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Synopsis:
Renal tumors encompass heterogeneous disease spectrum, which confounds patient management
and treatment. Percutaneous bhiopsy is an invasive procedure with excellent accuracy for the
diagnosis of kidney cancer, though limited by the inability to sample every part of the tumor at
multiple time points, potentially limiting the accurate characterization of heterogeneous renal
masses and detection of tumor changes over time. Imaging, particularly with quantitative magnetic
resonance imaging (MRI), provides a noninvasive method for the detailed assessment of kidney
tumors. In conjunction with Radiomics, imaging may provide detail beyond what can be achieved
from human interpretation alone, including detailed insight into tumor biology. Understanding
what these technologies can offer will allow radiologists to play a larger role in the care of patients
with RCC. In this article, we review the use of radiomics in renal cell carcinoma, in both the pre-
treatment assessment of renal masses and posttreatment evaluation of RCC, with special emphasis
on the use of mpMRI datasets.
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Introduction

Renal tumors encompass a broad disease spectrum including benign and indolent lesions to
aggressive and invasive malignancies. Imaging plays a critical role in the management of
patients with renal tumors. Small renal masses (SRMs), defined as < 4 cm in size, account
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for greater than 50% of all renal masses with approximately 20% of these demonstrating
malignant behavior 1. The American Urological Association guidelines for management of
renal masses contemplate active surveillance (AS) as a valid option for patients with
comorbidities and T1a (g4cm) or T1b (4-7 cm) tumors. The ability to predict the histology
of these renal lesions to distinguish aggressive forms of renal cell carcinoma (RCC) from
benign and indolent malignant lesions with imaging has been a primary topic of interest.
Furthermore, despite the reported low risk of metastases in larger tumors (i.e. cT1b/T2, >4
cm) followed on AS, the lack of reliable predictors of oncologic behavior and low reliability
of biopsies to grade larger, heterogeneous tumors limit the applicability of AS in clinical
practice for these tumors. Moreover, there is currently not accepted neoadjuvant therapy
regimen in the management of kidney cancer. The inherent heterogeneous nature of renal
tumors 22 drives the need to better characterize the disease and overcome the sampling
variability of percutaneous biopsies. Imaging provides a whole-tumor assessment that has
the potential to help select effective therapies for specific histologic subtypes. Nevertheless,
the known histologic and molecular heterogeneity within the subtypes of RCC, and even
within a single tumor, is such that the development of reliable imaging biomarkers to predict
the histology and biologic behavior of these lesions is challenging.

Radiomics is an emerging field, which attempts to extract data from imaging to provide
information beyond what can be achieved from human imaging interpretation alone. The
correlation of these imaging data with genomics (i.e. radiogenomics), metabolomics (i.e.
radiometabolomics), and beyond, offers an opportunity to generate objective, quantitative
biomarkers of tumor biology that may be used to predict patient’s prognosis and likelihood
to response to therapy, overcoming some of the challenges associated to disease
heterogeneity (Figure 1). Magnetic resonance imaging (MRI) provides rich imaging data
sets because of the multiple image contrast mechanisms available with this technique (i.e.
multiparametric MRI [mpMRI]). These datasets offer a unique opportunity to implement
radiomic analysis. In this article, we review the use of radiomics in renal cell carcinoma, in
both the pre-treatment assessment of renal masses and post-treatment evaluation of RCC,
with special emphasis on the use of mpMRI datasets.

Radiomics Overview

Radiomics is a term that includes various techniques for the extraction of quantitative
features from imaging to improve diagnostic, prognostic, and predictive accuracy of image
interpretation. Gillies et al 4 define radiomics as “the conversion of images to higher
dimensional data and the subsequent mining of these data for improved decision support”.
Radiomics approaches provide a mechanism to identify complex patterns in images that are
not obvious to the naked eye. The recent breakthroughs in artificial intelligence (Al) and
computer power have accelerated the application of this type of analysis to medical imaging
to guide clinical decisions °.

The process begins with selection and standardization of an imaging protocol. Uniformity in
image acquisition is vital in any radiomics assessment to reduce variability and improve the
reproducibility and comparability of studies. Mackin et al ® reported a similar level of
variability in the values of radiomics features calculated on computed tomography (CT)
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images obtained from different CT scanners to that of the variability of these radiomics
features found in CT images of patients with non small cell lung cancers. In MRI,
standardization of image acquisition may represent even a greater challenge due to the
interplay of numerous factors including hardware (i.e. magnet strength, coil selection, etc.),
sequence parameters, and contrast agents. For example, with dynamic contrast-enhanced
(DCE) MR, the type and dose contrast agent, software used to extract the pharmacokinetic
parameters, and pulse sequence utilized for image acquisition must be accounted for 7.
Nevertheless, several organizations have attempted to introduce standardization of imaging

techniques for quantitative analyses, such as the Quantitative Imaging Biomarkers Alliance
8

Once an appropriate imaging protocol is selected, a volume of interest is identified.
Depending on the prediction target, analyses can be performed on an entire lesion,
metastases, and/or normal tissues. Additionally, analyses may be performed on subvolumes
of tumor known as habitats, regions that may exhibit unique physiologic characteristics from
the remainder of the tumor . Volume of interests are then segmented, either manually or
automatically, to determine which voxels are analyzed.

Segmentation is considered a critical component of radiomics, as the subsequent features
data is generated from the segmented volumes. Manual segmentation is considered as
ground truth, but is labor intensive, may not be feasible with large volumes of data, and
suffers from inter-operator variability 10. Semi-automatic segmentation methods, such as
region-growing and level set methods, may maximize outputs and provide greater
reproducibility, though still require some level of manual input by the operator. The method
of segmentation can also affect the radiomic analysis 11. Once the volumes are segmented,
feature extraction can then be performed.

Feature extraction involves the mining of quantitatively attributes from the segmented
volumes and encompasses the center of radiomics. The number of radiomic features that can
be extracted is essentially limitless and requires careful selection, as inclusion of many
features could result in overfitting. Predictive and prognostic radiomic features should be
extracted from training sets and validated in independent datasets, when possible, to
diminish the opportunity of overfitting. Features can be subdivided into two broad
categories: semantic and agnostic features 4 Semantic features including descriptors
commonly used in image interpretation by the radiologist, such as lesion shape, margin, and
location. Agnostic features are those mathematically extracted from the image and be further
subdivided into first-, second-, and higher-order statistical outputs 2.

First-order statistics are obtained from the histogram of voxel intensities to provide
characteristics such as mean, skewness/asymmetry, kurtosis/sharpness, and measures of
randomness, including entropy and uniformity. Firstorder features describe the distribution
of intensities without taking into account the spatial relationship of voxels. Second-order, or
texture or greyscale features, are based on matrices depicting spatial intensity distribution
and describe the relationship between voxels with similar or different intensity values and
can provide a measurement of intratumoral heterogeneity. Examples of these include gray-
level co-occurrence matrix (GLCM) (Figure 2) and runlength matrix 12. Haralick first
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described a series of texture features commonly applied to medical imaging (Box 1)13.
Finally, higher-order statistical outputs employ filters grids on the image to identify
repetitive or nonrepetitive patterns.

Ultimately, the goal of radiomics is to use imaging features to identify patterns which can be
used individually or correlated with patient characteristics beyond imaging (e.g. histology,
immunohistochemistry, genomic and proteomic profiles, etc.) to generate objective,
quantitative biomarkers of disease status that can improve diagnosis, inform on patient
prognosis, and predict response to therapy. This requirement for expansive data sets
mandates the creation of large databases through which data may be mined and patterns may
be discovered. An intermediate step toward the described radiomic analysis is the use of
quantitative MRI techniques for characterization of disease aggressiveness in kidney cancer.
Understanding the correlation between these quantitative techniques and histopathologic,
metabolic, and genetic conditions will facilitate the implementation of radiomic analyses.
Here we discuss some of these techniques for evaluation of patients with renal masses in
general, localized kidney cancer, and locally advanced and/or metastatic kidney cancer.

Radiomics in the Pre-treatment assessment of renal masses

Intratumor heterogeneity presents a challenge in the preoperative assessment of renal
masses. Percutaneous biopsy is an invasive procedure with excellent accuracy for the
diagnosis of kidney cancer. However, biopsies are limited by the inability to sample every
part of the tumor at multiple time points, potentially limiting the accurate characterization of
renal masses (ie. subtyping, tumor grading). MRI is well-suited for a comprehensive
evaluation of renal masses, particularly with its ability to provide quantitative and functional
assessments, such as diffusion-weighted imaging (DW1), arterial spin labeling (ASL), and
dynamic contrast enhancement (DCE). MRI may also be utilized at multiple time points
without the drawback of radiation exposure, allowing renal masses to be followed over time
to detect changes in lesion characteristics which may reflect changes in tumor histology and
aggressiveness.

Radiomics for Subtyping of renal masses

The noninvasive characterization of renal masses using qualitative features on MRI has been
well-described 14-16, The more common subtypes of renal cell carcinoma can be
differentiated primarily using a combination of T2-weighted and post-contrast imaging.
Clear cell renal cell carcinoma (ccRCC), the most common and aggressive subtype, most
often exhibits hyperintense signal on T2-weighted images and avid enhancement, in addition
to intravoxel fat. On the other hand, papillary renal cell carcinoma (pRCC) tends to show
hypointense signal on T2-weighted imaging and show low-level enhancement. Finally,
chromophobe renal cell carcinoma (chrRCC) demonstrate variable signal intensity relative
to renal parenchyma on T2-weighted images and show moderate enhancement.

Quantitative assessment of renal mass enhancement is not just an academic exercise. Indeed,
there are several clinical scenarios where these measures can have substantial impact on
patient management 17. Therefore, attention to the acquisition technique and standardization
across patients is important 18, For example, a high arterial-to-delay enhancement ratio
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(>1.5) on multi-phasic contrast-enhanced MRI, combined with homogeneous low signal
intensity on T2-weighted images, has a sensitivity of 73% and specificity of 99% in
distinguishing an angiomyolipoma without visible fat (i.e. fat-poor angiomyolipoma
[fPAML]) from RCC 1°. Quantification of contrast enhancement on multi-phasic contrast-
enhanced MRI can play a complementary role to tissue biopsies in patients presenting with
locally advanced and/or synchronous metastatic disease at diagnosis and can assist in the
selection of optimal therapy for these patients (Figure 3).

Quantitative assessment with DWI may be of utility to assist with characterizing renal
masses as well. Signal on DWI is dependent on the motion of water molecules in the
extracellular space and provides a noninvasive assessment of tissue cellularity, integrity of
cell membranes, and microcapillary perfusion. Overall, malignant solid renal masses are
reported to demonstrate lower ADC values than benign lesions 20. Using qualitative features
alone, renal oncocytomas (RO) exhibit imaging features which may overlap with subtypes of
RCC, particularly ccRCC and chrRCC. A meta-analysis of diffusion-weighted imaging of
renal lesions, however, described ADC values for ROs tend to be higher (2 + 0.08 x 10-3
mm2/s) than RCC (1.5 + 0.08 x10-3 mm2/s). For example, Taouli et al 2! reported
significantly higher ADC values for ROs (mean ADC 1.91 + 0.97 x 10-3 mm2/s) than solid
RCCs (mean ADC 1.54 + 0.69 x 10-3 mm2/s).

Nevertheless, absolute ADC values are affected by numerous factors and may vary between
MR systems and field strengths. Histogram analyses may help overcome these limitations
and provide a more reliable quantitative assessment, as distribution parameters are
independent of signal intensity. A histogram analysis of DWI features may be used to
differentiate benign from malignant neoplasms, as histogram-based assessment provides the
benefit of quantitatively assessing the heterogeneity characteristically exhibited by ccRCC.
Gaing et al 22 used whole lesion histogram analysis of intravoxel incoherent motion (IVIM)
on renal lesions, and of the distribution parameters, kurtosis (i.e. a measure of flatness of the
histogram) of the perfusion fraction was the only variable to distinguish RO from ccRCC.
These authors also found the mean and standard deviation of tissue diffusivity and kurtosis
of perfusion fraction could distinguish ccRCC from angiomyolipomas (AML). Histogram
analysis of contrast enhancement patterns has also been used to differentiate among different
renal masses as well. Chandarana et al 23 found the histogram distribution parameters of
kurtosis and skewness on contrast enhanced MRI acquisitions to be significantly different
between ccRCC and pRCC.

Textural analyses have also been used on computed tomography (CT) to predict histologic
subtypes and grade. On portal venous phase images, entropy, a measure of histogram
uniformity, and standard deviation correlate positively with ccRCC subtype on whole lesion
analyses 24. In the same study, an association between texture features and survival
measures, including overall survival and time to disease recurrence, was seen with the
histogram distribution parameters of standard deviation, mean, and entropy on unenhanced
CT images. Global heterogeneity features, including run-length nonuniformity and gray-
level nonuniformity, were significantly greater for sarcomatoid RCC tumors, an aggressive
differentiation of RCC associated with a poor prognosis, when compared with non-
sarcomatoid ccRCC 25,
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Future Role for Radiomics in Predicting Tumor Biology

Over the past decade, the incidence of incidentally detected renal masses has increased with
the majority of those made up small renal masses (< 4 cm).1 Approximately 20% of these
masses are benign and many others exhibit an indolent growth pattern. In patients with
comorbidities and increased surgical risk, active surveillance may be pursued as a
management option. In this setting, the prediction of tumor grade within each specific
subtype of renal cell carcinoma would be an essential part in the assessment of renal lesions.
Furthermore, a method to further assess noninvasively changes in histopathologic and
molecular tumor characteristics on subsequent follow-up imaging that predict a change in
oncologic behavior would be of great value in managing these patients. As tumors undergo
transformation from a low-grade neoplasm to a high-grade and aggressive tumor, detection
of these changes would allow for early intervention before the tumor acquires the ability to
metastasize or invade locally (Figure 4). This transformation is likely the result of changes in
genetic and metabolic alterations, which are difficult to determine in clinical practice due to
the impracticality of performing multiple serial biopsies, so a method to assess for this
change non-invasively such as liquid biopsies or imaging would radically transform the
management of patients undergoing active surveillance.

Ideally, such imaging methods would rely on robust, reproducible imaging techniques. The
described variability of MRI protocols, sequences, and hardware challenge this concept. T2-
weighted single-shot fast spin echo (SSFSE) acquisitions however, are known to be robust
and reliable in most state-of-the-art MRI scanners and therefore, could be an optimal
candidate for radiomics. Texture analysis of T2-weighted SSFSE images may be helpful in
predicting tumor grade in clear cell renal cell carcinoma (Figure 5). Similarly, texture
features on T2-weighted images have been shown to be predictive of molecular alterations in
other tumors such as glioblastomas 26.

Quantitative MRI techniques have been explored to evaluate for imaging features that may
correlate with histologic and metabolic features. Insight into the von Hippel-Lindau tumor
suppressor gene (VHL) and its importance in regulation of the hypoxia pathway was
revolutionary in understanding the tumor biology of ccRCC. Mutations/inactivation of VHL
in the unregulated expression of hypoxia response elements and ultimately angiogenesis,
which has been described to be associated with ccRCC prognosis and ability to metastasize
21,28 An imaging technique that can estimate tumor microvascular density (MVD) may
provide a noninvasive method to assess tumor angiogenesis and perhaps aggressiveness.
ASL is one such potential technique, which uses arterial blood protons to assess tissue
perfusion without the use of an exogenous contrast agent. Tumor perfusion estimated by
ASL imaging has been shown to correlate with microvessel density on histopathology both
in human samples and RCC xenografts 24-31, In human studies of ccRCC, ASL was able to
detect intratumoral heterogeneity within a single tumor by showing areas with different
degrees of tissue perfusion, which correlate with differences in microvessel density and
tumor cellularity on histologic assessment 30:32,

Multi-echo Dixon-based MRI, which uses a chemical shift technique to detect and quantify
lipid, has been used as a noninvasive method to assess the metabolic features of ccRCC.
Alterations in lipid metabolism result in the storage of lipids in intracytoplasmic vacuoles,
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characteristically manifested on imaging as decreased signal intensity on T1-weighted
opposed-phase images relative to in-phase images. Furthermore, ccRCC expresses high
levels of enzymes necessary to produce fatty acids and lipids, and two of these, fatty acid
synthase (FASN) and stearoyl-CoA desaturase (SCD1), are associated with poor prognosis
33,34 Multi-echo Dixon acquisitions with multi-peak fat spectral modeling provide a method
to further quantify the presence of fat by providing a fat fraction (FF) — MRI signal arising
from fat relative to the total MRI signal (i.e. fat plus water)3°. Zhang et al 36 reported that FF
quantification provided by Dixon MRI correlated with intracellular lipid at histopathology.
ccRCCs showed heterogeneous accumulation of fat independent of tumor grade although the
most aggressive tumors (ISUP grade 4/4) exhibited a statistical significant decrease in FF
compared to grade 3 tumors. FF measures in ccRCC also correlated positively with
triglyceride levels in tumor samples and negatively with phosphoethanolamine (PE), a
predominantly membrane-localized lipid; the latter finding is consistent with previous
reports suggesting that the PE pathway downregulation is another significant feature
promoting growth in ccRCC 37,

Several studies have also described the use of ADC values to differentiate low-grade from
high-grade ccRCC. Using an ADC cut-off of 1.20 x 10-3 mm2/s, one group reported a
sensitivity and specificity of 0.65 and 0.96, respectively 38: another group reported a
sensitivity and specificity of 0.90 and 0.71, respectively, when using an ADC cut-off of 1.87
x 10-3 mm2/s.39

These MRI techniques may be of utility in patients on active surveillance where increases in
tumor perfusion, changes in intratumor fat, and/or decrease in ADC may indicate evolution
of the tumor toward a more aggressive phenotype. Better understanding of the correlation of
MRI quantitative measures with histopathologic findings is crucial to adopt these biomarkers
in the assessment of patients with renal masses (Figure 6).

Studies have also evaluated the use of quantitative and qualitative imaging features on CT to
predict genetic mutations in renal cell carcinoma. Qualitative features of ccRCC including
ill-defined tumor margins, calcifications, and renal vein invasion have been reported to
correlate with mutations in BRCAl-associated protein 1 (BAP-1), which is known to be
associated with high-grade ccRCC 3940, Jamshidi et al 42 reported the construction of a
predictive image phenotype-based system, using 28 imaging features on CT that correlate
with a previously reported supervised principal component (SPC) risk score. The SPC risk
score is a quantitative multigene assay consisting of 259 genes that predict poor prognosis in
ccRCC. They composed a radiogenomic risk score (RRS) using 4 of the 28 traits, including
the pattern of tumor necrosis, tumor transition zone, tumor-parenchyma interactions, and
tumor-parenchyma interface, that demonstrated a significant association with the SPC risk
score. Importantly, the RRS performed similarly to the SPC score in the differentiation of
aggressive from more indolent disease in a training set and a validation cohort.

Quantitative mpMRI protocols can be used to create objective composite phenotypes of the
tumor. These phenotypes can be utilized to study histologic heterogeneity (Figure 7). Co-
localization of imaging features /7 vivo with pathology and molecular analysis requires
however careful co-registration of patient imaging with tissue specimens. This can be
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achieved with in vivo segmentation of tumors based on imaging datasets and subsequent
creation of a physical mold using state-of-the-art 3D printing technology 4. The 3D molds
are then used to orient and section the tissue specimen after surgical resection so that
samples of the tumor co-localized to imaging findings can be obtained. (Figure 8)

MR Elastography is a relatively new technology that allows to quantitate the biomechanical
properties of tissue (i.e. stiffness) and has been validated in the detection and estimation of
liver fibrosis 43. This technique can be also applied to assess the tissue properties in renal
tumors. Of special interest is the detection of fibromuscular stroma in ccRCC. The presence
of fibromuscular stroma has been reported in both low-grade tumors ( 7CE£B1 mutated) and
high-grade tumors (without 7CEBI mutation)*4(Figure 9).

Radiomics in the Post-treatment Assessment of RCC

In routine clinical practice, imaging is used to monitor for treatment response in patients
undergoing systemic therapy. Several criteria have been produced to assess for response in
the oncologic setting, such as the Response Evaluation Criteria in Solid Tumors (RECIST).
However, traditional size-based response criteria do not incorporate early predictors of
response, and size measurements alone may not be sufficient to assess response with
antiangiogenic therapies. Additionally, a method to predict response prior to initiating
therapy would be a step toward providing personalized medicine.

Assessment of tissue perfusion via ASL and DCE MRI has been evaluated as a method to
predict response and outcome in patients with metastatic ccRCC. These quantitative MRI
sequences depict changes in tissue perfusion early after the initiation of therapy. Treatment
with tyrosine kinase inhibitors decrease vessel density of tumors on histologic analysis, and
this correlate with decreases in vessel permeability on DCE analyses 4°. In patients with
metastatic ccRCC receiving sorafenib, significant decrease in tumor vascular permeability
on DCE MRI manifest as changes in the transfer constant Kians, €arly changes in Ky, at
3-12 weeks after initiation of therapy, and decrease tumor size at 12 weeks correlated with
progression-free survival 46. In a mouse model of renal cell carcinoma, after the initiation of
sorafenib, changes in tissue perfusion with ASL were detected within 3 days of therapy 31,
and histopathologic findings of decreased microvascular density also correlated with
decreased perfusion on ASL. In patients with metastatic RCC receiving antiangiogenic
therapy, decreasing tumor blood flow on ASL seen as early as 1 month after the initiation of
therapy were shown to be associated with subsequent changes in tumor size 7. Changes in
tumor perfusion can be detected by ASL 2 weeks after initiation of antiangiogenic therapy 48

Studies have also evaluated the use of imaging features on CT to predict response to
therapeutic agents. Smith et al. 4° used a custom postprocessing software and algorithm to
develop a novel system to quantify changes in the amount of vascularized tumor within
specific attenuation thresholds, termed the vascular tumor burden (VTB). This
semiautomated biomarker, in addition to other tumor metrics, such as length, area, and mean
attenuation, were used to predict response to antiangiogenic therapy with sunitinib. Changes
in the VTB metric on initial posttherapy imaging after the initiation of sunitinib showed a
better separation of progression free survival between non-responders and responders
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compared to other commonly used response criteria changes in tumor metrics, including
length, area, mean attenuation, RECIST, CHOI, modified CHOI, MASS, and 10% sum long
diameter. Goh et al also used textural analysis on CT imaging to assess for treatment
response after two cycles of treatment on a tyrosine kinase inhibitor. Using arterial phase
images, ROIs were placed on CT images on all metastases at baseline and after two cycles of
treatment to calculate absolute and percentage changes in image entropy and uniformity.
Both baseline entropy and uniformity were significantly correlated with time to progression.
Additionally, the percent change in uniformity was found to be an independent predictor of
time to progression 20 .

Conclusion

Renal cell carcinoma (RCC) exhibits a heterogeneous disease spectrum, which may
confound patient management and accurate image interpretation. Semi-quantitative and
quantitative analysis of MRI data can aid in the characterization of this disease. Quantitative
MRI acquisitions and radiomic analysis provides a method to address heterogeneity for
better tumor characterization. Extension of radiomic analysis through radiogenomics,
radiometabolomics, and correlation with other epidemiological, clinical and tissue-based
datasets, has the potential to improve patient management in the era of personalized
medicine. Understanding what these technologies can offer will allow radiologists to play a
larger role in the care of patients with RCC.
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Box 1.

List of Common Haralick Features.

Haralick Features

Angular second momentum

Contrast

Correlation

Difference entropy

Difference variance

Energy

Entropy

Homogeneity

Information measure of correlation 1

Information measure of correlation 2

Max correlation coefficient

Sum average

Sum entropy

Sum variance
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Key points:

. Radiomics encompasses various techniques for the extraction of quantitative
features from imaging to improve diagnostic, prognostic, and predictive
accuracy of image interpretation, but mandates requires standardization and
large and well-designed databases for optimal utilization.

. Radiomics in the pre-treatment assessment of kidney cancer may provide
additional insight into the subtyping and tumor biology of renal cell
carcinoma.

. In the post-treatment setting, radiomics may assist in predicting a response to

systemic therapy, including to antiangiogenic treatment which may not be
adequately assessed with traditional size-based criteria.
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Figure 1. Schematic representation of the goal of image-based analysis in kidney cancer.
Imaging provides analysis of the entire tumor and virtually every metastatic lesion in the

patient. The imaging phenotype in the primary tumor and metastatic lesions may correlate to
specific underlying molecular alteration (e.g. mutation status), which can be confirmed with
genomics or immunohistochemistry during histopathologic evaluation. Mining of imaging
data (radiomics) offers the opportunity to correlate objective, quantitative in vivo data with
datasets generated with tissue-based analyses such as histopathology, genetic data
(radiogenomics), metabolomics data (radiometabolomics), and potentially others. The
spatial co-localization of imaging data with tissue-based data provides an avenue to address
tumor heterogeneity in kidney cancer. H&E: Haemotoxylin and Eosin. PBRM1: polybromo
1. BAP1: BRCA1l-Associated Protein 1; WT, wild-type
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Figure 2. Example of Haralick texture features using a 3 gray level image.

In this example, a 4x4 image with 3 gray levels is assessed (A). The first step in is

constructing a gray-level co-occurrence matrix (GLCM) in a specified direction (B); in this

example, a 45° degree (diagonal) direction is used. The value of the reference voxel (i)

establishes the appropriate row, and the value of the neighbor pixel (j) determines the
column. In this example, for the reference value of 0, the co-occurrence of a neighbor pixel
of 0 in the 45° degree is 3 (annotated by the green arrows), and for a reference value of 2,

the co-occurrence with a neighbor pixel of 1 is 2 (annotated by the red arrows). The GLCM

can then be normalized by the sum of the elements to generate a probability of each

combination to occur in the image (C). Haralick statistical features can then be subsequently

extracted from the region of interest.
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Figure 3. Use of tumor enhancement characteristics on MRI to guide treatment.
Biopsy of renal mass (A) in patient presenting with a large tumor and inferior vena cava

(IVC) thrombus and synchronous pulmonary metastases. Biopsy specimen was largely
necrotic with only a small foci of high grade tumor with clear cytoplasm present on
hematoxylin and eosin (top) exhibiting focal positive membranous staining with CAIX
(bottom). Tumor was positive for PAX8 (not shown). The possibility of clear cell RCC was
considered and antiangiogenic therapy with sunitinib was recommended. MRI was
performed to assess the possibility of debulking nephrectomy. Multiphasic contrast-
enhanced MRI (B) showed a large right renal mass and I\VVC thrombus, both exhibiting very
low level progressive enhancement. Quantitative analysis of renal mass enhancement relative
to the renal cortex (C) was performed and found to be 35% and 42% during the
corticomedullary and nephrographic phases, respectively. These enhancement characteristics
would not be typical of clear cell RCC, and more suggestive of papillary histology. Based on
MRI findings, a repeated biopsy was performed (D) demonstrating prominent papillary
architecture (top) with microcalcifications, negative CAIX stain (bottom) and strong CK7
and racemase (not shown). Final diagnosis was high grade papillary RCC and treatment
recommendation was changed to temsirolimus (Panel in C from Sun MR, Ngo L, Genega
EM, et al. Renal cell carcinoma: dynamic contrast-enhanced MR imaging for differentiation
of tumor subtypes--correlation with pathologic findings. Radiology. 2009 Mar;250(3):793—
802, with permission).
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Figure 4. Aggressive behavior detected by change in imaging phenotype in small renal mass.
48-yearold female with an incidentally detected small renal mass (SRM). Baseline MRI

examination (top row) shows a well encapsulated round 1.8 cm renal mass in the upper pole
of the left kidney (yellow arrow) with homogeneous low signal intensity on coronal T2-
weighted single shot fast spin echo image (Cor T2), high signal intensity on coronal pre-
contrast T1 weighted fat saturated spoiled gradient echo images (Pre T1) and low level
progressive enhancement on same images acquired during the corticomedulary (CM), early
nephrographic (NG), and sagittal images during excretory phase after administration of 0.1
mmol/kg body weight of gadobutrol. MR imaging findings are consistent with papillary
RCC. Ax T1 post: Axial delayed postcontrast T1-weighted. The patient remained
asymptomatic and follow up MRI exam 6 months later (middle row) shows a change in
signal intensity on Cor T2 and Pre-T1 images (yellow arrows). Importantly, post-contrast
images demonstrate an interval change in tumor shape now infiltrating the perirenal fat (NG,
red arrow) and renal parenchyma (Sag T1 post, red arrow) despite minimal change in size
(1.9 cm on axial T1-weighted post contrast image). Percutaneous biopsy (bottom row)
obtained prior to percutaneous ablation confirmed high grade (ISUP 3 out of 4) papillary
RCC, type Il. H&E: haematoxylin and eosin, CAIX: Carbonic anhydrase IX protein.
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Figure 5. Extraction of MRI texture features for characterization of clear cell renal cell
carcinoma.

Haralick features extracted from T2-weighted single-shot turbo spin echo (A) MRI
exhibiting a statistically significant correlation with histopathologic tumor grade. LG= Low
grade (ISUP grade 1-2). HG = high grade (ISUP grade 3—-4). F6 = sum average. F9 =
entropy. F12 = Information measures of correlation. Representative examples of tumors with
high and low entropy on T2-weighted images (B) and high and low tumor grade at
histopathology. g= false discovery rate.
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Figure 6. Quantitative MRI techniques for evaluation of tumor microenvironment in
chromophobe renal cell carcinoma.

Coronal T2-weighted single-shot turbo spin echo (T2), gross specimen sectioned in the same
anatomic plane after nephrectomy (gross image), and corresponding coronal ASL perfusion
map and ADC map in the same location of the tumor are shown in the top panel. The bottom
panel shows low (A,D; 10x) and high (B,E; 200x) magnification hematoxylin and eosin
(H&E) stains and CD34 immunohistochemistry (C,F; 200x) slides corresponding to the
tumor areas indicated on the MRI by the red square (top row) and green circle (bottom row).
Areas with high flow on ASL (red square) also have marked restricted diffusion (i.e. low
ADC) and this correlates with increased cellularity (B) and microvascular density (blue
arrows, C). In contrast, areas with low flow on ASL (green circle) have increased diffusion
(i.e. high ADC) indicating increased motion of water, which is likely the result of ischemia
induced damage leading to the presence of cell membrane defects (E, yellow arrows).
Decreased vascularity is also noted in the same area of the tumor (F).
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Figure 7. Multiparametric MRI as a platform to detect intra-tumor histologic heterogeneity in
Vivo.

Coronal T2-weighted single shot fast spin echo (A), arterial spin labeled (ASL) difference
image (B), and T1-weighted gradient echo images acquired during the corticomedullary (C)
and delayed (D) phases of a dynamic contrast enhanced (DCE) acquisition. After
nephrectomy, tumor specimen (center panel) was sectioned with the help of fiducial markers
placed during surgery in a coronal plane matching the anatomic location of the MRI images.
Tumor samples were obtained in areas co-localized to regions of high flow (HF), low flow
(LF), and invasive component on MRI. Histopathologic analysis of these samples revealed
clear cell renal cell carcinoma (ISUP grade 3). Note differences in tumor architecture; small
acinar pattern with more hyalinized stroma in the LF region (E), prototypical (“classic”)
ccRCC with a small acinar pattern and thin arborizing vasculature in the high flow region
(F), and a different trabecular pattern in the invasive area (G).
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Figure 8. Registration of imaging and pathology specimens for radiogenomic analysis.
(A) Coronal contrast-enhanced three-dimensional (3D) gradient echo image of a renal mass

in the lower pole of the right kidney. (B) After segmentation of the tumor, a virtual 3D mold
is created. Note an indentation in the 3D mold (arrow), corresponding to the anatomic
location of the coronal MRI image displayed in A. (C) Creation of the physical mold with
3D printing technology. (D) After partial nephrectomy, the specimen is oriented and placed
within the 3D mold. (E) The surgical specimen is sectioned using the indentation in the 3D
mold (arrow). (F) A near perfect co-localization of the surgical specimen and MRI imaging
is achieved allowing the sampling of specific areas in the tumor and subsequent correlation
of tumor features on MRI with histopathology and other tissue based analysis (e.g.
radiogenomics, radiometabolomics, etc).
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Figure 9. MR elastography (MRE) for the characterization of tissue properties in renal tumors.
Coronal T2-weighted single-shot fast spin echo image (T2) and contrast-enhanced T1-

weighted gradient echo image (T1-Gad) acquired during the corticomedulary phase of a
dynamic contrast-enhanced acquisition and corresponding magnitude and stiffness map from
an MRE acquisition performed at the same anatomic level. Note an area of increased
stiffness in the lower medial aspect of the mass (red arrow) compared with a relatively softer
area in the upper medial aspect of the mass (light blue arrow). After nephrectomy, tumor
specimen (right panel) was sectioned with the help of fiducial markers placed during surgery
in a coronal plane matching the anatomic location of the MR images. Histopathologic
assessment of both areas indicated by the red and light blue regions of interest (ROIs), which
correspond with the red and light blue arrows on MRE, demonstrated no obvious differences
in the International Society of Urological Pathology grade (ISUP grade 3 out of 4) of clear
cell carcinoma (A, B; original magnification 200). Histopathologic images at lower
magnification; however, show obvious morphologic/ architectural differences between both
tumor areas (C, D; original magnification 10). Detailed analysis of the tumor region within
red ROI (ie, area of increased stiffness) confirms the presence of nodular fibrosis (black
arrows, E; original magnification 100) and smooth muscle in the stroma (yellow arrows, F;
original magnification 100). The presence of fibromuscular stroma explains the increase

stiffness detected by MRE.
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