larger rodent radiation studies [22,23]. Detailed information,
such as the delineated organs and CT image acquisition information can
be found in Supplementary Tables 1 and 2. For the thoracic organs, the
dataset consists only of non tumor-bearing and non-treated mice. For the
head region, data either without tumor or in an early stage of tumor
growth (baseline) where it was not visible in the CT images were
selected. The head data consists mainly of non-treated rats while 35% of
them have been irradiated with a radiation dose of 20 Gy. For the head
cases, the selection was performed to prevent side effects in anatomical
structure such as neurotoxicity including only brain data from baselines
and/or low radiation dose groups.

2.2. Organ segmentation

The thorax and head organs used in this work are depicted in Fig. 1,
and a more in-depth overview of the delineation techniques can be
found in Supplementary Table 3. The organs have been manually con-
toured, independently by two experienced animal technicians using the
SmART-ATP software (Precision X-ray Inc., North Branford, CT &
SmART Scientific Solutions BV, Maastricht, the Netherlands) [21]. In
contrast to the Radiation Therapy Oncology Group guidelines for human
organ delineation, there is no clear consensus for rodent organ de-
lineations, even though their anatomy and atlases are known [9,24]. The
segmentation of the volumes consists of polygons with many vertices
contoured in 2D slices of the CBCT scans. The orientation of the delin-
eation plane, the time required, the selected drawing tool and the
technique varies per organ due to anatomical complexities. The majority
of the organs (i.e., lungs, spinal cord, thorax bone, brain hemispheres)
were contoured semi-automatically assisted using 3D region growing,
thresholding and slice interpolation followed by manual adjustments.

Coronal

Sagittal

Fig. 1. First row: mouse organs segmented in the thorax region depicted in 3D and 2D planes. Yellow: left lung; Orange: right lung; Green: spinal cord; Blue: heart;
Beige: thorax bone. Second row: rat organs segmented in the head region depicted in 3D and 2D planes. Yellow: left brain hemisphere; Orange: right brain hemi-
sphere; Green: left eye; Blue: right eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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For the eyes, 3D brushing was applied whereas the heart was contoured
completely manually based on advice from an experienced radiation
oncologist. Similar advice was used for the lung separation.

2.3. Evaluation metrics

For the evaluation of the IOV between the sets of contours from both
annotators for each organ, four metrics were calculated: DICE similarity
coefficient (DSC), mean surface distance (MSD), 95th percentile of
Hausdorff distance (HDgs) and the displacement of center of mass
(ACoM) [10,25]. The DSC computes the overlapping area between the
contoured volumes of each organ, with values ranging from 0 (no
overlap) to 1 (complete overlap). HDgs computes the maximum distance
from a point in contour set A to the nearest point in contour set B. MSD
calculates the average Euclidean distance between all points from con-
tour set A with its corresponding nearest point of contour set B. Finally,
the Cartesian metric ACoM stands for the distance between the centers
of mass of volume A and volume B in a 3D space [26]. For each metric
per organ, the results were calculated by comparing annotator A and B
delineation IOV, for each rodent of the twenty thorax and head cases.
The IOV is defined as the difference between the human expert de-
lineations and the metrics are presented by calculating the mean () and
standard deviation (SD) of the studied sample per body site. Data was
plotted using boxplots (with one inter-quartile range whiskers).

3. Results
3.1. Inter-observer disagreement analysis — thorax

Quantitatively (Fig. 2), relatively small IOVs were observed for the
lungs, with the lowest IOV for the right lung, which is more easily dis-
cerned from the heart (ACoM: 0.08 & 0.04 mm, MSD: 0.07 £ 0.01 mm).
The average HDys for right lung was 0.20 + 0.03 mm, the lowest stan-
dard deviation among all thoracic organs. The corresponding MSD and
the HDgs presented submillimeter differences with an average of

Center of mass displacement (mm) Dice coefficient similarity (-)
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0.09 + 0.05 mm and 0.22 + 0.03 mm, for the complete lung. Similarly,
the DSC metric for the aforementioned organs showed high overlap for
the two annotators’ delineations, with the highest DSC of 96% + 1%
founded in right lung, same as complete lung and slightly lower for the
left lung. The thorax bone presented higher IOV for the two annotators,
for all metrics, compared to the lung region. The findings show not only
higher mean values but also larger deviations (ACoM: 0.33 & 0.21 mm,
DSC: 88% == 7%, MSD: 0.09 + 0.03 mm, HDgs,: 0.22 & 0.16 mm). Heart
and spinal cord yielded the largest IOV for the thoracic site. For the
spinal cord, the average ACoM was the highest measured with a value of
0.47 + 0.29 mm, the highest standard deviation among thoracic organs.
For the heart ACoM, a value of 0.36 + 0.11 mm was obtained, 3.7 times
higher than the average lungs IOV. The spinal cord DSC of 81% =+ 5%
was the lowest for the two annotators’ sets whereas the DSC of heart was
90% + 1% indicating larger IOV than the lungs. Especially, the heart
despite its small size had a mean MSD IOV of 0.27 + 0.04 mm with the
mean HDgs measured at 0.79 + 0.15 mm. A complete overview is pro-
vided in Supplementary Table 4.

3.2. Inter-observer disagreement analysis — head

The quantitative analysis (Fig. 3) revealed submillimeter IOV for the
eyes, while the right eye showed slightly less IOV for two metrics, with
an average ACoM of 0.12 + 0.08 mm and an average
HDys5:0.29 + 0.07 mm. The highest IOV measured in ACoM was
observed in the left brain hemisphere at 0.24 + 0.15 mm. The average
10V, calculated for DSC, for complete brain was 94% + 2% as the
highest one, with small differences of 1-2% for the hemispheres, indi-
vidually yielding good agreement in all cases, while the lowest DSC was
found for the left eye. Similarly, the brain hemispheres presented higher
IOV compared to eyes quantified with HDgs (left brain hemisphere:
0.47 £ 0.15 mm; right brain hemisphere: 0.46 + 0.15 mm; complete
brain: 0.52 + 0.14 mm) and ACoM (left brain hemisphere:
0.24 + 0.15 mm; right brain hemisphere: 0.22 + 0.11 mm; complete
brain: 0.16 + 0.11 mm) with the highest degree of IOV found in left

Mean surface distance (mm)

° e
12
0.95 !
[
(o]

10
0.8

0.85

0.6

0.4 E

0.2

95th percentile Hausdorff distance (mm)
0.40 12

0.35 1
1.0 4

0.8 1

0.20 1 0.6 1

=+ °
H 1

L

o 1l ° i
0.0 T T T T T T 0.70 0.00 0.0
g & X2 & o (‘* '\' e N x& (g '\' (" {“ +
2 & B & { & 2 & & P 2
VOO & & e %\c»\ & b VOO0 ¢ & b O g q & b
S P Ko ¥ R OP £ \\K‘Q*«\ ¥ c,Q k,('\\o P L g X :',Q «,Qe &“2‘«\ Q Q\ «/\\\
N W (Pé\\o"\q &SNS A N (,&\o"\ SN A\ N 0@\0@ & ‘o° N (9& o ~°°

Fig. 2. Boxplots of evaluation metrics for the different organs in the thorax region of 20 mice. The whiskers depict the 25th and 75th percentile; the dashed line
indicates the median value, the triangle represents the mean value, and the circles represent outliers.

13



G. Lappas et al.

0.7

0.5

£
E =
o o 50941
Q044 =
£ kS
:
a 2 -
2 2
© 2
n ]
a £ 0921 A
£ (]
03 8
° o
b= v
5 2
2 a
Q
o
0.901
0.2 o
0.881
0.1
0.86 1
0.0 . . .
. Q& 2 g & . RS o & 3
fe G & e Se S e & Fe Se
L & Lo TV K L& & Lo & K
O S S [ O 0¥ &S [
S (T O S (T O
VT T SR EN
< K & <

Physics and Imaging in Radiation Oncology 21 (2022) 11-17

0.6

1.0

0.9
_ [
(e}
05
0.8
0.4 go07
£
= [
€ 2
€ Il
9 2
g 5 0.6
5 A £
T 03 a
g z
€ o -
3 o Z 057 %
c S o
[
3 ° 8
= g
<
5
0.2 D044
N
01
02
0.0 : 01 : -
. & 2 g N . & 2 X <
S e F e Se S e & Lo Se
oS Q‘\e & é\e K T T @)‘ S AN )
. S8 (F ) S (F
SR X S F&X KR S
N S T QT O
5 5 < <

Fig. 3. Boxplots of evaluation metrics for the different organs in the head region of 20 rats. The whiskers depict the 25th and 75th percentile; the dashed line
indicates the median value, the triangle represents the mean value, and the circles represent outliers.

brain hemisphere. For the MSD, the lowest IOV was yielded for the right
eye at 0.15 + 0.04 mm while the annotators’ delineations varied more
for the complete brain (MSD: 0.33 + 0.10 mm).Last, the SD values of the
hemispheres, individually compared to the complete brain, were twice
larger than the corresponding one for the eyes. A complete overview is
provided in Supplementary Table 4.

4. Discussion

This study investigated the IOV (n = 2) for manually (assisted)
contouring of normal tissues located within the thorax and head rodents
(n = 20 cases per body site). The analysis consisted of four metrics, MSD,
ACoM, DSC and HDgs and revealed small IOV between the two inde-
pendent annotators for all the metrics.

Regarding the thoracic region, the relatively low IOV values for all
metrics found for both separate and complete lungs are in agreement
with the qualitative analysis (Fig. 4 and Supplementary Fig. 2). The clear
boundaries between lung tissue and ribs contributed to the low IOV
values while in most cases, the largest IOV is detected close to the heart
and in the lower parts of the lung (e.g., ‘worst’ and ‘intermediate’ thorax
cases). In contrast, the spinal cord and heart yielded the largest IOV for
the thoracic site. The disagreement between the two annotators was
caused by different factors. For the heart, these were 1) the need for fully
manual delineation and 2) the anatomical complexity consisting largely
of soft tissue and the adjacent major blood vessels. For the spinal cord
which showed similar IOV as the thorax bone, the annotators had dif-
ferences in the longitudinal direction leading to uncertainties in the
starting/ending slices.

For the head region (Fig. 5), the qualitative analysis confirmed the
quantitative results revealing the lowest IOV for the left and right eyes.
This is connected to relatively simple anatomical complexity (i.e.,
spherical shape) and the smaller size compared to the other head organs.
For the left and right brain hemispheres, the IOV were higher than for
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the eyes, mainly in the anterior-posterior direction, or in the lateral
direction next to the brain cavity separating the two hemispheres, i.e.,
medial longitudinal fissure. The complete brain, derived from fusion of
the two hemisphere contours, showed the highest IOV among all head
organs, propagating the inconsistencies of the original separate brain
contours. Specifically, in some cases subvolumes belonging to either
olfactory bulbs or the posterior side of the brain have been insufficiently
segmented because of poor visibility of the boundaries (Fig. 5 and
Supplementary Fig. 3; i.e., ‘worst” head cases).

To the best of our knowledge, the only available recent previous
findings from Schoppe et al. using pCBCT, showed a similar DSC for
lungs and heart as in this work [9]. More specifically, in our study both
separate and complete lungs, as well as the eyes achieved the lowest IOV
for most metrics, with the lungs showing the lowest IOV among all or-
gans for the forty studied rodents of two different strains. In contrast,
spinal cord, heart and complete brain showed larger IOV compared to
other head and thorax organs. Spinal cord had the highest ACoM and the
lowest DSC among all organs for the two body sites, even though IOV
was in sub-mm level.

Our study used more quantitative and qualitative metrics. Schoppe
et al. quantified the human IOV utilizing only the DSC metric and the
volume size variability while in our study applied three additional
metrics (ACoM, MSD, HDgs) were studied. In addition, the IOV for the
thorax bone or spinal cord cannot be compared directly to those of
Schoppe et al. since the latter quantified IOV for the bony structure
including other skeletal subvolumes different from the present study,
based on three mouse atlases [9,24]. Furthermore, in both studies, the
skeletal volumes were delineated semi-automatically relying on the high
voxel intensity in that area, thereby decreasing the likelihood for in-
consistencies between the annotators. Regarding the head organs, there
is no previous study. Thus, this work presents the first data for IOV in the
head region in a preclinical rat study. Nonetheless, even though two
annotators were used in both studies to investigate the annotator IOV,
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Fig. 4. Contoured organs by two annotators (blue: annotator #1; red: annotator #2) and region of IOV (yellow). Examples are shown for worst, intermediate and
best cases per organ. First row: heart Second row: spinal cord; Third row: thorax bone; Forth row: complete lung. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

the amount of data used in the study of Schoppe et al. is larger (n = 220,
mice) than the presented work (n = 40, mice and rats). The findings of
this preclinical animal study differ from IOV for human contouring
studies [7,15]. For the latter, the IOVs in head and neck region are
larger, especially adding more annotators to the analysis. While argu-
ably the number of observers (n = 2) is small compared to five or more
that are commonly used in human contouring studies, for preclinical
studies it is hard to find multiple contouring experts. As shown in pre-
vious studies, the IOVs are even larger depending on the annotators
experience or the guidelines resulting in uncertainties when delineating
normal tissue [8,15]. Human structures are also larger compared to the
rodents and the findings in small animals with high spatial resolution
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during the CT acquisition need to be taken into account to compared to
human studies, e.g., 10-50 times higher spatial CBCT resolution for
rodents compared to humans. Similarly, in most cases, the animal
studies present more homogeneous characteristics, such as sex, age, diet
and health status.

In this work, a limited number of annotators from the same institu-
tion were used to study the IOV in preclinical CBCT images. The number
of annotators is smaller compared to most human studies. In the only
relevant published work of Schoppe et al., the authors also quantified
the IOV using only two annotators. Furthermore, several differences,
such as the imaging method or the evaluation metrics, exist between the
two studies. However, the findings however from both studies are
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Head cases
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Fig. 5. Contoured organs by two annotators (blue: annotator #1; red: annotator #2) and region of IOV (yellow). Examples are shown for worst, intermediate and
best cases per organ. First row: left hemisphere; Second row: complete brain; Third row: right eye.

aligned for the organs which were in common (e.g., heart and lungs),
validating our outcome. Likewise, presumably, evaluation using a third
observer would not vastly alter the current outcome when they follow
the same guidelines, although exploiting additional annotators from
multi-institutional departments could be beneficial.

Finally, an important parameter to take into account for treatment
planning is the time spent on the delineations. For the thoracic volumes,
initially on average 60 min per rodent for the six organs was needed to
segment the organs while a gain of 15 min per rodent was observed
when the process was repeated multiple times. For the majority of the
organs the time needed for delineation with assisted techniques
including manual adjustments was 10 min per organ. The delineation of
the heart was done completely manually. Finally, the time to delineate
the five head organs was initially 40 min with a time gain of 20 min after
some repetitions. In this study great care was taken to delineate accu-
rately. In real-life studies, where animals are sedated while waiting to be
irradiated, shorter delineation times may be used which may decrease
the accuracy.

To standardize the treatment workflow, eliminate bias and the need
for specialized annotators, and speed up the contouring vastly, fully
automatic contouring methods can be developed. This could e.g., be
based on artificial intelligence methods which can use datasets like the
ones presented here as the gold standard for training the methods.
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Additionally, this dataset can serve as a basis to extract features for the
studied organs enabling contouring for other body sites and organs
exploiting transfer learning techniques [27].

The IOV found in this study is within the sub-mm range for thorax
and head normal tissues in rodents’ treatment planning. Moreover, the
10V findings are well within the typically applied margins compensating
for respiratory motion.
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