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a  b  s  t  r  a  c  t

With  the  development  of  functional  imaging  modalities  we  now  have  the ability  to  study  the  microen-
vironment  of  lung  cancer  and  its genomic  instability.  Radiomics  is  defined  as  the  use  of  automated  or
semi-automated  post-processing  and  analysis  of  large  amounts  of quantitative  imaging  features  that  can
be  derived  from  medical  images.  The  automated  generation  of these  analytical  features  helps  to  quantify  a
number  of variables  in the  imaging  assessment  of  lung  malignancy.  These  imaging  features  include:  tumor
spatial  complexity,  elucidation  of  the  tumor  genomic  heterogeneity  and  composition,  subregional  iden-
tification  in  terms  of tumor  viability  or aggressiveness,  and response  to  chemotherapy  and/or  radiation.
Therefore,  a radiomic  approach  can  help  to reveal  unique  information  about  tumor  behavior.  Currently
ung cancer
utcomes assessment

available  radiomic  features  can  be  divided  into  four  major  classes:  (a) morphological,  (b)  statistical,  (c)
regional,  and  (d)  model-based.  Each  category  yields  quantitative  parameters  that  reflect  specific  aspects
of  a tumor.  The  major  challenge  is  to  integrate  radiomic  data  with  clinical,  pathological,  and  genomic
information  to decode  the  different  types  of tissue  biology.  There  are  many  currently  available  radiomic
studies  on  lung  cancer  for which  there  is  a  need  to summarize  the  current  state  of  the  art.

©  2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Lung cancer is the leading cause of cancer death in the world. Up
o recently, the only current cure has been surgical removal of early
tage disease. The results of the National lung cancer screening
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

rial (NLST) showed a clear survival benefit for low dose com-
uted tomography in current and former smokers [1]. This result
rompted the Center for Medicare and Medicaid Services (CMS) to

∗ Corresponding author at: Department of Radiology and Center for Imaging Sci-
nce Samsung Medical Center, Sungkyunkwan University School of Medicine 81,
rwon-Ro, Gangnam-gu, Seoul 06351, Republic of Korea.

E-mail address: hoyunlee96@gmail.com (H.Y. Lee).

ttp://dx.doi.org/10.1016/j.ejrad.2016.09.005
720-048X/© 2016 Elsevier Ireland Ltd. All rights reserved.
cover lung cancer screening in the United States for those subjects
meeting the screening criteria. Meanwhile, the five year survival for
this disease has slightly improved over the last fifty years. One  of
the bright spots in lung cancer research has been the introduction
of patient-centered chemotherapy based on that patient’s specific
tumor cell mutations in advanced stage [2].

Imaging such as computed tomography (CT), positron emission
tomography (PET), or magnetic resonance imaging (MRI) is vital in
the diagnosis, staging, treatment planning, postoperative surveil-
lance, and response evaluation in the routine management of lung
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

cancer. Although these conventional modalities provide impor-
tant information on lung cancer phenotypes, yet a great deal of
genetic and prognostic information remains unrevealed. Recently,
several studies have shown that functional imaging methods, such

dx.doi.org/10.1016/j.ejrad.2016.09.005
dx.doi.org/10.1016/j.ejrad.2016.09.005
http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
mailto:hoyunlee96@gmail.com
dx.doi.org/10.1016/j.ejrad.2016.09.005
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Fig. 1. Overview of radiomics, the processing of radiological imaging data.
Regions of interest are segmented for the whole tumor, and multiple quantitative features are extracted. Combining information from multiple imaging modalities provides
a  multispectral view of the tumor and allows improved tumor characterization. Discovering relationships among the radiomic features and genomic, pathology, and clinical
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ata  is a challenging but important step.

s diffusion-weighted MRI, perfusion techniques, PET and their
ombinations, allow the in-vivo depiction of physiologically and
iologically important tumor processes and can even play a surro-
ate role in finding specific gene signatures by their characteristic
maging phenotypic expression pattern [3–9]. On the other hand,
mploying radiomics and radiogenomics have been found to be
seful in quantifying overall tumor spatial complexity and iden-
ifying the tumor subregions that drive disease transformation,
rogression, and drug resistance [10–14]. These new methods will
elp drive further improvements in the personalization of gene-
ased lung cancer therapy. The purpose in this review is to consider
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

he current state-of-the art in radiomics and radiogenomics and to
ffer concrete tools to implement these two approaches in thoracic
ncology imaging.
1.1. What is radiomics

In the era of big data analytics, researchers have strived to
discover the fundamental prognostic data embedded in med-
ical and pathological images. Quantitative image features as
well as traditional qualitative (semantic) features have shown
some potential for precision medicine in oncology, and these
features are continuously being refined and developed with evolv-
ing research [15–17]. With the recent availability of automated
pipeline systems, quantitative computational features have gained
attraction due to improved efficiency, reproducibility, and consis-
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

tency [18,19]. Radiomics is a field of study in which high-throughput
data is extracted and large amounts of advanced quantitative imag-
ing features are analyzed from medical images (Fig. 1). The first step
in radiomics requires the identification of the volumes of inter-

dx.doi.org/10.1016/j.ejrad.2016.09.005
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Fig. 2. Evolutionary trajectory of tumor through phylogenetic tree analysis.
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rimary lung cancer comprises multiple subclones, which are represented by diffe
epresented by the blue trunk and blue cells in the tumor. Later in tumor evolution,
ed  branches. Such intra-tumor heterogeneity means that metastases with distinct

st in a tumor. Automated or semi-automated methods have been
eported to be superior to manual methods for segmenting the
umor [20,21]. Next, multiple quantitative features are generated
rom the raw imaging data over the given region of interest (ROI).
inally, using radiomics features alone or in combination with clin-
cal and pathological data to develop models that predict tumor
haracteristics, such as tumor response or survival, is a challenging
ut important step.

.2. Insight into tumor heterogeneity and clonal evolution

Lung cancer is a genetic disease that develops due to the accu-
ulation of multiple genetic mutations and epigenetic alterations

hat ultimately result in unchecked cell proliferation and survival.
ccordingly, two fundamental principles that underlie the concept
f patient-centered cancer therapy in lung cancer, namely precision
edicine, are that significant genomic heterogeneity exists among

nd even within tumors and that those differences can play an
mportant role in determining the likelihood of a clinical response
o treatment with particular agents. The genomic expression of

ost lung adenocarcinomas has a mixed-subtype, i.e., polyclonal-
omposed of two or more different pathologic subtypes [22,23].
esearch has shown that the histopathologic diversity within a
umor, (i.e., regions demarcated by various degrees of differen-
iation, proliferation, vascularity, inflammation, or invasiveness)
eflects the degree of genetic (or clonal) heterogeneity [24].

In addition to well-known inter-patient or inter-tumor hetero-
eneity [25], recent next-generation sequencing and bioinformat-
cs have demonstrated the existence of intra-tumor heterogeneity,

hich is the presence of multiple subclones within a tumor, result-
ng in heterogeneity among tumor cells [26]. High-throughput
equencing of multiple site biopsies from multiple lung cancer
atients and integrative analysis has revealed the spatial compo-
ition and evolutionary trajectory of tumor subclones [25,27,28].
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

he clonal and subclonal composition of each tumor was used to
onstruct distance-based phylogenetic trees (Fig. 2), wherein clonal
utations (present in all tumor regions) occur early in tumorigene-

is and represent the most recent common ancestor (truncal events
olors within the tumor mass. The most recent common ancestor (truncal event) is
al subclonal mutations (branched events) occur and are represented by yellow and
nes (orange, green, and purple) could develop at multiple sites.

on the evolutionary tree) and subclonal mutations (present in only
a subset of regions or cells within a single biopsy), which occur later
in tumorigenesis (branched events on the evolutionary tree) [29].
Researchers have also found that intra-tumor genetic heterogene-
ity was  universally associated with prognosis, but this relationship
was nonlinear [30].

The idea that human tumors are composed of evolving clones
predicts certain features, such as the existence of clonal geno-
types (i.e., not all mutations occur in all cells identically) and the
expansion and decline of clonal populations over time [31]. More
practically, phenomena such as partial tumor responses to therapy
and the emergence of drug-resistant malignant cells or the seeding
of metastatic cells could be explained by the emergence of genom-
ically distinct minor subclones of malignant cells [32–34]. Indeed,
several observations have demonstrated that the presence of minor
subclones itself influences tumor progression [35–37], which sug-
gests the need to identify subclonal drivers of branched evolution,
as well as challenges for therapies that have traditionally focused
on genomic alterations in the dominant clone.

1.3. Precision medicine in thoracic oncology and radiology’s
potential role

Recently published large databases characterizing the molecu-
lar features of human tumors have transformed the determination
of each cancer type from histopathological classification to a new
classification based on genetic identity [38–41]. Successful person-
alized medicine will require a clear understanding of each patient’s
tumoral heterogeneity (genomic stratification) and individual situ-
ation. However, taking multiple tumor biopsies to truly determine
the clonal composition of tumors is not a simple or practical solu-
tion outside the context of clinical studies. Furthermore, given the
evidence for spatial intra-tumor heterogeneity and the evolution
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

of tumor subclones over time and in response to cancer therapies,
the potential sampling bias involved in a single tumor biopsy lim-
its oncologists’ ability to identify and qualify biomarkers for clinical
use and can lead to rapid treatment resistance [42–45].

dx.doi.org/10.1016/j.ejrad.2016.09.005
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Fig. 3. Cancer hallmarks and corresponding functional imaging techniques.
A.  Cancer’s acquired functional capabilities are defined as the original hallmarks of cancer,  represented here by blue boxes. Current imaging modalities have been reported
to  depict those original cancer hallmarks in various aspects. In addition, the microenvironment and genomic instability could be involved in the pathogenesis of cancers.
Thus,  two new emerging hallmarks (orange) and two enabling characteristics (purple) have been added to the concept of cancer hallmarks. Recently investigated radiomic
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pproaches have been reported to reflect the tumor microenvironment and genom
.  Lung cancer is a complex mixture of interacting cells and extracellular component
atrix  fragments. The assemblage of those cells creates a tumor’s microenvironme

Consequently, sophisticated radio-phenotyping needs to be able
o more accurately stratify lung cancer patients to promote the suc-
ess of precision oncology, inasmuch as imaging can quantify the
patial and temporal variations in tumoral architecture and func-
ion through which intra-tumoral evolution might be determined.
maging would thus be an effective approach to understanding how
umors evolve during disease progression and in response to treat-

ent.
Meanwhile, the clonal evolution of human cancers underpins

heir successive acquisition of the hallmarks of cancer,  defined as the
cquired functional capabilities that allow cancer cells to survive,
roliferate, and disseminate [24]. Conceptual progress in the past
ecade has added two emerging cancer hallmarks and two  other
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

nabling characteristics to the six original capabilities (Fig. 3A).
urrent imaging modalities closely reflect the nature of a tumor

n various aspects. In terms of the two remaining factors (tumor
icroenvironment (Fig. 3B) and genomic instability), which have
ability.
uding tumor cells, endothelium, fibroblasts, T-cells, macrophages, and extracellular
ich enables tumor growth and progression.

not been manifested by current functional imaging, a radiomic
approach could be a solution.

2. Dimensions of radiomics features

2.1. Single parameter read-out

In practice, CT and PET-CT are the most commonly performed
modalities for response monitoring and observation of patients
diagnosed with lung cancer. The advantage of a single parameter
read-out is that the features extracted from serial scans in a single
modality can be compared longitudinally for a patient.
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

2.2. Multispectral across different modalities

Given the increasing number and complexity of diagnostic
imaging methods, multispectral analysis has substantial poten-

dx.doi.org/10.1016/j.ejrad.2016.09.005
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Fig. 4. Multispectral analysis.
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oxel-by-voxel correlations of virtual non-contrast images, iodine from contrast-e
hown for invasive adenocarcinoma.

ial for elucidating the molecular characteristics in lung cancer. By
ombining anatomic, metabolic, and functional data, noninvasive
henotyping of tumor biology could provide valuable informa-
ion for tumor diagnosis, classification, prognosis stratification, and
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

arly response evaluation in patients with lung cancer (Fig. 4).
owever, a drawback of multispectral analysis is the possibility of
isregistration and measurement errors in medical images from

ifferent modalities obtained at different times. Furthermore, not
ced CT scans, and maximum standard uptake value (SUVmax) from PET scans are

all modalities are available for all patients, nor is it necessarily desir-
able from a workflow point of view, which could mean sparse data
for individuals.

More important, there are no standardized protocols or methods
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

for clustering multispectral analyses. Challenging investigations
using tumor hypoxia, glucose metabolism, and tumor perfusion
have been published, facilitating the search for the best set of
modalities to characterize lung cancer [5,46,47].

dx.doi.org/10.1016/j.ejrad.2016.09.005
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ig. 5. Histogram analysis of ground-glass opacity nodules.
istogram-based features such as entropy and a 75th percentile CT (red vertical lin
nd  adenocarcinoma in situ (right).

. Types of radiomics features

Currently available radiomics features can be divided into four
ajor classes: (a) morphological, (b) statistical, (c) regional, and (d)
odel-based (Fig. 1). Morphological features are the most basic and

rovide information about the shape and physical characteristics
f a tumor. Statistical features, which are calculated using statis-
ical methods, can be further classified into 1st-order statistical
histogram) features and higher-order statistical (texture) features.
egional features can quantify beyond the immediate neighbor-
ood and represent intra-tumor clonal heterogeneity through
ubregional clustering. Model-based features are extracted using
athematical approaches, such as the fractal model. We  summa-

ize the representative features of each class below and provide
linical applications for which the methods have been shown to be
uccessful.

.1. Morphological features

Morphological features define the physical characteristics of a
umor in terms of shape and volume, such as surface area and
urface-to-volume ratio. Surface area is calculated by triangulation,
hich is a procedure for generating a net of triangles that com-

letely covers the tumor surface. In terms of the surface-to-volume
atio, a larger ratio indicates a more spiculated and irregular tumor,
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

hereas a lower ratio indicates a smoother and rounder tumor.
pherical disproportion, sphericity, and discrete compactness are
ssessed to determine how spherical (round) a tumor is. Among
hose features, discrete compactness, which is proportional to the
enuation value reportedly enable differentiation of invasive adenocarcinoma (left)

circularity of a tumor, has been reported to correlate with invasion
beyond the tumor [48].

The Laplacian of Gaussian approach is a two-step process to
detect regions that differ in properties from surrounding regions,
in other words from the edges of a ROI. Through this approach,
quantitative analysis regarding tumor margin characterization
(ill-defined or well-defined) is embodied, and this information indi-
cates the relationship between tumor and surrounding normal
tissue which is another element of the tumor microenvironment.
In addition, a Gaussian smoothing filter is most often applied to
reduce sensitivity to noise, and then a Laplacian filter, an isotropic
calculation of the second spatial derivative of a pixel, is applied.
Although this is a well-known method in medical image process-
ing, only a few investigators have applied both a Laplacian filter and
a Gaussian filter for CT in thoracic radiology. To date, satisfactory
results for automated nodule location and size estimation has been
achieved using this method [49,50].

As for tumor volume, a large amount of literature has concluded
that volumetric measurement is a key parameter in lung cancer,
with a shorter volume doubling time reflecting greater histologi-
cal tumor aggressiveness and suggesting a poor prognosis [51,52].
However, the most widely used method includes the assumption
that the tumor is a sphere with a diameter averaged from the
length and width measured on CT scans. In practice, tumors are
irregular, far from a complete sphere. In radiomics, tumor vol-
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

ume  is determined by counting the number of voxels in the tumor
ROI and multiplying by the voxel volume. Thus, radiomics fea-
tures provide more accurate and reproducible measurements of a
tumor’s physical features than previously known methods. Further-

dx.doi.org/10.1016/j.ejrad.2016.09.005
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Fig. 6. Quantifying tumor subregions. Subregional partitioning provides q

ore, volumetric measurements have been reported to evaluate
reatment response better than conventional methods, which miss

orphologic changes in tumors that show no change in diameter
53–56].

In addition, tumor mass, a parameter that integrates volume and
ensity, is an important feature of lung cancers that can be accu-
ately measured by radiomic methods. Given that a wide spectrum
f lung adenocarcinomas manifest as sub-solid nodules, including
round glass opacity (GGO) proportion, tumor mass measurement
nables the detection of growth earlier than conventional measure-
ents [22,57].

.2. Statistical features

.2.1. (1st order) Histogram features
A histogram is a simple plot of tumor pixel attenuation along

ne axis versus the frequency of pixels at each attenuation value
long the other axis; thus, a histogram displays the range and
requency of pixel values within the defined lesion ROI [58]. Mul-
iple first order statistics (i.e., mean, median, standard deviation,
urtosis, skewness, energy, entropy, uniformity, and variance) can
e generated from a histogram, and most features appear to be
eproducible [59]. One report suggested that histogram features
re useful for differentiating between benign and malignant lung
odules [60]. In addition, tumor response evaluation is tradition-
lly assessed mainly by changes in tumor size. However, recently
ntroduced targeted chemotherapies can cause tumor necrosis,
emorrhage, or cavitation, which do not necessarily correspond to
umor shrinkage right away. In other words, tumor size might be
nsufficient to reflect the morphological, functional, and metabolic
hanges of a tumor after treatment [61]. Radiomic features from
istogram analysis and texture are thus promising predictors of
athologic response in patients with lung cancer undergoing con-
urrent chemoradiation therapy [13].

Many lung cancer studies using histogram analysis have been
eported because it is an easily performed analysis of medical imag-
ng that provides many descriptors to reflect the distribution of
ixel values. Thus, the greatest advantage of histogram analysis is
xtracting hidden spectral information at the voxel level, which has
reatly facilitated the objective assessment and detection of very
ubtle changes in lung cancers. On the other hand, the major limi-
ation of histogram analysis remains the loss of spatial information
bout each voxel.

In the spectrum of lung adenocarcinomas, the thickening of the
lveolar septa and increased cellularity are of particular importance
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

ecause they signify the presence and degree of pathological inva-
iveness [62,63]. Although approximately half of pure GGO nodules
ave been reported to have a pathologically invasive component,
iscrimination between the invasive and non-invasive proportions
cation of multiple clusters that reflect pathologic intra-tumor heterogeneity.

remains challenging in pure GGO lesions because of limited visual
perception and subjective analysis of conventional CT scans [64,65].
Several investigators have demonstrated that quantification and
feature extraction of GGO lesions (using numerical values) can
find small pathologically invasive components, which are reflected
at the medical imaging voxel level and otherwise not visually
detectable [16,66,67]. Entropy or a high attenuation value, such as
the 75th percentile CT attenuation value from histograms, has been
reported as a significant differentiation factor for invasive adeno-
carcinomas [67]. Furthermore, the 97.5th percentile CT attenuation
value and the slope of CT attenuation values have been suggested
as predictors for future CT attenuation changes and the growth
rate of pure GGO lesions [68]. Overall, lung cancer–specific (GGO-
related) radiomic features could provide additional information
about tumor invasiveness and progression from other indolent or
non-invasive lesions and even predict tumor growth (Fig. 5).

3.2.2. (Higher order) Texture features
Unlike histogram features, higher order statistics can retain

spatial information among pixels, thus reflecting the textural
characteristics of tumors. The most commonly used gray level
co-occurrence matrix (GLCM) is constructed using the number, dis-
tance, and angle of a combination of gray levels that occur in the
image. Representative features extracted from GLCM include cor-
relation, cluster, contrast, energy, and entropy. The gray level run
length matrix (GLRL) considers continuous pixels with the same
gray level in any direction. Therefore, 13 different GLRL matrices
can be constructed for three-dimensional studies. Representative
features extracted from GLRL include short run emphasis, long run
emphasis, gray level non-uniformity, run length non-uniformity,
and run percentage. The neighborhood gray-tone difference matrix
(NGTDM) uses the intensity values of a neighborhood instead of one
pixel to represent how similar or dissimilar pixel intensities are
within a neighborhood. Features extracted from NGTDM include
busyness, complexity, and texture strength.

Texture features obtained from the different matrices have been
applied extensively to CT and PET in the field of thoracic oncology.
In a study with a large cohort, the authors found that CT texture
features from GLCM and GLRL showed strong correlations with
gene expression [15]. Furthermore, texture features extracted from
NGTDM significantly predicted survival in patients with non-small
cell lung cancer undergoing concurrent chemoradiation therapy
[69]. Texture obtained from pre-treatment 18F-FDG PET-CT has also
been reported as an independent factor for disease-specific survival
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

in early stage non-small cell lung cancer patients [70].
Overall, many studies have shown that textural features are

associated with tumor stage, metastasis, response, survival, and
metagenes in lung cancer [6,69,71–74], thereby providing evidence

dx.doi.org/10.1016/j.ejrad.2016.09.005
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hat textural features show substantial promise as prognostic indi-
ators in thoracic oncology.

.3. Regional features

Regional features are based on computation of variation inten-
ity between regions. In other words, regional features demonstrate
ow many subregions and how often certain subregions occur
ithin a tumor. Therefore, in contrast to textural features, regional

eatures are expected to ultimately quantify subclonal heterogene-
ty beyond the immediate neighborhood. Methods of subregional
artitioning include data-driven segmentation and the use of
hreshold values [11,75,76]. Data-driven segmentation groups vox-
ls with similar intensity into clusters, and threshold values also
roup voxels into clusters.

Two recent investigations support the importance of intra-
umor subregional partitioning using multiparametric images
11,76]. In one study, researchers successfully divided a tumor into
ecrotic regions and viable regions by incorporating 18F-FDG PET
nd diffusion-weighted MRI, which showed good agreement with
istology [11]. In the other study, researchers identified clinically
elevant, high-risk subregions in lung cancer using intra-tumor par-
itioning of 18F FDG-PET and CT images [76].

Although numerous microenvironmental factors, including his-
ologic subtype, anatomic location, glucose metabolism, hypoxia
nd angiogenesis, are involved in phenotype determination in
umor regions, subregions with genetically identical tumor cells
an exhibit similar phenotypes due to their basic molecular struc-
ural similarity. In that context, regional features obtained through
adiomics can efficiently reflect intra-tumor heterogeneity (Fig. 6)
11,77]. Moreover, intra-tumor heterogeneity is recognized as one
f the most promising prognostic factors predicting patient sur-
ival, and regional features have been reported to correlate with
rognosis [74,78,79].

.4. Model-based features

Fractal alteration characterizes the shape complexity of an
bject over a range of scales. Based on this concept, the fractal
imension is a mathematical measurement that reflects the intrin-
ic shape of an object. Over the years, many researchers have tried
o apply the fractal dimension to thoracic radiology, and some
nvestigators successfully used it to differentiate between aggres-
ive and nonaggressive lung cancers [71,80]. Advantages of the
ractal dimension are that it is relatively stable, less susceptible to
oise than other features, and can be used for longitudinal assess-
ent in a single patient [81]. In addition, the recently developed

ractal signature dissimilarity method has been suggested as a novel
mage texture analysis technique [82]. In that study, the fractal
ignature dissimilarity method quantitatively evaluated contrast
gent uptake heterogeneity dynamics, thus suggesting a promising
ole in monitoring early response to anti-angiogenesis treatment
82].

. Radiogenomics: discovering genomic information
hrough radiomic phenotypes

While radiomics is defined as the post-processing and analy-
is of large amounts of quantitative imaging features which can be
erived from medical images, radiogenomics is focused on defin-

ng relationships between the radiomics phenotypes and genomic
nformation [83]. For lung cancers, significant genomic heterogene-
Please cite this article in press as: G. Lee, et al., Radiomics and its emerg
management: State of the art, Eur J Radiol (2016), http://dx.doi.org/10

ty components that affect the likelihood of metastasis and predict
esponse to therapy have been established [84,85]. Furthermore,
enomic analysis is now essential for appropriate therapeutic plan-
ing in this era of precision medicine for advanced lung cancers
 PRESS
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with distinct tumor subregions. Accordingly, there have been sev-
eral attempts to explore tumor genomics by applying a radiomic
approach. Nevertheless, radiogenomics, the link between genomics
and radiomic phenotyping in lung cancer, is still poorly understood.

Preliminary data have associated radiomic features from CT and
PET scans in non-small cell lung cancer with each other to pre-
dict metagenes with an acceptable accuracy of 65–86%, among
which tumor size, edge shape, and sharpness ranked highest for
prognostic significance [6]. In one study, the authors performed
a detailed analysis of features from 18F-FDG PET in patients with
early-stage lung cancer [86]. Multiple features of PET tracer uptake
correlated with signatures associated with major oncogenomic
alterations in lung cancer [86,87]. According to another recent
study, the combination of radiomic features and clinical informa-
tion successfully predicted oncogenic fusion genes in lung cancer
[88]. In general, researchers have shown promising results in using
radiomics to identify radiographic tumor phenotypes that favored
specific genetic expressions [6,15,86,88,89].

Radiogenomics in lung cancer is still in its very early stages,
and many problems remain to be solved, emphasizing the need
for larger data studies. One current concern is the integration of
medical imaging, genomics, and clinical data, which can provide
different insights about a single tumor. However, we speculate that
data from these different sources are not just different ways of
measuring the same biological processes; rather, data from each
source may  represent different processes in an inter-related bio-
logical pathway. Ultimately, efforts to harmonize phenotypes and
genomes should create a whole new world of multidisciplinary
strategies for advancing personalized medicine.

5. Outlook

Many hurdles remain before defining a role for radiomics in
the field of thoracic oncology. First, despite a recent series of pub-
lications on the value and potential of quantitative radiographic
image features to link tumor phenotypes with prognosis or geno-
types, the findings were mostly based on retrospective analysis
of imaging data and used a wide variety of scanning techniques
and parameters [90]. Any identification of reliable and meaningful
quantitative imaging biomarkers for tumors must be reproducible
[90–92]. Therefore, efforts should be made to standardize dose
administration, image acquisition, image reconstruction, and value
normalization. Second, the methodology used to determine various
radiomic features is also subject to variability [91,93,94]. Standard-
ization is therefore needed in selecting features and determining
which predictive modeling method to apply. Because it is essen-
tially high-throughput data-mining, radiomics must incorporate
appropriate feature selection strategies that enhance the perfor-
mance of its predictive models while minimizing the overfitting
of those models to increase generalizability [95,96]. In addition,
predictive and prognostic models with high accuracy, reliability,
and efficiency are vital factors driving the success of radiomics.
Various computational methods, machine-learning,  are available
to generate such models, and they should be compared in terms
of predictive performance [95]. Third, in terms of MR  image,
special consideration is required to apply radiomics due to MR
specific characteristics, intensity inhomogeneity which can sig-
nificantly affect radiomic feature extraction [97,98]. Thus, before
registration of MR  images, the necessity of bias field correction by
convolving the images with a Gaussian low-pass filter, resulting
in uniform intensities across the volume should be inquired [99].
ing role in lung cancer research, imaging biomarkers and clinical
.1016/j.ejrad.2016.09.005

Fourth, promising data must be replicated in other institutions, and
biomarkers must be validated independently to reliably general-
ize the results [75,100]. Fifth, various cancer “omics” has recently
shown potential in precision oncology as well, thus, future stud-

dx.doi.org/10.1016/j.ejrad.2016.09.005
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es integrating radiomics data with additional “omics” profiling are
arranted [101].

The last thing that needs to be considered is how to deal with
raditional qualitative (semantic) features. A large effort is being

ade by expert radiologists to define descriptive and unstandard-
zed terms to establish a uniform lexicon for semantic annotation

hich “RadLex” is correspond to in case of lung cancer [102]. The
dvantage of developing a standardized semantic lexicon is that it
uilds on the experience of expert radiologists [103]. Furthermore,
xpert human readers can handle even imaging data with lower
ualities like low resolution or artifacts [103]. Therefore, comple-
entary use of semantic features have also been suggested [103].

In conclusion, a potential role for radiomics is the ability to
erform image genotyping and sophisticated image phenotyping
n a whole-tumor basis in vivo and longitudinally. This would
reate a new multidisciplinary strategy for advancing personal-
zed medicine by focusing on phenotype and genome together,
ather than the genome in isolation. A radiomic approach for image
enotyping has the potential to allow clinicians to make informed
herapeutic choices and treat patients with drugs tailored to their
umor profile generating improved patient outcomes for lung can-
er.
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