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A B S T R A C T   

The role of imaging in cancer diagnosis and treatment has evolved at the same rapid pace as cancer management. 
Over the last twenty years, with the advancement of technology, oncology has become a multidisciplinary field 
that allows for researchers and clinicians not only to create individualized treatment options for cancer patients, 
but also to evaluate patients’ response to therapy with increasing precision. Familiarity with these concepts is a 
requisite for current and future radiologists, as cancer imaging studies represent a significant and growing 
component of any radiology practice, from tertiary cancer centers to community hospitals. 

In this review we provide the framework to teach cancer imaging in the era of genomic oncology. After reading 
this article, readers should be able to illustrate the basics cancer genomics, modern cancer genomics, to sum
marize the types of systemic oncologic therapies available, their patterns of response and their adverse events, to 
discuss the role of imaging in oncologic clinical trials and the role of tumor response criteria and to display the 
future directions of oncologic imaging.   

1. Introduction 

The significant advancements in cancer genomics over the past 
twenty years have completely revolutionized the field of oncology 
[1–3]. High-throughput gene sequencing methods, which allowed 
whole cancer genome sequencing, ultimately facilitated the develop
ment of modern therapies which target various molecular pathways 
involved in cancer survival and proliferation. As such, a vast array of 
systemic oncologic therapies was made available in the past twenty 
years, each associated with different pattern of response and adverse 
events. Given the growing amount of cancer imaging studies performed 
in any radiology department, from large academic centers to private 
practices, current and future radiologists are expected to be familiar 
with the basic concepts of cancer genomics and the different types of 
targeted therapies available for cancer treatment. 

Just as the direction of cancer therapy has changed, oncology has 

grown to become a multidisciplinary field, with care coordinated among 
medical and surgical oncologists, radiation oncologists, radiologists, 
pathologists, and other medical providers. Radiologists at every level 
have become more and more involved in the management of cancer 
patients. Working closely with various oncology providers in multidis
ciplinary teams, radiologists should be fluent in the jargon of treatment 
options for oncologic patients [4]. 

Furthermore, imaging has become paramount in screening for, 
diagnosing, and staging cancer, as well as monitoring treatment 
response to different cancer therapies. Following the development of the 
imaging-based tumor response criteria, such as the World Health Or
ganization (WHO) criteria in 1979 and the Response Evaluation Criteria 
in Solid Tumors (RECIST) in 2000, radiologists have been able to stan
dardize assessments of response to systemic cancer treatments in clinical 
trials, underpinning evaluation of drug efficacy and significantly 
reducing time and costs for drug development with the use of imaging- 
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based assessments [5,6]. As such, imaging-based survival endpoints 
represent the most efficient way to monitor response to therapies in 
cancer clinical trials [7]. Thus, radiologists are at the forefront of the late 
phases of drug development when analysis of therapeutic efficacy hinges 
on accurate and reproducible quantitative tumor measurements [8]. 

Since cancer imaging plays a central role in many radiology prac
tices, it is crucial for radiology trainees to be familiar with three con
ceptual domains of modern cancer imaging: cancer genomics, oncologic 
therapies, and tumor response criteria in clinical trials. 

In this review, we explore the framework for teaching cancer imag
ing in the era of genomic oncology, providing examples for each 
component: first, we will review the basics of modern cancer genomics; 
then we will summarize the different types of systemic oncologic ther
apies; finally, we discuss the role of imaging in oncologic clinical trials 
and the implementation of specific tumor response criteria. This 
manuscript serves as an overview of these important concepts in cancer 
imaging that can be used as a teaching tool for training future 
radiologists. 

2. The cancer genome 

Cancer is a disease of the genes [9]. Because certain gene mutations 
disrupt normal cell growth and death, uncontrolled proliferation of cells 
results in malignant transformation [10]. Fortunately, not all gene 
mutations and dysregulations lead to cancerous growths [11]. In fact, 
only a minority of alterations in the genome will actually lead to cancer. 
Therefore, the identification of the specific gene mutations that drive 
oncogenesis is a key factor in both understanding and treating this dis
ease. To effectively understand cancer biology, it is crucial to identify 
the sites of common gene mutations in different cancer types and the 
different molecular pathways involved in cancer survival and 
proliferation. 

Since the early 2000s when the human genome was analyzed via 
Sanger DNA sequencing, gene sequencing has been a prominent tool for 
understanding how genes regulate cell function [12,13]. While inno
vative at the time, this process was slow and costly [14]. The advent of 
high throughput sequencing significantly reduced costs and increase 
effectiveness of DNA analyses, allowing whole genome analysis of 
multiple cancer types, which in turn unveiled the genomic framework of 
human cancer [9, 15, 16]. 

When mutations disrupt pathways regulating cell growth, develop
ment, or death, uninhibited growth, lack of cell cycle arrest or apoptosis 
ensues, marking malignant transformation. Such oncogenic mutations 
are known as “driver mutations” and are responsible for the cancer 
phenotype, either through constitutive activation of proliferative 
signaling, or inactivation of tumor suppression [17]. However, these 
functional mutations comprise only a small fraction of myriad mutations 
found in a tumor; the vast majority are “passenger mutations” that have 
no direct neoplastic effect. However, they may serve as important 
markers of neoplastic clonality, even before morphological features of 
dysplasia become apparent [18]. 

A recently published compendium drawn from somatic mutations in 
more than 28,000 tumors (representing 66 cancer types) identified 568 
cancer driver genes [19]. Importantly, while the most frequently 
mutated genes (at frequencies above 10%) have almost certainly already 
been discovered, their involvement across cancer types is probably even 
wider than previously suspected, with only about 10 driver genes 
considered “cancer-wide” drivers (e.g. KRAS, TP53, PTEN, PI3K, RB1, 
etc.) [19]. 

From this foundation of knowledge, different molecular pathways of 
driver mutations were identified. Each molecular pathway is associated 
with some aspect of cell growth, development, or death. When fully 
functional, they lead to the appropriate replication, development, and 
destruction of cells. However, when mutations arise in these pathways, 
some aspect of the cell regulation is lost, and this can lead to cancer 
development. Specifically, the mutations in the oncogenes lead to 

uninhibited growth, lack of cell cycle arrest, or lack of apoptosis. 
While discussion of all major pathways remains beyond the scope of 

this review, one well-known and clinically important pathway is the rat 
sarcoma virus (RAS) pathway (Fig. 1). It involves binding of epidermal 
growth factor (EGF) to its receptor (EGFR), which leads to a complex 
cascade of signaling genes including two separate pathways. Both these 
pathways, RAS-RAF-mitogen-activated protein kinase and the PI3 ki
nase (PI3K)-AKT-mechanistic target of rapamycin (mTOR) ultimately 
lead to cell proliferation, cell survival, and protein translation [20]. In 
fact, among human cancers, the PI3K-AKT pathway is the most 
frequently activated [21]. Some of the cancers most prominently asso
ciated with alterations in this pathway are melanoma, colorectal cancer, 
human epidermal growth factor receptor 2 (HER2) breast cancer, 
pancreatic cancer, isocitrate dehydrogenase (IDH-1) wild type glioma, 
lung adenocarcinoma, thyroid carcinoma. To combat the EGF-EGFR 
interaction, researchers have developed chemotherapeutic agents that 
prevent the binding of the ligand to the receptor, suppressing signal 
transduction. 

When translating this information into the clinical setting, it would 
be appropriate to target the most common gene mutations leading to 
cancer. For cancers like non-small cell lung cancer (NSCLC), Kirsten-RAS 
(KRAS) mutations have been found to be a significant prognostic indi
cator of poor outcome [22]. In a study comparing the outcomes of pa
tients with a KRAS mutation and those without, patients with the KRAS 
mutation had a 5-year survival rate of 11.5% compared to 64.1% in 
patients who did not have the mutation [23]. Additionally, KRAS can be 
used as a selection marker for specific oncologic treatments. In a study of 
427 patients with metastatic colorectal cancer, patients identified with 
the KRAS mutation (43%) were found to have 0% response rate to the 
panitumumab treatment, compared to 17% response rate in wild type 
KRAS colorectal cancers [24]. 

Furthermore, specific mutations in these pathways have been asso
ciated with different imaging features and patterns of metastases in 
multiple cancers (Fig. 2) [25]. 

3. Oncologic therapies 

In order to facilitate comprehension of the multitude of systemic 
oncologic therapies available, it is helpful to classify them in cytotoxic 
chemotherapies, molecular targeted therapies, hormonal therapies, and 
immunotherapies. Radiologists involved in cancer patients’ care need to 
be familiar with their mechanism of action, patterns of response, and 
toxicity [26]. 

3.1. Cytotoxic chemotherapies 

Cytotoxic chemotherapy involves the direct alteration of DNA and 
other cell components [27]. Primarily, the cells most affected from 
agents that affect cell division will be those with the highest rates of cell 
division [28]. Specifically, cells with the highest rates of de novo DNA 
synthesis are ideal targets for many of the cytotoxic chemotherapeutic 
agents. These agents take advantage of the ability of cancer cells to 
divide more rapidly than non-cancerous cells and target cellular DNA 
[29]. A primary example of cytotoxic chemotherapeutic agents are the 
platinum analogs. One such platinum analog, Cisplatin, is used in leu
kemia, lymphoma, breast, testicular, ovarian, and primary bone cancers 
[30]. It acts by binding to DNA strands forming both intrastrand and 
interstrand crosslinks with DNA. This cross linking makes the DNA 
inoperative, thus leading to cell death [31]. Although some patients will 
show an objective response to effective cytotoxic therapy with a 
decrease in tumor burden on imaging studies, many patients develop 
some type of resistance to the platinum analogs [32] [30, 33, 34]. It is 
hypothesized that epigenetic factors such as high levels of DNA repair 
mechanisms or interference with apoptosis can influence the efficacy of 
these agents [35]. 
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3.1.1. Adverse events 
Due to the effect on cellular DNA, it is understandable that there is 

inherent risk to normal noncancerous cells. Generally, one of the most 
common side effects of the cytotoxic agents is suppression of newly 
formed cells within the bone marrow, or myelosuppression [36]. Spe
cific adverse events for the platinum analogs are dose-dependent pe
ripheral neuropathies, acute kidney injury, ototoxicity and 
cardiovascular toxicity [30, 37, 38–40]. 

3.2. Molecular targeted therapies 

Molecular targeted therapy is directed at specific mechanisms of the 
cell signaling pathway that halt cancer growth [41]. Their action is 
based on their ability to hone in on distinct cell markers such as cell 
surface antigens, signal/gene transduction pathways, and growth factor 
receptors. Blockage of these targets leads to downstream inhibition and 
regulation of cell processes like cellular growth, DNA replication, and 
angiogenesis [42]. Because of this selective action, these agents have the 
potential to have less effect on non-cancerous cells [43]. The percentage 
of US patients with cancer estimated to benefit from genome-targeted 
therapy in 2006 was 0.70%, but by 2018 it had increased to 4.90% [44]. 

Nearly all the current molecular targeted chemotherapeutic agents 
have been designed to act on the cellular processes of cell growth, cell 
development, or maintenance of the genome [10]. However, as the 
name implies, each of these agents acts on a specific part of these vital 

cell processes. Receptor tyrosine kinases (RTKs) are key regulators of 
cell growth and differentiation, cell cycle control, and cell survival. They 
involve binding of a ligand to a ligand receptor leading to cascade of 
events downstream from the initial binding site to perform some goal of 
cell metabolism [20,45]. A mutation in a receptor in a RTK will ulti
mately cause unregulated cell growth. Therefore, researchers have 
pushed to develop agents, RTK inhibitors, with specificity to act on these 
receptors and prevent unregulated cell growth. A prime example of a 
target that researchers have been able to direct antineoplastic agents 
against is the RAS pathway. One notable receptor in this pathway is 
EGFR, involved in many cancer types, including NSCLC and colorectal 
cancer [46–48]. A notable example of a targeted molecular therapy 
targeting EGFR is erlotinib, a 1st generation reversible EGFR inhibitor 
[49]. Its action prevents phosphorylation of the EGFR which leads to 
cessation of cell proliferation and growth, ultimately leading to tumor 
regression [50]. 

3.2.1. Adverse events 
Receptor tyrosine kinase inhibitors show a wide range of adverse 

events including rash, gastrointestinal upset or pneumonitis. Erlotinib, 
specifically, has been associated with radiologic evidence of various 
adverse events, including gastrointestinal toxicity, which is observed in 
up to 15% of patients, most commonly presenting as fluid filled colon 
[51–53]. 

Fig. 1. RAS pathway (A) and cancer genome 
landscape overview (B). (A) The RAS pathway 
is activated by EGF and EGF antibody binding 
to its receptor, EGFR. This binding leads to a 
signaling cascade which includes PI3K-RAS- 
mTORC and RAS-RAF-MEK ultimately leading 
to cell growth, proliferation, and migration. 
EGFR tyrosine kinase inhibitors (TKI) (gray 
burst), such as erlotinib, used for treatment of 
non-small cell lung cancer, and EGF antibodies, 
such as cetuximab (red burst), used for treat
ment of colorectal cancer, block the signaling 
cascade, ultimately halting cancer cell prolifer
ation. (B) Cancer genome landscape overview. 
Multiple passenger mutations (blue array) and 
driver mutations (yellow rectangles) form the 
base of the triangle and will ultimately lead to 
cancer proliferation (short blue arrow) through 
multiple molecular pathways, including RAS 
pathway (red circle).(For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 2. 72-year-old man with EFGR-mutated non-small cell 
lung cancer (NSCLC) who developed lung and bone me
tastases. Axial CT of the chest in lung window (A) shows a 
mass with spiculated morphology (dashed arrow) and 
associated pleural retraction (arrow). (B) Sagittal recon
structed image of the thoracic spine shows multiple scle
rotic lesions (arrows), representing metastases from 
NSCLC. EGFR mutated NSCLC is associated with air bron
chograms, pleural retraction, small lesion size, and absence 
of fibrosis, compared to EGFR-wild type NSCLC. In addi
tion, this NSCLC subtype is associated with increased bone 
and lung metastases compared to ALK-mutated NSCLC.   
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3.3. Hormonal therapies 

Hormones are chemical messengers that act on targets that are 
distant from the source of messenger release. Some endogenous hor
mones, including testosterone and estrogen, help the body regulate cell 
growth and proliferation. As such, they can potentially play a role in 
oncogenesis when expressed in excess. In these cases, hormones can be 
used as mechanistic targets of hormone therapy in which the primary 
goals are a decrease in hormone production or hormone receptors 
antagonization [54]. 

Estrogen is essential for breast tissue growth and, therefore, has the 
potential to facilitate breast cancer growth in both premenopausal and 
postmenopausal women [55]. Because of this, inhibition of estrogen 
production is a possible mechanism by which breast cancer growth can 
be halted. Two primary means of preventing estrogen production are the 
aromatase inhibitors (AI) and the luteinizing hormone releasing hor
mone (LHRH) agonists. AI act on the endogenous enzyme present in 
breast tissue, aromatase, which catalyzes the conversion of androgens to 
estrogen, thereby preventing excess estrogen production [56]. Because 
of this mechanism of action, AIs have been shown to have the most ef
ficacy in estrogen receptor (+) breast cancers [55]. Similarly, LHRH 
prevent estrogen production but through a different manner. These 
agents act by competitively binding to LHRH receptors in the anterior 
pituitary stimulating the release of luteinizing hormone (LH) and follicle 
stimulating hormone (FSH). Initially, both LH and FSH cause an increase 
in testosterone production. However, over time the LHRH receptor in 
the pituitary becomes desensitized and causes a down-regulation in 
testosterone production, subsequently leading to a decrease in estrogen 
production [57]. 

3.3.1. Adverse events 
Because of its effect on bone metabolism, decreases in estrogen lead 

to decreases in bone mineral density [58]. For this reason, a significant 
adverse effect of AIs and LHRH agonists is increased bone loss, which 
can be assessed by several techniques, including dual energy x-ray ab
sorptiometry (DEXA) and quantitative CT [54, 59, 60]. Additionally, 
these agents are also associated with other symptoms of decreased es
trogen such as vaginal dryness, hot flashes, sleep difficulties, and 
adverse mood changes [61]. 

3.4. Immunotherapies 

Various immunotherapies are currently available for cancer treat
ment: immune checkpoint inhibitors, namely CTLA-4 inhibitors, pro
grammed death (PD)− 1 and PD-L1 inhibitors: Cancer vaccines; 
exogenous cytokines and interferons, including recombinant IL-2; and 
cellular immunotherapies, including chimeric antigen receptor T-cells 
therapies. 

Among the immune checkpoint inhibitors, pembrolizumab is a 
monoclonal antibody with action against the PD-1 protein, which has 
demonstrated improved overall survival in various cancers such as 
NSCLC and melanoma [62,63]. Its antitumor activity is based on the 
inhibition of the PD-1, a receptor expressed on regulatory and effector T 
cells whose role is to suppress the activation of T cells, when activated by 
its circulating ligands [64,65]. When PD-1 receptors are blocked, T cells 
initiate an inflammatory response against any susceptible tissue, 
including cancer cells and healthy tissues, leading to shrinkage of the 
tumor as well as a spectrum of potential autoimmune-like adverse 
events, termed immune-related adverse events (irAEs) [66,67]. 

Immune checkpoint inhibitors, including pembrolizumab, are asso
ciated with four unique patterns of treatment response, originally 
described in patients with advanced melanoma treated with ipilimu
mab: 1) no new lesions and decrease in size of baseline lesion within 
twelve weeks; 2) stable disease with no significant change in baseline 
lesions followed by slow steady decline in tumor burden; 3) initial in
crease in tumor burden followed by decrease in tumor burden; 4) 

apparent “new” lesions followed by a decrease in tumor burden more 
than twelve weeks after treatment start (Fig. 3) [68,69]. The latter two 
are termed pseudoprogression [70]. Initial increases and apparent 
“new” lesions represent either true tumor growth in the period before 
the immune system is able to combat tumor or immune infiltration of 
existing or micrometastatic disease. 

3.4.1. Adverse events 
Immune checkpoint inhibitors are associated with a unique set of 

toxicities that are related to the body’s autoimmune response, and 
include pneumonitis, dermatitis, colitis, myositis, to mention a few 
(Fig. 4) [68]. Multiple studies are investigating the imaging appearances 
of these irAEs [71,72]. As a representative example, a study on 137 
patients with NSCLC treated with the PD-1 inhibitor nivolumab 
demonstrated that 13% of patients developed radiographically evident 
abdominal IrAEs, which included colitis, hepatitis, pancreatitis, 
nephritis, and enteritis, with a median time of onset of approximately 
two months [71,72]. 

4. Cancer imaging in clinical trials and tumor response criteria 

Imaging plays a dominant role in clinical trial design, frequently 
forming the basis for primary endpoints, and familiarity with the role of 
imaging in the various phases of a drug trial provides the necessary 
framework to introduce the concepts of tumor response criteria [7]. 

Clinical trials are a primary means by which researchers are able to 
evaluate the efficacy of novel chemotherapeutic agents [73]. Commonly 
divided into five phases, clinical trials can assess tolerability and phar
macokinetics of the new drug, dosing, efficacy, and toxicity. While in the 
pre-clinical stage, or phase 0, researchers are primarily invested in 
assessing the safety profile in animal models and approximating safe 
doses for human therapy. In phase I, the agents are introduced into a 
small number of human volunteers, with or without disease, with the 
goal of assessing dose-limiting toxicity. In phase II, a larger group of 
people with the disease of interest are given the new drug with aims at 
assessing pharmacokinetics, pharmacodynamics, safety, and survival. In 
phase III, using randomized control trials, researchers are able evaluate 
correlations between response and therapy, eliminate the possibly of 
confounders, and determine systematic differences between groups [74, 
75]. Following a phase III trial, the US Food and Drug Administration 
(FDA) can require a fourth phase, phase IV, to assess less common 
adverse events after a drug is released on the open market. More 
recently, new ways to assess drug efficacy have been developed, termed 
master protocols, which includes various types of trials, such as um
brella trials or basket protocols, and allow evaluation of multiple 
treatments in different diseases, to facilitate recruitment of patients with 
rare diseases and to expedite oncology drug development (Fig. 5) [8,76]. 

To obtain FDA regulatory approval, a drug must show evidence of 
clinical benefit, the gold standard being overall survival (OS). Crucially, 
objective response rate (ORR) and progression-free survival (PFS) have 
been deemed by the FDA as adequate markers of clinical benefit suffi
cient to inform drug approval decisions, greatly expediting drug devel
opment [77,78]. Comparisons of these parameters (frequently defined 
over an interval such as 6-month PFS) can then be carried out among the 
arms of the trial to establish drug efficacy. 

During the various phases of the trials, researchers are constantly 
monitoring treatment response, assessing when to continue therapy, and 
evaluating when therapy should be halted. Currently, a significant 
portion of evaluation clinical response during these trials is done via 
imaging. In this manner, changes in tumor size or characteristics on 
imaging serve as surrogate endpoint, or indicator to measure the true 
outcome, total regression, of an oncologic therapy [79]. In each phase of 
a clinical trial, researchers are gauging response imaging endpoints. 
Often this includes evaluating change in tumor size, checking for new 
lesions or changes in perfusion or vascularity of lesions. To standardize 
this process, response evaluation criteria in solid tumors (RECIST) were 
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developed in 2000 and then revised in 2009 to become RECIST 1.1 [5, 
80]. 

The four specific response categories of RECIST 1.1 include the 
disappearance of all lesions and reduction of pathological lymph nodes 
to < 10 mm, or complete response (CR); the reduction of at least 30% in 
the sum of diameters of all target lesions, or partial response (PR) 

(assuming non-target lesions do not show unequivocal progression); an 
increase by 20% in the sum the diameters of all target lesions, or pro
gressive disease (PD); if the change in size of lesions fails to qualify as PD 
or PR, the timepoint response is stable disease (SD) [77,80]. Unequiv
ocal progression in non-target lesions or the appearance of new lesions 
constitute PD, regardless of the target-lesion response. Importantly, 

Fig. 3. Patterns of response to immune checkpoint inhibitors, as initially described in patients with melanoma treated with ipilimumab. Images ABCD show four 
patterns of response, with change in tumor burden during treatment: (A) Steady decrease in tumor burden; (B) Stable disease followed by slow, steady decrease in 
tumor burden; (C) Response after initial increase in tumor burden; (D) Reduction in tumor burden after appearance of new lesions (dashed line). 

Fig. 4. Pulmonary toxicity in a 50-year-old- 
man with metastatic melanoma on immune 
checkpoint inhibition. Axial CT chest performed 
before starting nivolumab and ipilimumab (two 
immune checkpoint inhibitors) shows small 
right middle and right lower lobe metastatic 
lung nodules (A) (arrows). CT performed three 
months after treatment with immune check
point inhibitors started shows consolidative 
opacity in the right middle lobe (B). Patient had 
shortness of breath and immune related pneu
monitis was suspected. Prednisone taper was 
started and ipilimumab was stopped. Follow up 
CTs show residual ground glass changes in the 
middle lobe (C) and resolution of the lung 
nodules (D).   
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bone lesions are generally not considered measurable, unless there is a 
soft tissue component. RECIST 1.1 objective responses, used in calcu
lating the ORR, encompass both CR and PR categories, while 
non-responders include SD and PD. 

Because these criteria involve changes in size or new lesions, imaging 
is paramount in determining endpoints for new clinical drug trials. 
However, different oncologic drugs demonstrate varied imaging 

responses to treatment. This poses a challenge for oncologic agents 
which manifest changes in enhancement or tumor viability rather than 
size decrease as treatment response, including various molecular tar
geted therapies, and responses may not be captured using RECIST 1.1. 
For cytotoxic chemotherapy, in which patterns of response are generally 
marked by a decrease in tumor burden, RECIST1.1 is well-suited to 
evaluate an effective clinical response. On the contrary, for molecular 

Fig. 5. Clinical trial design. Basket (A) and umbrella (B) protocols, two types of Master Protocols which allow for the evaluation of multiple treatments in different 
diseases (A) and evaluation of different treatments for the same disease (B). Master protocols facilitate recruitment of patients with rare genetic subtypes of a disease 
and allow a faster evaluation of treatment compared to randomized controlled clinical trials. 

Fig. 6. Density changes in targeted therapy response. 75-year-old man with gastrointestinal stromal tumor metastatic to the liver. (A,B) Axial CT image performed 
before starting imatinib shows a hypodense liver lesion (arrow) with mean density of 63 Hounsfield Units. (C,D) Axial CT image performed three months after 
imatinib was started, shows similar size of the liver lesion but decreased attenuation of the lesion (arrow), with mean density of 33 Hounsfield Units. 
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targeted therapy and immune checkpoint therapy, pseudoprogression 
can occur, with the ostensible development of “new” lesions actually 
representing only increased conspicuity of pre-existing lesions; or 
apparent early increase in tumor size due to intratumoral hemorrhage or 
immune cell infiltration before tumor shrinkage ultimately occurs [81]. 
In these cases, RECIST1.1 might inaccurately categorize these therapies 
as ineffective leading to premature cessation of the trial before a full 
assessment of biologic treatment response is achieved [82,83]. 

To evaluate treatment response for chemotherapeutic agents in 
which changes in tumor size is less apparent, alternate tumor response 
criteria were developed, such as the Choi criteria in gastrointestinal 
stromal tumors [81]. While maintaining the four parameters of CR, PR, 
PD, and SD, the Choi criteria made modifications to the PR category such 
that it takes into account changes in tumor enhancement as a surrogate 
for viability, and which manifests on CT as a change in tumor attenua
tion (Fig. 6). The PD category also differs slightly in that the Choi criteria 
PD denotes new or increasing intratumoral lesions or mural nodules, 
whereas the RECIST 1.1 only considers maximum lesion diameter. 
Through these modifications, the Choi criteria facilitate more accurate 
assessments of tumor response (Fig. 7) [84]. 

For immunotherapies, a variety of additional response criteria were 
developed, including iRECIST. These identified specific response cate
gories include immune complete response (iCR), immune partial 
response (iPR), immune unconfirmed progressive disease (iUPD), im
mune confirmed progressive disease (iCPD), and immune stable disease 
(iSD). These criteria take into account the concept of pseudoprogression 
that is often demonstrated in patients treated with immunotherapies. 
The most notable differences are in the iUPD and iCPD. These categories 
are based on the general principles of the RECIST 1.1 PD, however, iUPD 
characterizes lesions that are new or have increased in size since initial 
identification within a specific time window. If within this preset in
terval, new or increasing lesions are identified, these lesions are deter
mined to be iUPD. If these new lesions persist or continue to grow 
beyond the set interval, they are then categorized as iCPD. If these le
sions disappear or shrink before the window ends, then these lesions can 
be re-categorized into either iCR or iPR. Ultimately, the iRECIST criteria 
allow for accurate identification and evaluation of pseudoprogression 
seen in immunotherapy (Fig. 8) [85]. There are a multitude of other 
response criteria for various imaging modalities (e.g. PERCIST, Lugano, 
RANO, etc.) that are often disease or site specific. A detailed discussion 
of these criteria is beyond the scope of this article, but software is 
available that aids the radiologist in applying the criteria uniformly and 
conforming to the often complex set of guidelines laid out for each one. 

5. Future directions 

Standard imaging response criteria may not correlate with thera
peutic effect for targeted therapies and immunotherapies. As such, 

quantitative imaging methods for measurement or prediction of tumor 
response to therapies in clinical trials are currently under development, 
promoted by various national and international organizations, including 
the National Cancer Institute through the Quantitative Imaging Network 
(QIN) or the European Society of Radiology through the European Im
aging Biomarkers Alliance (EIBALL) [86,87]. Furthermore, tumor spe
cific metabolic imaging methods are actively underdevelopment, such 
as the CD-38 targeted immuno-PET, in which Daratumumab, a mono
clonal antibody that targets CD38, an antigen expressed on nearly all 
myeloma cell is labeled with the positron-emitting radionuclide zirco
nium 89 (89Zr) for immunologic PET imaging of multiple myeloma 
[88]. 

Finally, radiogenomics, a high-throughput method to combine im
aging features with genomic and other patient’s data to characterize 
tumors and predict outcomes, is experiencing a significant expansion 
due to technological improvements and the implementation of deep 
learning methods (Fig. 9). Techniques such as texture analysis have been 
developed to extract information that may not be apparent to the naked 
eye to analyze tumor phenotype and environment, creating new bio
markers. Potentially, radiogenomics may allow genetic analysis for 
prediction of tumor prognosis and guide therapeutic strategies in the 
routine clinical setting [89,90]. 

6. Integrating practice into teaching 

As cancer imagers on a multidisciplinary team, it is critical for ra
diologists to go beyond simply reporting findings on images and to 
consider these findings in the context of individualized treatment plans 
to achieve an accurate interpretation. Radiologists must be aware of 
existing and new treatments on the horizon and consider atypical 
response patterns and the impact on patient care. Radiologists should 
also be familiar with terminology surrounding response criteria, know 
how and when to use certain terms such as partial response and pro
gression, and understand the limitations of imaging in certain cases 
where follow-up may be required for an accurate assessment. 

Teaching this particular aspect of radiology is challenging due to the 
ever-changing landscape of precision cancer treatments and the highly 
individualized treatment plans being used at present. It can be difficult 
to figure out exactly where this type of education fits into the curriculum 
as it spans multiple modalities and anatomic areas. As cancer imaging is 
integrated into all departmental divisions; it may not be feasible or 
practical to offer rotations specifically in cancer imaging. Therefore, 
teaching of cancer imaging requires the investment and participation of 
all divisional faculty. 

Beyond traditional teaching at the workstation, trainees can be 
engaged through interactive didactic lectures, self-directed learning, 
and blended learning such as the flipped classroom. Audience response 
systems can make didactic lectures more engaging, can assess for 

Fig. 7. Choi criteria for assessing response to 
targeted therapy in metastatic GIST. 69-year- 
old man with gastrointestinal stromal tumor 
with metastatic disease to the liver being 
treated with sunitinib, a vascular endothelial 
growth factor inhibitor. (A) Axial CT image 
acquired during treatment with sunitinib shows 
multiple lesions in the liver, including a hypo
dense nonenhancing lesion in segment 4A (red 
circle). (B) Axial CT image acquired at next 
follow-up shows multiple enhancing mural 
nodules in the hypodense segment 4A lesion 
(arrow) reflecting disease progression. Per 
RECIST 1.1, this would be inaccurately catego
rized as stable disease as the lesions did not 
change in size, while per Choi criteria this 
would be correctly characterized as progressive 

disease.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   
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knowledge gaps, and can provide instant feedback to trainees [91]. 
Self-directed learning includes using educational applications such as 
question banks, watching online videos, and reading relevant textbooks 
and articles. Blended learning incorporates elements of both 
self-learning and traditional classroom learning. For example, prior to 
lecture, the trainees are asked to review a complicated oncology case 
relevant to the didactic topic; during lecture, the trainees discuss the 
case, which can lead to increased comprehension of the lecture material. 
Blended learning can lead to higher rates of participation, increased 

retention of information, as well as a more positive learning environ
ment [92]. 

Trainees should also be encouraged or required to participate in 
multidisciplinary tumor boards commensurate with their degree of 
training. Through tumor boards, trainees can learn about the relevance 
of certain imaging findings and how these findings can impact treatment 
decisions through discussions with colleagues from medical, surgical, 
and radiation oncology. Additionally, through discussions at tumor 
boards, trainees can better understand decisions regarding image- 

Fig. 8. Treatment response evaluation using iRECIST criteria in a 76-year-old man with non-small cell lung cancer. CT of the chest (A) obtained before treatment 
with pembrolizumab was started shows a right lung nodule (arrow). Follow up CT of the chest (B) obtained 2 months after initiation of pembrolizumab shows 
increased size of the lesion (arrow), which decreased in size at follow-up CT obtained after 8 weeks (C), indicating pseudoprogression. iRECIST requires confirmation 
of progressive disease in 4–8 weeks to avoid misinterpreting pseudoprogression as true progression of disease, as mentioned in the accompanying chart. 

Fig. 9. Radiogenomics: integration of imaging features, histopathologic data, genomics, and clinical data. CHIP: chromatin immunoprecipitation; SNP: Single 
nucleotide polymorphisms. 
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guided biopsies, for example, on deciding which suspicious mass to bi
opsy or what trajectory to choose for a suspected musculoskeletal sar
coma biopsy. 

As with other subsections in radiology, a defined curriculum should 
be created that clearly explains concepts and materials to be covered, as 
well as objectives that address the three fundamental components of 
radiology learning: perception, interpretation, and diagnosis [93]. The 
curriculum should incorporate readings and resources appropriate for 
each level of training, from first-year radiology resident to fellow. 

Regular evaluation of performance should occur regarding retention 
and integration of concepts into clinical practice through assessment of 
read-outs, reports, follow-up recommendations, and communications 
with clinicians. Real time and tangible feedback, as well as remediation 
goals should be provided. As teachers, it is our study to “foster doubt, to 
facilitate discovery, and to nourish change” [93]. 

7. Conclusion 

Familiarity with the three pillars of genomic-based cancer imaging is 
crucial for any radiologists: knowledge of cancer genomics, oncologic 
therapies, and the role of imaging in clinical trials should be the focus of 
any cancer imaging teaching curriculum, with the goal of facilitating 
dialogue between radiologists and oncologists, and ultimately 
improving patient care. 
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