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Simple Summary: This study is the first to evaluate the impact of contouring differences on radiomics
analysis in preclinical CBCT scans. We found that the variation in quantitative image readouts was
greater between segmentation tools than between observers.

Abstract: Radiomics image analysis has the potential to uncover disease characteristics for the
development of predictive signatures and personalised radiotherapy treatment. Inter-observer and
inter-software delineation variabilities are known to have downstream effects on radiomics features,
reducing the reliability of the analysis. The purpose of this study was to investigate the impact of these
variabilities on radiomics outputs from preclinical cone-beam computed tomography (CBCT) scans.
Inter-observer variabilities were assessed using manual and semi-automated contours of mouse lungs
(n = 16). Inter-software variabilities were determined between two tools (3D Slicer and ITK-SNAP).
The contours were compared using Dice similarity coefficient (DSC) scores and the 95th percentile of
the Hausdorff distance (HDgs),) metrics. The good reliability of the radiomics outputs was defined
using intraclass correlation coefficients (ICC) and their 95% confidence intervals. The median DSC
scores were high (0.82-0.94), and the HDg5,, metrics were within the submillimetre range for all
comparisons. the shape and NGTDM features were impacted the most. Manual contours had the
most reliable features (73%), followed by semi-automated (66%) and inter-software (51%) variabilities.
From a total of 842 features, 314 robust features overlapped across all contouring methodologies. In
addition, our results have a 70% overlap with features identified from clinical inter-observer studies.
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1. Introduction

Radiomics is a novel image analysis approach which has the potential to revolutionise
personalised diagnosis and treatment in oncology. Predictive models have been devel-
oped, including imaging biomarkers for protein expression, disease staging and survival,
yet additional work is required to refine these models before they are deemed clinically
acceptable [1-4].

Mouse models are ideal for developing new predictive radiomics signatures as they
enable large-scale evaluations in a shorter timeline than clinical analyses [5,6]. Mouse
models already exist, are widely used within oncology and are fundamental to our current
understanding of tumour biology and cancer therapies [6]. Additionally, small-animal
irradiators with onboard imaging for targeted exposures have revolutionised preclinical
radiotherapy research [7]. These platforms provide the means to conduct small-animal
imaging for the non-invasive visualisation of tissues that provides the potential to expand
radiomics signatures that can be directly translatable for tumour diagnosis and the quantifi-
cation of follow-up toxicities. Several recent studies have demonstrated the utility of such

Cancers 2023, 15, 2677. https:/ /doi.org/10.3390/ cancers15102677

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers15102677
https://doi.org/10.3390/cancers15102677
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0009-0006-2194-4213
https://orcid.org/0000-0002-2467-9156
https://orcid.org/0000-0001-7170-6789
https://doi.org/10.3390/cancers15102677
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers15102677?type=check_update&version=1

Cancers 2023, 15, 2677

20f12

platforms for computed tomography (CT)- and magnetic resonance (MR)-based preclinical
radiomics [8-10].

For a quantitative image analysis, a volume of tissue or tumour must be prospec-
tively identified for analysis. There are two main segmentation methods: manual and
automated. Manual contouring is a labour-intensive process and is affected by differences
in delineation performance between users. In comparison, automated methods improve
standardisation and workflow efficiency by automatically generating a draft region of
interest [11,12]. Automated contours are typically good for larger tissues but are more
prone to errors in smaller structures. Semi-automated methods are more desirable as they
combine automation with user expertise, allowing users to alter automated methods and
manually amend outputs if required [13].

Achieving accurate region-of-interest (ROI) contours for a tumour or normal tissue
can be challenging due to limitations in scan resolution, motion management, and contrast
enhancement. Where the tissue of interest is intimately related to another tissue of a similar
CT density without a clear soft tissue plane, deciding a “ground truth” gold-standard
representation can only be achieved through the consensus (and compromise) of experts.
Furthermore, additional variation is introduced by the operator’s experience level, the
soft tissue definition of the anatomical region in question and platform tool variations.
Clinical studies have shown that these inter-observer variabilities have a direct impact on
the reproducibility of radiomics features [14-18].

For the development of preclinical radiomics models, it is necessary to assess the
reliability and robustness of radiomics features to differences in delineation. The predictive
accuracy of these models is subject to user error in the segmentation of an ROIL The
segmentation of tissues and tumours in preclinical models is further complicated by the
small volumes involved and the limited resolution of preclinical cone-beam CT (CBCT)
scans. Additional inter-observer variation and the absence of recommendations for the
choice of contouring software used means that there is a high risk of errors in preclinical
radiomics outputs. To progress the field, it would therefore be prudent for radiomics
features robust to delineation variabilities to be determined.

The purpose of this study was to quantify and compare differences between manual
and semi-automated contouring methods for lung segmentation on preclinical CBCT
scans. We also aimed to assess the reliability and robustness of radiomics outputs to inter-
observer variabilities across different software tools to elucidate stable radiomics features
for future analyses.

2. Materials and Methods
2.1. CBCT Datasets

Preclinical CBCT scans were acquired on the Small Animal Radiation Research Plat-
form (SARRP) (Xstrahl Life Sciences, Camberley, UK). These scans were part of a previous
radiobiology study using female 8-12-week-old SCID mice. Pre-treatment CBCT scans
(n = 16) were acquired at an imaging energy of 60 kV (using 0.5 mm Al filtration). Image
reconstruction was performed using 360° images and filtered back-projection without post-
filtering. Log(white/x) was applied to input images using FDK with a Hamming filtering
window. CBCT scans had a slice thickness of 0.26 mm and were saved as DICOM files. All
previous experimental procedures were carried out in accordance with the Home Office
Guidance on the Operation of the Animals (Scientific Procedures) Act 1986 (PPL2813).

2.2. Contouring Methods

Examples of lung contours are shown in Figure 1. The contouring of the left and right
lungs as one structure was performed by two independent, experienced observers (K.H.B.
and ].I.). All contours were saved in 3D as NIfT1 files (.nii). Manual contours of the lungs
were created by both observers on 3D Slicer software (version 5.0.3, https:/ /www.slicer.org
(accessed on 26 July 2022)) using in-built paintbrush tools. Manual contours were cre-
ated slice-by-slice in the coronal plane, with corrections made using other planes. Semi-
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automated contours were created using the “semi-automatic active contour segmenta-
tion” tool in ITK-SNAP software (version 3.8.0, http://www.itksnap.org (accessed on
26 July 2022)). Thresholding was used to differentiate the lungs from other surrounding
structures. To initiate contouring, “bubbles” were placed in multiple areas of the lungs in
three planes to aid in the creation of contours. After manual inspection, this process was
altered and repeated until the observers were satisfied that it was an accurate representation
of the lungs.

Figure 1. Examples of contours of mouse lungs from preclinical CBCT scans. (A) Contours created
using semi-automated methods for two independent observers (pink fill and white outline) with a
DSC score of 0.97 and HDys, of 0.61. (B) Contours created by the same observer using 3D Slicer and
ITK-SNAP (pink fill and white outline) with a DSC score of 0.84 and HDysy, of 0.79.

For inter-software analysis, the lungs were contoured manually slice-by-slice by one
observer (J.I.) using 3D Slicer and ITK-SNAP tools. In-built brush tools were used, with
contours created using the coronal plane and corrections made using the sagittal and
axial planes.

2.3. Radiomics Analysis

Radiomics feature extraction was completed using PyRadiomics software
(version 2.7.7) [19]. Features were extracted with a resampled pixel spacing of 0.26 mm and
a fixed bin width of 25. Wavelet filtering was applied with both the unfiltered (original)
and filtered (wavelet) features extracted for analysis. A total of 842 features were extracted
and classified by the following feature classes: morphology (shape) (1 = 14), intensity (first
order) (n = 18) and texture (grey level cooccurrence matrix (GLCM) (n = 23), grey level
run length matrix (GLRLM) (1 = 16), grey level size zone matrix (GLSZM) (n = 16), grey
level dependence matrix (GLDM) (n = 14), and neighbouring grey tone difference matrix
(NGTDM) (n = 5)). Further details on these features can be found in the Image Biomarker
Standardisation Initiative (IBSI) [19,20].
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2.4. Statistical Analysis

The statistical analysis was completed using GraphPad Prism (version 7.01), RStudio
software (version 4.1.2) and 3D Slicer (version 5.0.3, https://www.slicer.org (accessed
on 26 July 2022)). SlicerRT within the 3D Slicer software was used to calculate the Dice
similarity coefficient (DSC) and Hausdorff distance (HD) metrics. The DSC scores were
calculated to compare the overlap of the lung contours in which 1 indicates perfect overlap
and 0 indicates no overlap [21]. The HD metrics were calculated as a percentile of the
distances between the surface of one segmentation to another [22]. The 95th percentile of
the Hausdorff distance (HDys),) was calculated to avoid the impact of outliers. Median and
standard deviation (SD) values (1 = 16) were calculated in GraphPad Prism.

The intraclass correlation coefficient (ICC) was used to assess the level of reliability
and the robustness of the features. ICCs were calculated using the irr library (IpSolve
package, RStudio software (version 4.1.2)), using the 2-way random-effects model. An
ICC of 0 indicates no reliability, and an ICC of 1 indicates perfect reliability. ICC outputs
are classified by Koo et al. as poor (<0.5), moderate (0.5-0.7), good (0.7-0.9) and excellent
(>0.9) [23]. Further analysis was conducted to determine the robustness of these results.
Robustness was assessed using the lower 95% confidence intervals (CI) of the ICC (i.e., the
worst-case scenario receives a lower reliability score), with a lower CI ICC of >0.7 used to
identify good robustness [23,24].

3. Results
3.1. Geometry

The DSC and HDys), values were used to compare the inter-observer and software dif-
ferences for the contouring of mouse lungs on CBCT scans (Figure 2). All DSC scores were
greater than 0.8, indicating good overlap. The median DSC score £ SD for semi-automated
contours was higher (0.95 &+ 0.04) in comparison to the manual contours (0.87 & 0.02) and
software differences (0.82 & 0.04) (Figure 2A). The HDys, metrics also suggest that the
semi-automated contours had the greatest similarity between observers, as evidenced
by the smallest median of 0.39 mm =+ 0.35. Manual contours had a marginally higher
median HDgs}, value of 0.55 mm =+ 0.22, yet most values were within the submillimetre
range. Inter-software comparisons of manual contours had the highest HDos;, value of
0.70 mm =+ 0.22 (Figure 2B).

A
Inter-software (manual) ¢ 'a-:i.‘-
Inter-observer (semi-automated)-| é—
Inter-observer (manual) P%%
0.5 0.6 0.7 0.8 0.9 1.0
Dice Score
B
Inter-software (manual){ —0—0—+
Inter-observer (semi-automated) —<>-0—<}
Inter-observer (manual) —+

0.0 0‘.2 0‘.4 0‘.6 0‘.8 1.0 1‘.2 14
The 95 percentile of the Hausdorff distance (mm)
Figure 2. Similarity of manual and semi-automated contours. Boxplots show Dice similarity coeffi-
cients (DSC) (A) and the 95th percentile of the Hausdorff distances (HDysp,) (B) for lungs contoured
using manual and semi-automated methods.
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Figure 1 shows an example of contours with DSC scores and HDys), values of 0.97 and
0.61 (Panel A) in comparison to 0.84 and 0.7 (Panel B). Despite these variations, visually,
the contours have good overlap, and differences may only be significant at the bordering
points. Although a good starting point, the DSC and HDysp, metrics are not sufficient to
compare delineation differences, and the similarity of the 3D shape, intensity and textural
radiomics features is essential.

3.2. Reliability

ICCs were calculated to determine the reliability of the features for different contouring
methods and software. Inter-observer contouring methods (manual and semi-automated)
had median ICC values & SD of 0.91 £ 0.21 and 0.91 & 0.19 respectively, indicating an
“excellent” level of reliability between observers across both contouring methods. The
median ICC for manual contours on different software was slightly lower at 0.81 &+ 0.28 but
still within the “good” reliability ranking (Figure 3). The manual inter-observer contours
had the most reliable features of 611 features (73%). In comparison, the semi-automated
inter-observer contours had 555 (66%), and the software comparison had 431 reliable
features (51%).

c0oPac00

Inter-software (manual)fes &% %%;E{ -{

Inter-observer (semi-automated)- goo o8 g o %o%fgéi é

Inter-observer (manual) S |

T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
Intraclass correlation coefficient

Figure 3. Distribution of the intraclass correlation coefficients of radiomics features for different
contouring methods.

The ICC values varied according to feature classes (shape, intensity and texture)
(Figure 4). For unfiltered features, the median ICC values were the highest for texture
features (GLRLM, GLSZM and GLDM) and were lower for the shape and intensity (first
order) features (Figure 4A). The semi-automated methods consistently had the highest
median ICC values for GLRLM, GLSZM and GLDM of 0.93, 0.92 and 0.92, respectively.
Shape features were affected the most by inter-observer contouring differences, with the
lowest median ICC values of 0.70 £ 0.30 (manual) and 0.68 + 0.17 (semi-automated). Inter-
software variabilities had the greatest impact on shape features with the lowest median
ICC of 0.39 & 0.29, indicating “poor” reliability.

Wavelet filtering increased the median ICC value for most feature classes (Figure 4B).
The largest increase was seen for the first-order and texture features. All filtered features had
a median ICC > 0.8 except for the NGTDM features for inter-software comparisons, which
had a median ICC of 0.69 &+ 0.15. Overall, the inter-software results had the largest spread
of ICC values, indicating reduced reliability in comparison to the intra-software results.
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Figure 4. Boxplots of intraclass correlation coefficients by feature class and feature type (unfiltered
(A) and filtered (wavelet) (B)).

Of the 842 features analysed, 385 features had an ICC > 0.8 for all comparisons
(Figure 5). These included 1 shape, 79 intensity and 305 texture (110 GLCM, 69 GLRLM,
64 GLSZM, 52 GLDM and 10 NGTDM) features. The majority of overlapping unfiltered
features were first-order, GLRLM and GLSZM features, whereas for filtered features, the
majority were GLCM features.
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Figure 5. Overlapping features with an ICC > 0.8 across different contouring methods, comprised of
a total 28 unfiltered and 357 filtered (wavelet) features.

3.3. Robustness

To account for potential errors and ensure the results were robust, the lower 95% Cls of
the ICC were analysed [23]. All contouring comparisons had a high percentage (76-78%) of
reliable features which were also robust. Of the 385 overlapping features, 314 features were
also robust (Figure 6). These included 70 intensity and 244 texture (88 GLCM, 59 GLRLM,
54 GLSZM, 40 GLDM and 3 NGTDM) features (Supplementary Tables S1 and S2). NGTDM
features were impacted the most by differences in contouring methods, with a lower
median of 0.63 £ 0.10, and only 40% of the reliable features were also considered robust.
The first-order, GLSZM, GLRLM and GLCM feature classes had 88%, 86%, 84% and 82% of
robust features which were also reliable and therefore more stable for analysis.

Unfiltered (original) features Filtered (wavelet) features

Shape First Order
6 120
5 100

NGTDM 4 First Order 80
3 NGTDM 60 GLCM
2 40
] 20 ==|CC>0.8

=e=Robust
GLDM GLCM
GLDM GLRLM
GLSZM GLRLM
GLSZM

Figure 6. Spider plots to show the distribution of features with an ICC > 0.8 per feature class. A total
of 314 features were robust, with a lower confidence interval of >0.7 (22 unfiltered and 292 filtered).
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4. Discussion

Radiomics analysis is paving the way for precision medicine through the improve-
ment of diagnosis and prognosis within oncology. Encouragingly, there are more publicly
available clinical datasets that can be used for analysis, but still there is a lack of “big” and
standardised data that can be used to create meaningful radiomics signatures. Standard-
isation is limited by different image acquisition protocols, variabilities in patient history
and restrictions by law and ethics [25], yet preclinical models pose an alternative source for
developing this analysis in controlled scenarios.

Radiomics workflows are comprised of four main steps: image acquisition, tis-
sue delineation, feature extraction and statistical analysis. The reproducibility of this
workflow is dependent on each step being standardised. Some steps are easier to stan-
dardise (image acquisition and feature extraction), whilst others will be dependent on
the objective of the study (statistical analysis) or user variability (tissue delineation) [26].
It is recommended to standardise all possible steps within the workflow, including
imaging modality, imaging energy, image intensity discretisation, image processing,
image normalisation methods, radiomics software used for the extraction of features
and the filtering of features [20,27-29]. These, among many others are, essential factors
to standardise and ensure that results are robust and reproducible. However, tissue
delineation will always lead to variabilities in radiomics outputs. This study is the first to
evaluate the influence of inter-observer (manual and semi-automated) and inter-software
variabilities on preclinical radiomics results.

Accuracy in the delineation of an ROl is an essential step in generating meaningful
results. Previous studies have shown that variations in contouring or inter-observer de-
lineation can influence radiomics features [15,30,31]. Some tissues are more susceptible to
changes in radiomics features, with the greater variability detected for lower-contrast tis-
sues restricting the number of robust features available for analysis [16,17]. A reduction
of error from the true volume of the ROl is also particularly important during radiomics
analysis due to “the volume effect” phenomenon. Some studies suggest the predictive
ability of a radiomics signature is often correlated to the volume of the ROI [32,33].
Inter-observer variations, which largely alter the volume, may therefore have a signif-
icant effect on radiomics analysis. We suspect this may be particularly applicable in
preclinical radiomics models due to their small size and the lack of standardisation in
segmentation methods.

The introduction of automation could not only reduce the time-consuming process
of manual contouring but also reduce human variations, in theory leading to more repro-
ducible contours [12,34]. Studies have shown that comparable results can be produced from
observers with different levels of contouring expertise when using semi-automated con-
touring methods [31], yet other studies have also shown that the complexity and irregular
pattern of a tissue will largely influence the similarity of contours [15].

Our results show that inter-observer variability was reduced by using semi-automated
contouring methods in comparison to manual contouring, as evidenced through higher
DSC and lower HDgs,, values. Despite having fewer stable features, semi-automated
contours had “excellent” reliability for most feature classes. This suggests that the semi-
automated contouring of the lung may provide a quality assurance step in radiomics
analysis. Other studies have shown similar findings, with improved feature reliability for
the semi-automated contours of tumours [30,31].

Some studies have reported that semi-automated and automated contouring algo-
rithms, within the same software or between different software packages, may not be
suitable to be used interchangeably due to differences in the repeatability and repro-
ducibility of contours [31,35,36]. Our results emphasised the importance of identifying
differences in contouring software for radiomics analysis to improve comparability of
results.
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Inter-software variations reduced the number of robust radiomics features for analysis.
This could be due to multiple factors, including the compatibility of CBCT-data-loading (DI-
COM) and segmentation-saving (NIfTT) formats, paintbrush size and daily intra-observer
variations. As we used no algorithms or automation within the software comparison, we
suspect inter-software variations are an accumulation of these and can be minimised in
future by using one contouring software tool. We acknowledge that this may not be possible
for multi-centre analysis, but in this study, we identified 431 radiomics features with good
reliability across both Slicer and ITK-SNAP. Of these, 77% features are highly robust.

Across all analysis, we found the intensity (first-order) and texture (GLSZM, GLRLM
and GLCM) features to be the most robust and reliable. The shape and NGTDM features
were impacted the most by differences in contouring methods. We suspect that shape
features were not stable as they are defined by the geometry of the ROI, which in this
study, was the dependent variable. Similar to other clinical studies, we found that applying
wavelet filtering increased the median ICC values for most radiomics feature classes [14].
This could be a solution for removing contouring variations and improving the repeatability
of radiomics outputs.

Encouragingly, even these first data are relatable to clinical studies [14,15]. No studies
could be found to document the impact of inter-observer variabilities on radiomics features
in the lung; therefore, similarities were drawn from tumour examples. Pavic et al. evaluated
the impact of inter-observer delineation in non-small cell lung cancer (NSCLC) tumours [15].
In comparison to our stable features, 277 features (72%) were also found to be stable with
the data from Pavic et al. (Supplementary Table S3). More recently, Kothari et al. assessed
the robustness of inter-observer variation in another cohort of NSCLC tumours [14]. Only
54 features (unfiltered and wavelet) were listed with an ICC < 0.6, and just 7 of these
were identified as unfavourable features within our study, suggesting good differentia-
tion between stable and unstable features across both clinical and preclinical radiomics
(Supplementary Table S4). From these comparisons, we identified 271 radiomics features
which are robust to different segmentation methods (Supplementary Table S5) [14,15].
These include 14 unfiltered and 257 filtered features, with the first-order and texture feature
classes being the most robust. This complementary analysis also strengthens the argument
for the use of preclinical radiomics analysis to expand clinical radiomics signatures. Future
work is required for the expansion of these preclinical radiomics models and to further the
development of informative radiomics signatures.

We acknowledge that our study has several limitations. Firstly, the use of data from
a single scanner, and only two observers were used for inter-observer assessments. To
build on this pilot study with novel findings, a multi-centre preclinical investigation with a
range of contouring experience would further validate the reliable features identified. We
also acknowledge that in recent years, there has been the development of fully automated
contouring methods for preclinical models [12,37], yet these are not widely available or
fully adopted across preclinical imaging centres. We suspect the implementation of these
into preclinical radiomics workflows will reduce variabilities and increase the robustness
of features. Finally, preclinical CBCT scans contain more noise than clinical scans, which
may influence the radiomics features. A test-retest analysis may overcome this to further
determine reliable radiomics features for analysis, but this lay out of the scope of this
manuscript. We hope that this work will enhance preclinical radiomics models so that they
may be integrated more heavily in oncology studies to expand to imaging biomarkers.

5. Conclusions

The standardisation of workflows is vital to ensure the reproducibility of radiomics
analyses including variations in the creation of ROIs. Our results are the first to evaluate
the impact of contouring differences on preclinical radiomics. Although we showed that
manual contouring provides more reliable features for analysis, semi-automated methods
reduced variations, resulting in improved robustness of the radiomics readouts. Across
all delineation variabilities, there were 314 robust imaging features. Our findings are
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clinically translatable, with a considerable proportion of features having been previously
shown to have utility in large patient datasets. Ultimately, our findings suggest that
automated contouring tools for preclinical models will reduce inter-observer and inter-
software variabilities. This could significantly improve standardisation in preclinical
radiomics workflows, which will directly impact the repeatability and reproducibility of
predictive radiomics outputs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15102677/s1, Table S1: The robustness of radiomics features
found to be reliable in all three contouring comparisons; Table S2: List of robust and reliable radiomics
features by feature class; Table S3: Comparison of preclinical and clinical interobserver delineation
variations in radiomics analysis; Table S4: Comparison of radiomics features from preclinical and
clinical inter-observer delineation variability studies; Table S5: Radiomics features stable across three
independent studies which assessed different methods of contouring of lung tissue and tumours and
in both clinical and preclinical models.

Author Contributions: K.H.B.,, G.M.W. and K.T.B. were involved in study conceptualisation and
design. M.G. acquired the CBCT scans for analysis. K.H.B. and J.I. delineated the lungs on CBCT
scans. K.H.B. extracted radiomics features, performed statistical analysis and wrote the manuscript.
All authors were involved in interpretation of data, manuscript editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the NC3Rs. K.H.B. is supported by a Training Fellowship from
the National Centre for the Replacement Reduction and Refinement of Animal in Research (NC3Rs,
NC/V002295/1). M.G. and K.T.B. are supported by the Medical Research Council (MR/V009605/1).
G.W. holds an Irish Clinical Academic Training (ICAT) Programme, supported by the Wellcome
Trust and the Health Research Board (Grant Number 203930/B/16/Z), the Health Service Executive
National Doctors Training and Planning and the Health and Social Care, Research and Development
Division, Northern Ireland.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Datasets and analyses are available from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grossmann, P; Stringfield, O.; El-Hachem, N.; Bui, M.M.; Velazquez, E.R.; Parmar, C.; Leijenaar, R.T.H.; Haibe-Kains, B.; Lambin,
P; Gillies, R.J.; et al. Defining the biological basis of radiomic phenotypes in lung cancer. Elife 2017, 6, €23421. [CrossRef]

2. He, L;Huang, Y; Yan, L.; Zheng, J.; Liang, C.; Liu, Z. Radiomics-based predictive risk score: A scoring system for preoperatively
predicting risk of lymph node metastasis in patients with resectable non-small cell lung cancer. Chin. |. Cancer Res. 2019, 31,
641-652. [CrossRef]

3. Astaraki, M.; Wang, C.; Buizza, G.; Toma-Dasu, I.; Lazzeroni, M. Early survival prediction in non-small cell lung cancer from
PET/CT images using an intra-tumor partitioning method. Phys. Med. 2019, 60, 58-65. [CrossRef]

4. Walls, GM,; Osman, S.; Brown, K.; Butterworth, K.; Hanna, G.; Hounsell, A.; McGarry, C.; Leijenaar, R.; Lambin, P.,; Cole, A.; et al.
Radiomics for Predicting Lung Cancer Outcomes Following Radiotherapy: A Systematic Review. Clin. Oncol. 2021, 34, e107-e122.
[CrossRef]

5. Schlaak, R.A ; Senthilkumar, G.; Boerma, M.; Bergom, C. Advances in preclinical research models of radiation-induced cardiac
toxicity. Cancers 2020, 12, 415. [CrossRef]

6.  Butterworth, K.T. Evolution of the Supermodel: Progress in Modelling Radiotherapy Response in Mice. Clin. Oncol. (R. Coll.
Radiol.) 2019, 31, 272-282. [CrossRef]

7. Brown, K.H.; Ghita, M.; Dubois, L.J.; de Ruysscher, D.; Prise, K.M.; Verhaegen, F.; Butterworth, K.T. A scoping review of small
animal image-guided radiotherapy research: Advances, impact and future opportunities in translational radiobiology. Clin.
Transl. Radiat. Oncol. 2022, 34, 112-119. [CrossRef]

8.  Eresen, A; Yang, J.; Shangguan, J.; Li, Y.; Hu, S.; Sun, C.; Velichko, Y.; Yaghmai, V.; Benson, A.B.; Zhang, Z. MRI radiomics for
early prediction of response to vaccine therapy in a transgenic mouse model of pancreatic ductal adenocarcinoma. J. Transl. Med.
2020, 18, 61. [CrossRef]

9.  Holbrook, M.D.; Blocker, S.J.; Mowery, Y.M.; Badea, A.; Qi, Y.; Xu, E.S.; Kirsch, D.G.; Johnson, G.A.; Badea, C. Mri-based deep

learning segmentation and radiomics of sarcoma in mice. Tomography 2020, 6, 23-33. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers15102677/s1
https://www.mdpi.com/article/10.3390/cancers15102677/s1
https://doi.org/10.7554/eLife.23421
https://doi.org/10.21147/j.issn.1000-9604.2019.04.08
https://doi.org/10.1016/j.ejmp.2019.03.024
https://doi.org/10.1016/j.clon.2021.10.006
https://doi.org/10.3390/cancers12020415
https://doi.org/10.1016/j.clon.2019.02.008
https://doi.org/10.1016/j.ctro.2022.04.004
https://doi.org/10.1186/s12967-020-02246-7
https://doi.org/10.18383/j.tom.2019.00021

Cancers 2023, 15, 2677 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Panth, K.M.; Leijenaar, R.T.; Carvalho, S.; Lieuwes, N.G.; Yaromina, A.; Dubois, L.; Lambin, P. Is there a causal relationship
between genetic changes and radiomics-based image features? An in vivo preclinical experiment with doxycycline inducible
GADD34 tumor cells. Radiother. Oncol. 2015, 116, 462—-466. [CrossRef]

Dutta, K.; Roy, S.; Whitehead, T.D.; Luo, J.; Jha, AK,; Li, S.; Quirk, J.D.; Shoghi, K.I. Deep learning segmentation of triple-negative
breast cancer (Tnbc) patient derived tumor xenograft (pdx) and sensitivity of radiomic pipeline to tumor probability boundary.
Cancers 2021, 13, 3795. [CrossRef] [PubMed]

Lappas, G.; Wolfs, C.J.A.; Staut, N.; Lieuwes, N.G.; Biemans, R.; van Hoof, S.J.; Dubois, L.J.; Verhaegen, F. Automatic contouring
of normal tissues with deep learning for preclinical radiation studies. Phys. Med. Biol. 2022, 67, 044001. [CrossRef] [PubMed]
Ramkumar, A.; Dolz, J.; Kirisli, H.A.; Adebahr, S.; Schimek-Jasch, T.; Nestle, U.; Massoptier, L.; Varga, E.; Jan Stappers, P.; Niessen,
WJ. User Interaction in Semi-Automatic Segmentation of Organs at Risk: A Case Study in Radiotherapy. J. Digit. Imaging 2016, 29,
264-277. [CrossRef] [PubMed]

Kothari, G.; Woon, B.; Patrick, C.J.; Korte, J.; Wee, L.; Hanna, G.G.; Kron, T.; Hardcastle, N.; Siva, S. The impact of inter-observer
variation in delineation on robustness of radiomics features in non-small cell lung cancer. Sci. Rep. 2022, 12, 12822. [CrossRef]
Pavic, M.; Bogowicz, M.; Wiirms, X.; Glatz, S.; Finazzi, T.; Riesterer, O.; Roesch, J.; Rudofsky, L.; Friess, M.; Veit-Haibach, P; et al.
Influence of inter-observer delineation variability on radiomics stability in different tumor sites. Acta Oncol. 2018, 57, 1070-1074.
[CrossRef]

Wong, J.; Baine, M.; Wisnoskie, S.; Bennion, N.; Zheng, D.; Yu, L.; Dalal, V.; Hollingsworth, M.A.; Lin, C.; Zheng, D. Effects of
interobserver and interdisciplinary segmentation variabilities on CT-based radiomics for pancreatic cancer. Sci. Rep. 2021, 11,
16328.

Hershman, M.; Yousefi, B.; Serletti, L.; Galperin-Aizenberg, M.; Roshkovan, L.; Luna, ].M.; Thompson, J.C.; Aggarwal, C,;
Carpenter, E.L.; Kontos, D.; et al. Impact of interobserver variability in manual segmentation of non-small cell lung cancer (Nsclc)
applying low-rank radiomic representation on computed tomography. Cancers 2021, 13, 5985. [CrossRef]

Huang, Q.; Lu, L.; Dercle, L.; Lichtenstein, M.P; Li, Y.; Yin, Q.; Zong, M.; Schwartz, L.; Zhao, B. Interobserver variability in tumor
contouring affects the use of radiomics to predict mutational status. J. Med. Imaging 2017, 5,011005. [CrossRef]

van Griethuysen, ].].M.; Fedorov, A.; Parmar, C.; Hosny, A.; Aucoin, N.; Narayan, V.; Beets-Tan, R.G.H.; Fillion-Robin, J.-C.; Pieper,
S.; Aerts, H.J.W.L. Computational radiomics system to decode the radiographic phenotype. Cancer Res. 2017, 77, e104—e107.
[CrossRef]

Zwanenburg, A.; Leger, S.; Vallieres, M.; Lock, S. Image biomarker standardisation initiative. RSNA J. 2016, 295. [CrossRef]
Zou, K.H.; Warfield, S.K.; Bharatha, A.; Tempany, C.M.C.; Kaus, M.R.; Haker, S.J.; Wells, WM.; Jolesz, EA ; Kikinis, R. Statistical
Validation of Image Segmentation Quality Based on a Spatial Overlap Index 1: Scientific Reports. Acad. Radiol. 2004, 11, 178-187.
Available online: http://www.slicer.org (accessed on 26 July 2022). [CrossRef]

Huttenlocher, D.P,; Klanderman, G.A.; Rucklidge, W.J. Comparing Images Using the Hausdorff Distance. IEEE Trans. Pattern
Anal. Mach. Intell. 1993, 15, 850-863.

Koo, TK.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 2016, 15, 155-163. [CrossRef]

Portney, L.G.; Watkins, M.P. Foundations of Clinical Research: Applications to Practice; Pentice Hall: Hoboken, NJ, USA, 2000.
Rogers, W.; Seetha, S.T.; Refaee, T.A.G.; Lieverse, R.1.Y.; Granzier, R W.Y,; Ibrahim, A.; Keek, S.A.; Sanduleanu, S.; Primakov, S.P;
Beuque, M.P.L.; et al. Radiomics: From qualitative to quantitative imaging. Br. |. Radiol. 2020, 93, 20190948.

Wang, H.; Zhou, Y.; Wang, X.; Zhang, Y.; Ma, C.; Liu, B.; Kong, Q.; Yue, N.; Xu, Z.; Nie, K. Reproducibility and Repeatability of
CBCT-Derived Radiomics Features. Front. Oncol. 2021, 11, 4788.

Traverso, A.; Wee, L.; Dekker, A.; Gillies, R. Repeatability and Reproducibility of Radiomic Features: A Systematic Review. Int. J.
Radiat. Oncol. Biol. Phys. 2018, 102, 1143-1158.

Xue, C,; Yuan, J.; Lo, G.G.; Chang, A.T.Y,; Poon, D.M.C.; Wong, O.L.; Zhou, Y.; Chu, W.C.W. Radiomics feature reliability assessed
by intraclass correlation coefficient: A systematic review. Quant. Imaging Med. Surg. 2021, 11, 4431-4460. [CrossRef]
Shafiq-Ul-Hassan, M.; Latifi, K.; Zhang, G.; Ullah, G.; Gillies, R.; Moros, E. Voxel size and gray level normalization of CT radiomic
features in lung cancer. Sci. Rep. 2018, 8, 10545.

Parmar, C.; Velazquez, E.R.; Leijenaar, R.; Jermoumi, M.; Carvalho, S.; Mak, R.H.; Mitra, S.; Shankar, B.U.; Kikinis, R.; Haibe-Kains,
B.; et al. Robust radiomics feature quantification using semiautomatic volumetric segmentation. PLoS ONE 2014, 9, 102107.
Owens, C.A,; Peterson, C.; Tang, C.; Koay, E.J.; Yu, W.; Mackin, D.S.; Li, J.; Salehpour, M.R.; Fuentes, D.T.; Court, L.; et al.
Lung tumor segmentation methods: Impact on the uncertainty of radiomics features for non-small cell lung cancer. PLoS ONE
2018, 13, e0205003.

Hatt, M.; Majdoub, M.; Vallieres, M.; Tixier, E; Le Rest, C.C.; Groheux, D.; Hindié, E.; Martineau, A.; Pradier, O.; Hustinx, R.; et al.
18F-FDG PET uptake characterization through texture analysis: Investigating the complementary nature of heterogeneity and
functional tumor volume in a multi-cancer site patient cohort. J. Nucl. Med. 2015, 56, 38—44. [PubMed]

Yip, S.S.E; Aerts, HJ.W.L. Applications and limitations of radiomics. Phys. Med. Biol. 2016, 61, R150-R166. [CrossRef] [PubMed]
Vinod, S.K.; Min, M.; Jameson, M.G.; Holloway, L.C. A review of interventions to reduce inter-observer variability in volume
delineation in radiation oncology. |. Med. Imaging Radiat. Oncol. 2016, 60, 393-406. [PubMed]

Kalpathy-Cramer, J.; Zhao, B.; Goldgof, D.; Gu, Y.; Wang, X.; Yang, H.; Tan, Y,; Gillies, R.; Napel, S. A Comparison of Lung Nodule
Segmentation Algorithms: Methods and Results from a Multi-institutional Study. J. Digit. Imaging 2016, 29, 476-487.


https://doi.org/10.1016/j.radonc.2015.06.013
https://doi.org/10.3390/cancers13153795
https://www.ncbi.nlm.nih.gov/pubmed/34359696
https://doi.org/10.1088/1361-6560/ac4da3
https://www.ncbi.nlm.nih.gov/pubmed/35061600
https://doi.org/10.1007/s10278-015-9839-8
https://www.ncbi.nlm.nih.gov/pubmed/26553109
https://doi.org/10.1038/s41598-022-16520-9
https://doi.org/10.1080/0284186X.2018.1445283
https://doi.org/10.3390/cancers13235985
https://doi.org/10.1117/1.JMI.5.1.011005
https://doi.org/10.1158/0008-5472.CAN-17-0339
https://doi.org/10.1148/radiol.2020191145
http://www.slicer.org
https://doi.org/10.1016/S1076-6332(03)00671-8
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.21037/qims-21-86
https://www.ncbi.nlm.nih.gov/pubmed/25500829
https://doi.org/10.1088/0031-9155/61/13/R150
https://www.ncbi.nlm.nih.gov/pubmed/27269645
https://www.ncbi.nlm.nih.gov/pubmed/27170216

Cancers 2023, 15, 2677 12 of 12

36. Ashraf, H.; de Hoop, B.; Shaker, S.B.; Dirksen, A.; Bach, K.S.; Hansen, H.; Prokop, M.; Pedersen, ].H. Lung nodule volumetry:
Segmentation algorithms within the same software package cannot be used interchangeably. Eur. Radiol. 2010, 20, 1878-1885.

37. Sforazzini, F.; Salome, P.; Moustafa, M.; Zhou, C.; Schwager, C.; Rein, K.; Bougatf, N.; Kudak, A.; Woodruff, H.; Dubois, L.; et al.
Deep Learning—based Automatic Lung Segmentation on Multiresolution CT Scans from Healthy and Fibrotic Lungs in Mice.
Radiol. Artif. Intell. 2022, 4, €210095. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1148/ryai.210095

	Introduction 
	Materials and Methods 
	CBCT Datasets 
	Contouring Methods 
	Radiomics Analysis 
	Statistical Analysis 

	Results 
	Geometry 
	Reliability 
	Robustness 

	Discussion 
	Conclusions 
	References

