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ABSTRACT

In this paper we present an integrated software solution® targeting clinical researchers for discovering relevant
radiomic biomarkers covering the entire value chain of clinical radiomics research. Its intention is to make this
kind of research possible even for less experienced scientists. The solution provides means to create, collect,
manage, and statistically analyze patient cohorts consisting of potentially multimodal 3D medical imaging data,
associated volume of interest annotations, and radiomic features. Volumes of interest can be created by an ex-
tensive set of semi-automatic segmentation tools. Radiomic feature computation relies on the de facto standard
library PyRadiomics and ensures comparability and reproducibility of carried out studies. Tabular cohort studies
containing the radiomics of the volumes of interest can be managed directly within the software solution. The
integrated statistical analysis capabilities introduce an additional layer of abstraction allowing non-experts to
benefit from radiomics research as well. There are ready-to-use methods for clustering, uni- and multivariate
statistics, and machine learning to be applied to the collected cohorts. They are validated in two case studies: for
one thing, on a subset of the publicly available NSCLC-Radiomics data collection containing pretreatment CT
scans of 317 non-small cell lung cancer (NSCLC) patients and for another, on the Lung Image Database Consor-
tium imaging study with diagnostic and lung cancer screening CT scans including 2,753 distinct lesions from 870
patients. Integrated software solutions with optimized workflows like the one presented and further developments
thereof may play an important role in making precision medicine come to life in clinical environments.
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1. PURPOSE

Radiomics is still an emerging field in the domain of medical image analysis. When striving for precision
medicine, therapy personalization may depend on subtle morphological differences in disease manifestation.
Modern medical imaging modalities like C'T or MR in many cases offer sufficient temporal and spatial resolution
to capture these differences. However, they still may not necessarily be observable by the human eye. Radiomics
therefore tries to represent morphology of volumes of interests (VOIs) in medical imaging data by a multitude of
quantitative features encoding different morphological aspects of interest as for example texture or gross shape.
The resulting representations for a cohort of patients can then be subject to data mining and predictive modeling.

The lack of convenient tools however prevents clinical researchers without the necessary scientific and technical
background from carrying out such studies. Many available (research) tools are customized to a specific medical
question causing significant development effort in case adaptations to other questions are necessary.

We therefore present a software solution (see Fig. 1) that supports carrying out generic radiomics research
studies, which targets clinicians rather than computer scientists or statisticians. It aims to enable clinical
researchers to easily prepare their data for cohort analysis related to clinical research hypotheses from various
fields of medical imaging (oncology, screening, etc.). It provides universal tools for VOI definition by means of
object segmentation and 3D surface creation in multiple scans sharing the same frame of reference. Furthermore,
automatically created segmentations, e.g., from other tools, can be loaded as VOIs, too. The tool helps to create
and manage cohort studies combining radiomic features from several patients with several VOIs and provides
tools to statistically analyze these studies. The choice of statistical analysis tools has been driven by the endeavor
to make the interaction as intuitive as possible and to avoid exposing too many parameters to the user. Where
possible appropriate defaults have been set.

*A MeVisLab-based [1] implementation of our solution will be available as part of the Siemens Healthineers syngo.via
Frontier research extension.
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Figure 1. The user interface of our software solution for radiomics computation from VOIs with the groups of segmentation
tools to the left in the control area (a) and the user interface for cohort study analysis (b).
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2. METHODS
2.1 General Radiomics Workflow

Our method and the associated software solution support the following general radiomics workflow (see Fig. 2(a)):
i) loading of one or more image series sharing the same frame of reference, ii) intuitive creation and editing of
VOIs by multiple semi-automatic tools for pathologic/anatomical image entities that are of interest for radiomic
analysis, iii) radiomic feature computation for all series and all VOIs, iv) attachment of computed radiomics to
existing or newly created cohort studies, and v) statistical and machine learning-based analysis of cohort studies
including the preparation of result tables and plots.

2.2 Segmentation Tools

The following segmentation tools can be used for cohort study collection: contouring tools (Livewire [2], spline-
based, and polygonal) with smart or linear 3D interpolation, volumetric tools (thresholding, region growing, and
punching in VRT), drawing tools (nudging and brushing) for local segmentation refinement, object operations
(amongst, morphological operations, inversion, and hole filling) for global segmentation refinement, object com-
binations (fusion, subtraction, and intersection), and Random Walker-based [3] lesion segmentation for generic
lesions with adapted versions for solid and subsolid lung lesions, liver lesions, and lymph nodes [4].

2.3 Radiomics

For computation of radiomic features from VOIs and image series our prototype interfaces with the PyRadiomics
library [5] in a similar manner to 3D Slicer’s [6] Radiomics plugin. The library offers a variety of options to
customize image pre-processing immediately before feature extraction (Laplacian of Gaussian filtering, wavelet
filtering, and non-linear intensity transforms) and feature extraction itself. The supported feature classes contain
first order, shape, and a multitude of texture encoding features. By relying on a public domain library an
important step towards standardization of radiomics and towards interoperability and comparability of features
and results has been taken.

In the case of multi-series cohort studies there is the possibility to concatenate features originating from
different image series but describing the same VOI to a single VOI-specific feature vector. This is accomplished
by assigning series data roles while collecting a cohort.

2.4 Hierarchical Clustering

In the context of unsupervised machine learning our solution offers z-score-based hierarchical clustering with
conjoined dendrogram creation. Clustering can be customized with regards to the clustering method and the
associated distance metric. [7, 8] The significance of the association between the clustering results and a user-
selected label per radiomic specimen is assessed by a x? test.
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Figure 2. The general workflow of the proposed solution, which allows VOIs and radiomics to be successively defined and
computed in order to create larger cohort studies for further analysis (a), and a semi-automatically created liver lesion
segmentation overlaid to the anatomical reference planes of a 140 kV (b—d) and a 100 kV (e—g) series of an arterial phase
liver dual-energy CT scan.

2.5 Univariate Statistics and Feature Selection

Using univariate statistics, all considered radiomic features can be ranked according to their explanatory power
with regards to a user-selected label. The used sorting criterion is configurable. Amongst other things, the
p-value or the R? value can be chosen for this purpose. If desired p-value correction to cope with the multiple
comparison problem [9] can be applied. Besides, other indices like for example if a feature can be considered
relevant and not redundant are computed as well.

Feature selection for subsequent multivariate statistics is embedded in the processing: appropriate thresholds
for feature relevance can be defined and all features satisfying these relevance criteria will either be immediately
forwarded to multivariate analysis or considered for subsequent optional decorrelation. In case of decorrelation
there are two different methods: in the first one the maximum number of features to be forwarded can be
defined. Then a fast minimum redundancy maximum relevance (mRMR) algorithm [10] is applied to select the
proper number of features. In the second group-wise method a threshold for redundancy can be provided. In a
subsequent greedy search features will be considered non-redundant and selected if they are relevant and their
mutual information with the previously selected feature is lower than the provided redundancy threshold. As a
best practice it is recommended to obey the one in ten rule [11] and to set the described parameters of feature
selection appropriately such that only a limited amount of features is selected for multivariate analysis. This will
reduce the risk of generating overfitted models.

2.6 Multivariate Statistics

Multivariate statistics in the context of our solution refers to the assessment of multivariate linear predictive
models derived from a cohort study for a user-selected (binary) label. During computation multiple subsets of
up to a configurable number of the forwarded features are simultaneously assessed. The best model is found by
best subset forward selection: starting with the best feature and iterating over all remaining features exactly that
feature is added to the model, which optimizes the chosen optimization criterion (Bayesian information criterion,
Akaike information criterion, or adjusted R? value). This process is repeated until the predefined maximum
number of features is reached. The resulting subsets and their models are ranked and the best ranking subset



and its associated multivariate linear model is further detailed by a multitude of characterizing indices, e.g., R?
value, F-statistics, Log-likelihood, and odds ratios, and by its receiver operating characteristic (ROC) curve.

2.7 Machine Learning

Last but not least a machine learning-based model in terms of a random forest (RF) can be built from the cohort
study. The method of RFs has been chosen due its repeatedly proven applicability for biomarker discovery. [12,
13] The generalization capability of the model is inherently evaluated by cross-validation with a configurable
number of folds. The reported metrics and the computed ROC curve resulting from these experiments therefore
provide a model assessment with respect to unseen data. In addition, RF-related feature importance is reported,
too.

In principle, when an RF model is built the complete radiomic feature pool of potentially weakly relevant or
even irrelevant features is considered. Even if the learning algorithm used is relatively robust to the presence
of irrelevant features, processing these requires additional computational resources and may often even cause
a decrease in the resulting predictive performance. Besides, high dimensional feature vectors generally imply
several other undesirable effects (curse of dimensionality), and with a fixed number of training samples the
predictive power even tends to reduce as the dimensionality increases (Hughes phenomenon). [14] We therefore
provide the option to use the above-mentioned decorrelation-based feature selection methods within each cross-
validation training/testing iteration, too. This way the inherent randomization in the RF algorithm is less likely
to ineffectively fade away.

3. VALIDATION
3.1 Case Studies

The NSCLC-Radiomics collection [15] is publicly available from The Cancer Imaging Archive (TCIA) [16] and
contains pretreatment CT scans of 422 non-small cell lung cancer (NSCLC) patients. There are manual 3D
delineations of a radiation oncologist for parts of the collection and information about clinical outcomes. The
data corresponds to the “Lungl” dataset described and analyzed in reference [17]. We use this data collection
to validate the integrated cluster analysis mechanism of our solution in the context of the primary tumor stage.
The data is further used to assess our solution’s multivariate and machine learning-based modeling capabilities
with respect to predicting the patients’ two year survival.

The second collection used is an imaging study by the Lung Image Database Consortium (LIDC) [18,19] with
diagnostic and lung cancer screening CT scans. It is also available on TCIA [16]. The data collection includes
volumetric lesion annotations and a 5-stage malignancy rating (from benign to malignant) per lesion. We included
2,753 distinct lesions from 870 patients in our case study. With regards to binarization of the malignancy rating
and annotator choice we followed the practice by Griethuysen et al. [5] but included considerably more lesions in
our analysis. We use the LIDC data collection to validate our clustering approach, the univariate and multivariate
statistics approaches, and the machine learning-based analysis in the use case of predicting tumor malignancy.

We have chosen to use these two data collections for validation purposes as they can be considered represen-
tative of data collections that may be subject to integrated radiomic analysis in our software solution.

3.2 Case Study: NSCLC-Radiomics

Clustering (see Fig. 3(a)) on the NSCLC-Radiomics collection reveals significant association between 3 identified
radiomic phenotype subgroups in the set of 317 patients with tumor outlines and the primary tumor stage of the
patients (T-stage; p ~ 2.98-10719). The result points in the same direction as the findings of Aerts et al. [17] who
analyzed all 422 patients with a PyRadiomics predecessor yielding 440 features per patient. With a comparable
choice of feature classes (first order, shape, and texture) and identical pre-processing (wavelet decomposition)
PyRadiomcs produces 529 features per patient in our case.

On the subject of two year survival our processing pipeline (with fast mRMR decorrelation) created a mul-
tivariate statistical model consisting of one texture feature and one first order feature from different wavelet
filter passes of the original imaging data (wavelet-LHL_glem Idmn and wavelet-HLL firstorder_TotalEnergy). As
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Figure 3. Clustering results for 317 patients of the NSCLC-Radiomics collection with 529 features (a) and the ROC curves
of a multivariate linear prediction model (b) and a machine learning-based prediction model (c) for two year survival from
the NSCLC-Radiomics data collection (b).

depicted in Fig. 3(b) it achieves an ROC area under the curve (AUC) of 0.70. Its machine learning-based coun-
terpart, a 10-fold cross-validated RF consisting of 100 trees measuring split quality by the Gini impurity, reaches
0.67 (see Fig. 3(c)).

3.3 Case Study: LIDC

In the case of the LIDC data collection four phenotype subgroups could be found by clustering, which are
significantly associated with the lesions’ malignancy rating (p ~ 8.47 - 1079%)). From Fig. 4(a) it appears as if
clusters 1 and 2 well separate benign and malignant lesions while clusters 3 and 4 are each dominated by one of
the possible classifications. This result may motivate a 4-stage likelihood rating of lesion malignancy based on
cluster affiliation in clinical practice.

Feature selection and univariate statistics on the LIDC data collection (with settings producing 1,223 radiomic
features) yield that some texture-based features where wavelet_LLL_glem Imcl ranks first with R? = 0.206 carry
more discriminative information about malignancy than the shape feature that can be considered equivalent with
the well-known RECIST criterion (original_shape_Maximum2DDiameterSlice; R? = 0.133).

Multivariate linear predictive modeling (with fast mRMR decorrelation) yields a model consisting of seven
radiomic features that reaches R? = 0.260 and an ROC AUC of 0.794 for predicting malignancy (see Fig. 4(b)).
An RF classifier with settings as above achieves an ROC AUC of 0.804 for the same purpose.

4. CONTRIBUTIONS

We presented an integrated software solution for creating, collecting, managing, and analyzing radiomic patient
cohorts from multimodal 3D medical imaging data that may pave the way for radiomics-related precision medicine
to clinical routine. Our solution offers means to semi-automatically define VOIs with a multitude of tools easing
radiomic case preparation. Cohort studies can be collected little by little and immediately analyzed from within
the software solution bypassing the need for additionally statistics tools. Our solution is generic in nature and
not tied to any particular medical question and applicable for multiple use cases. It interfaces with a standard



-24

Chstors & Receiver Operating Characteristic
- 16 Prediction

-0 §
o0 3 Clusters
N
- 08
I . s Ll P, i "

i benign
i . malignant

True Positive Rate

7 ——— ROC curve (area = 0.79)

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

(b)

Receiver Operating Characteristic

Filter & Feature Types

Filter Types

Original

Square
- Squareroot
W Logarithm
m Exponential

True Positive Rate

| T 7
g
%
E 1

- Wavelet
Fealure Types
Firstorder e ——— ROC curve (area = 0.80)
- Texture 0.0 £2
= Shape 0. 0.2 0.4 0.6 0.8 1.0
Patients/Objects False Positive Rate

(a) (c)
Figure 4. Clustering results for the 2,753 lesions of the LIDC collection with 1,223 features (a) and the ROC curve of
a multivariate linear prediction model (b) and a machine learning-based prediction model (c¢) for malignancy from the

LIDC data collection (b).

library for radiomic feature computation in order to make scientists achieve comparable and reproducible results.
We have shown in real-world case studies that our software solution is capable of generating meaningful results
in the context of radiomics-based biomarker research. We strongly believe that its integrated character will
considerably lower the burden for interested clinical researchers to contribute to the exciting field of radiomics.

5. LIMITATIONS AND CONCLUSIONS

Radiomic features, particularly first order and texture features, may be very sensitive to technical variation in
image acquisition. To better focus on biological variation associated parameters have to be either kept consistent
during cohort study collection or the data needs to be standardized by appropriate techniques that are outside
of the scope of this paper.

When trying to apply radiomics-based techniques to clinical use cases it will be advantageous if the imaging
data contains visible evidence of the classification target. It may be of qualitative nature only in the first place
but has the chance to be quantified and validated by the radiomics approach.

As mentioned above we tried to introduce another layer of abstraction encapsulating the diversity of un-
derlying statistical and machine learning-based methods. As both disciplines are complex fields of science on
their own this is compulsorily accompanied by shortcomings in this or that aspect: in our solution multi-class
classification targets are for example only supported via the detour over one-hot encoding and regression is not
supported at all. Design choices were driven by spread, availability, and reasonable computational complexity of
methods, which may have excluded cutting-edge approaches.

Despite these limitations we are confident that our solution helps promoting radiomics-based research in
further clinical use cases like for instance lung COPD [20], liver cirrhosis [21] or degenerated muscle tissue [22].
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