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By Prof Maryellen L Giger 

Quantitative Radiomics of Breast 
MRI: promising image analysis 
and machine learning for imaging-
genomic association discovery 
studies and precision medicine

Effective cancer diagnosis and treatment rely on the integra-
tion of information from multiple patient tests involving 
clinical, molecular, imaging, and genomic data. Over the 
past few decades, various investigators have been develop-
ing image analysis methods for computer-aided diagno-
sis (CAD) and the quantitative characterization of breast 
lesions on clinical images [1]. Radiomics, an expansion of 
computer-aided diagnosis, is a growing effort that involves 
these computerized image analyses in attempt to further 
relate quantitative image data to other “-omic” data such as 
clinical, pathologic, and genomic data [2]. The integration 
of imaging data (radiomics) with genomic data, referred to 
as “imaging-genomics” or “radiogenomics”, allows for the 
study of associations between the radiomic tumor pheno-
types and the genomic measurements of the same tumors. 
Radiomic phenotypes that are highly correlated with impor-
tant clinical, molecular, or genomic biomarkers can poten-
tially serve as diagnostic or prognostic tools for patient 
monitoring and assessing therapeutic response, and thus 
augment the utility of medical imaging as a non-invasive 
technology for cancer care, like a “virtual digital biopsy”.

Using the collected de-identified datasets of invasive breast 
carcinomas from The Cancer Genome Atlas (TCGA) and 
The Cancer Imaging Archive (TCIA), cancer research 

resources supported by the National Cancer Institute 
(NCI) of the U. S. National Institutes of Health [3, 4], the 
TCGA Breast Phenotype Group [Link in Ref. 5] inves-
tigated relationships between computer-extracted quanti-
tative radiomic MRI lesion features and various clinical, 
molecular, and genomics markers of prognosis and risk of 
recurrence, including gene expression profiles. At the time 
of analysis, 91 biopsy-proven invasive breast cancers from 
the TCGA had Dynamic Contrast Enhanced DCE-MR 
images. On these cases, we assessed the predictive ability of 
the quantitative radiomic MRI features relative to four tasks: 
(i) pathologic stage, 
(ii) cancer subtypes, 
(iii) risk of cancer recurrence, 
(iv) genomics. 

The quantitative radiomics features were automatically 
extracted from dynamic-contrast-enhanced MR images 
(DCE-MRI) using methods and algorithms developed at 
The University of Chicago that automatically segment the 
tumor from the surrounding parenchymal background 
within the DCE-MR images and extract lesion character-
istics in six phenotypic categories: 
(i) size (measuring tumor dimensions), 
(ii) shape (quantifying the 3D geometry), 
(iii) morphology (margin characteristics), 
(iv) enhancement texture (describing the heterogeneity 
within the texture of the contrast uptake in the tumor on 
the first post-contrast MRIs), 
(v) kinetic curve assessment (describing the shape of the 
kinetic curve and assessing the physiologic process of the 
uptake and washout of the contrast agent in the tumor 
during the dynamic imaging series, and 
(vi) enhancement-variance kinetics (characterizing the 
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time course of the spatial variance of the 
enhancement within the tumor [6-10], 
[Figures 1 & 2].

While imaging is used in the clinical stag-
ing of a breast cancer to initially manage 
the patient, it is the biopsy-determined 

“pathologic” stage that drives further 
decision making. In order to augment 
the TNM staging system, investiga-
tors are developing radiomic biomark-
ers, e.g., on breast MRI, to help predict 
pathologic stage and thus inform patient 
management and appropriate treatment, 
such as neoadjuvant chemotherapy, sur-
gery, and/or radiation therapy. 
Thus, in our first study, we investigated 
the radiomics relative to pathologic 
stage and to surgically-verified lymph 
node status [6]. Tumors were character-
ized according to 1) radiologist-mea-
sured size and 2) computer-extracted 
radiomic features. Then, models were 
built to predict tumor pathologic stage 
and lymph node involvement. These 
models were evaluated in a leave-one-
out, cross-validation analysis with the 
area under the receiver operating char-
acteristic curve (AUC) as the metric 
of performance. We found that tumor 
size was the most powerful predictor 
of pathologic stage, but radiomic fea-
tures that captured biologic behavior 
also emerged as predictive (e.g., stage 
I and II vs. stage III yielded an AUC 
of 0.83). No size measure was success-
ful in the prediction of positive lymph 
nodes, but adding a radiomic feature 
that described tumor “homogeneity” 
significantly improved discrimination 

(AUC 0.62) compared with chance. We 
concluded that computer-extracted MRI 
phenotypes have promise for predict-
ing breast cancer pathologic stage and 
lymph node status.

On the basis of receptor status [estro-
gen receptor (ER), progesterone recep-
tor (PR), and human epidermal growth 
factor receptor 2 (HER2)], breast cancer 
can be classified into different subtypes. 
By considering gene expression profiles, 
breast cancer can be also categorized 
into molecular subtypes, such as nor-
mal-like, luminal A, luminal B, HER2-
enriched, and basal-like. Cancers of 
different subtypes have different prog-
noses and respond differently to dif-
ferent therapies. Thus, we investigated 
the correlation between the quantitative 
MRI radiomic features and various can-
cer subtypes [7]. We showed that the 
MRI-based tumor phenotypes were able 
to distinguish between molecular prog-
nostic indicators yielding performances 
in terms of area under the ROC curves 
(AUC) of 0.89, 0.69, 0.65, and 0.67 in the 
tasks of distinguishing between ER+ vs. 
ER− , PR+ vs. PR− , HER2+ vs. HER2− , 
and triple-negative cancers vs. all others, 
respectively [2, 4]. Statistically signifi-
cant associations between tumor pheno-
types and receptor status were observed. 
More aggressive cancers were found to 
more likely be larger in size with more 
heterogeneity demonstrated quanti-
tatively in their contrast enhancement 
texture. Even after controlling for tumor 
size, statistically significant trends were 
observed between enhancement tex-
ture (entropy) and molecular subtypes 
(normal-like, luminal A, luminal B, 
HER2-enriched, basal-like) [Figure 3]. 
In conclusion, computer-extracted MRI 
phenotypes show promise for high-
throughput discrimination of breast 
cancer subtypes and may yield a quanti-
tative predictive signature for assessing 
prognosis. 

Investigators have developed multi-
gene assays with which to relate breast 
cancer expression profiles to risk of can-
cer recurrence, including the 21-gene 
Oncotype DC assay, the 50-gene 

Figure 1. Example case including the tumor outline 
obtained from the 4D computer segmentation algo-
rithm. This case is a Luminal A, ER-positive, PR-positive, 
HER2-negative, stage II, and with negative lymph nodes. 
The MRI radiomics size of effect diameter is 13.6 mm, 
the radiomics shape of irregularity of 0.49, and the 
radiomics enhancement texture (energy) is 0.00185.

Figure 2. Schematic diagram illustrating the computer-extraction of the quantitative MRI-based tumor  
phenotypes. [Reprinted with permission from Radiology]
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PAM50 assay, and the 70-gene Mam-
maPrint microarray assay. To investi-
gate the relationships between quantita-
tive MRI radiomic features and risk of 
breast cancer recurrence, we conducted 
association studies with research ver-
sions of these multi-gene assays [8]. 
Multiple linear regression analyses 
demonstrated significant associations 
between the MRI radiomics signatures 
(incorporating tumor size and enhance-
ment heterogeneity) and the multi-
gene assay recurrence scores. Use of 
radiomics in the task of distinguishing 
between high and low likelihoods of 

cancer recurrence yielded AUC values 
of 0.88, 0.76, and 0.68 for MammaP-
rint, Oncotype DX, and PAM50 risk of 
relapse based on subtype, respectively, 
with all showing statistical difference 
from chance. Such computer-extracted 
MR imaging radiomics shows potential 
for image-based phenotyping in assess-
ing the risk of cancer recurrence.

With the goal to decipher the genetic 
mechanisms that regulate the develop-
ment of specific MRI-based tumor phe-
notypes, we conducted association stud-
ies between the quantitative radiomic 

features and genomic features down-
loaded from the TCGA (including DNA 
mutation, miRNA expression, protein 
expression, pathway gene expression, 
and copy number variation). [9,10]. [Fig-
ure 4]. Gene-Set Enrichment Analysis 
and the linear regression analysis were 
performed on the radiomic features and 
the genomic features. We found interest-
ing associations of the radiomics with 
two types of genomic features: tran-
scriptional activities of pathways and 
miRNA expressions. [Figure 5] Pathway 
transcriptional activities were found to 
be associated, at a statistically significant 
level, with all six types of image-based 
phenotypes, indicating that they may be 
regulating various aspects of the MRI-
based tumor phenotype. From these 
associations, we tried to further under-
stand the radiomic phenotype of breast 
cancers. For example, one might infer that 
many pathways are up-regulated during 
tumor growth since larger tumors are 
associated with mostly higher pathway 
activities. Also, since we observed that 
pathway transcriptional activities were 
mostly negatively associated with mor-
phological phenotypes that characterize 
tumor margin sharpness (with adjusted 
p-values ≤ 0.043 from the proportion 
tests), one might infer a positive correla-
tion between the transcriptional activi-
ties of genetic pathways and a blurred 

Figure 3. Relationship between the MRI phenotypes of enhancement texture (entropy) and the molecular sub-
types. The enhancement texture is calculated at the first-post-contrast MR image thus quantitatively characterizing 
the heterogeneous uptake of contrast within the tumor. Shown is a statistically significant trend between entropy 
and molecular subtype (p-value of 0.006 from the Kendall test). [Reprinted with permission from Ref. 7]

Figure 4. Flowchart illustrating the organization of data and analyses in our study aimed at deciphering genomic underpinnings of quantitative MRI-based radiomic phe-
notypes of invasive breast carcinoma. [Reprinted with permissino from Ref. 10]
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tumor margin, which could be a sign 
of tumor invasion into the surround-
ing tissue. Our analyses showed that 
associations between miRNA expres-
sions and radiomic phenotypes were 
highly specific in that miRNA expres-
sions were associated with primarily two 
types of radiomic phenotypes -- tumor 
size and enhancement texture; sug-
gesting that miRNAs may mediate the 
growth of tumor and the heterogeneity 
of angiogenesis in tumors. Such discov-
ery insights on the role of miRNA may 
facilitate a future understanding of can-
cer and the design of miRNA-targeted 
treatment. On the other hand, due to our 
findings, it may be possible in the future 
to clinically use radiomic phenotypes to 
predict miRNA activities, augmenting 
the medical practice of tumor biopsy and 
miRNA profiling. “Virtual digital biop-
sies”, i.e. quantitative imaging radiomics, 
have the benefit of yielding an analysis of 
the entire tumor to assess heterogeneity, 
being basically non-invasive, and being 
repeatable over time, and thus of use in 
monitoring treatment.

CONClusION
Through an extensive investigation, we 
identified statistically significant associa-
tions between quantitative MRI radiomic 
features and various clinical, molecular, 
and genomic features in breast invasive 
carcinoma [6-10]. Among the many 
novel findings, we discovered some 
highly specific imaging-genomic asso-
ciations, which may be potentially use-
ful in (a) imaging-based diagnoses that 
can inform the genetic progress of tumor 
and (b) discovery of genetic mechanisms 
that regulate the development of tumor 
phenotypes.
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Figure 5. Heatmap representation of statistically significant associations between radiomic phenotypes and transcriptional activities of some cancer-related genetic 
pathways. In the heatmap, genomic pathways are rows and radiomic phenotypes are columns. [Reprinted with permission from Ref. 10]


