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Abstract
Objective evaluation of tumor response to 
therapy has been a basis for advances of effec-
tive cancer therapies, and has contributed sig-
nificantly to marked progress in the treatment 
approaches for cancer patients in the past 
decades. Imaging plays a key role in objec-
tively characterizing tumor response and pro-
gression during therapy, thus providing trial 
endpoints that help to determine regulatory 
approvals of new agents and informing treat-
ing physicians for their treatment decisions. 
Several conventional tumor response criteria 
based on imaging have been proposed and uti-
lized in the past few decades, and have been 
updated to meet the needs for the current era 
of cancer treatment. This chapter will (1) 
review the concept and goals of tumor 
response criteria, (2) describe introduction 
and revisions of Response Evaluation Criteria 
for Solid Tumors (RECIST) as a major stan-
dardized criteria to date, and (3) discuss the 
limitations of RECIST.  This chapter focuses 
on the tumor response criteria for solid tumors, 
and criteria for lymphoma and other hemato-
logic malignancies are discussed separately in 
the subsequent chapter in the book (chapter 
“Therapy Response Imaging in Lymphoma 
and Hematologic Malignancies”).
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1  The Concept and Goals of Tumor 
Response Criteria

The origin of tumor response criteria using imag-
ing dates back to 1981, when Miller et  al. 
described the essentials of tumor response assess-
ment in the publication of World Health 
Organization (WHO) criteria (Miller et al. 1981). 
In the article, the importance of a “common lan-
guage” to describe the results of lung cancer 
treatment is emphasized, and the need for inter-
nationally acceptable general principles for 
reporting and assessing data is highlighted 
(Miller et al. 1981). For this purpose, the essen-
tial elements of tumor response criteria to serve 
as a common language were described, including 
(1) the concept of measurability of the disease, in 
which malignant disease can be measured in met-
ric system, (2) definitions of objective response 
categories using the thresholds of quantitative 
tumor burden changes and the qualitative 
changes, and (3) guidance to determine overall 
response and duration of response (Miller et al. 
1981). The concept of tumor response criteria 
and the definitions of essential terminology intro-
duced by the article have contributed signifi-
cantly to standardize the methods for tumor 
response evaluations and the description of can-
cer treatment results (Nishino et  al. 2014a). 
Notably, though published nearly 40 years ago, 
the message by Miller et al. remains pertinent in 
the current practice of clinical oncology and 
oncologic imaging, and helps to remind us that 
the goal of tumor response evaluations is to pro-
vide a common language to address the results of 
cancer therapy that forms the basis for advances 
of treatment approaches for cancer patients 
(Miller et al. 1981; Nishino et al. 2014a).

2  RECIST as Standardized Tumor 
Response Criteria: Introduction 
and Revisions

WHO criteria for tumor response assessment 
have introduced the important concepts, and 
defined the measurability of the tumor burden 
using the product of the longest diameter and the 

longest perpendicular diameter of the lesion. It 
also defined the four categories of response and 
progression that formed a basis of the tumor 
response categorization that remains in use today 
(Table 1) (Nishino et al. 2010a). However, due to 
advances of cancer treatment and rapid progress 
of imaging technology over time, the shortcom-
ings of WHO criteria have become apparent. In 
particular, WHO criteria did not mention the 
types of the imaging modality to be used, did not 
clearly define the minimal size of the lesions for 
measurements, and did not determine the number 
of lesions to be measured (Nishino et al. 2010a; 
Therasse et  al. 2000). To meet the increasing 
needs, Response Evaluation Criteria for Solid 
Tumors (RECIST) was introduced by the interna-
tional working party in 2000 to simplify and stan-
dardize tumor response evaluations. The original 
RECIST, currently referred as RECIST version 
1.0 (RECIST 1.0), has been quickly incorporated 
into the majority of solid tumor clinical trials 
after 2000, and has provided trial endpoints and 
the basis for approvals of new cancer therapies. 
RECIST was revised in 2009 to further update 
the methods with several important modifica-
tions, which is known as RECIST version 1.1 
(RECIST 1.1). RECIST 1.1 again readily became 
the standard to describe results of cancer treat-
ment after 2009, and currently serves as the 
major, generalized criteria to define response and 
progression during therapy for advanced solid 
tumors (Nishino et  al. 2010a; Therasse et  al. 
2000). The details of WHO criteria, RECIST 1.0, 
and RECIST 1.1 are summarized in Table 1.

The original RECIST introduced in 2000 had 
several key features, including definitions of the 
minimum size of measurable lesions, instruc-
tions about how many lesions to follow, and the 
use of unidimensional measures for evaluation 
of overall tumor burden (Nishino et  al. 2010a; 
Therasse et al. 2000). “Measurable” lesions were 
defined as lesions with a longest diameter of 
≥10 mm on CT with a slice thickness of ≤5 mm 
(or a longest diameter of ≥20 mm on nonhelical 
CT with a slice thickness of >10 mm) or a lon-
gest diameter of ≥20 mm on chest radiography 
(Figs. 1 and 2). “Nonmeasurable” lesions were 
defined as lesions that do not meet the criteria for 

M. Nishino
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Table 1 Summary of tumor response assessment by WHO criteria, RECIST 1.0, and RECIST 1.1 (Miller et al. 1981; 
Nishino et al. 2014a, 2012; Therasse et al. 2000; Eisenhauer et al. 2009)

WHO (1979) RECIST 1.0 (2000) RECIST 1.1 (2009)
Measurement Strategies
Imaging modality No particular mention of 

imaging modality
CT, MR imaging, and 
chest radiography are 
recommended

CT, MR imaging, and chest 
radiography are recommended
FDG-PET scan is included in 
detection of new lesions

Measurement LD × SD (cm2) LD (cm) LD (cm) for non-nodal lesions
SD for lymph nodes

Measurable 
lesions

No mention of minimal 
size of the lesion

LD ≥ 10 mm on CTa LD ≥ 10 mm on CT for non-nodal 
lesionsc

SD ≥ 15 mm for lymph nodes
Number of target 
lesions

Not mentioned Up to 5 per organ
Up to 10 in total

Up to 2 per organ
Up to 5 in total

Criteria for response categories
CR Disappearance of all 

known disease
Disappearance of all 
target and nontarget 
lesions

Disappearance of all target and 
nontarget lesions, except that lymph 
nodes are <10 mm in SD

PRb ≥50% decrease ≥30% decrease ≥30% decrease
SD Neither CR, PR or PD Neither CR, PR or PD Neither CR, PR or PD
PDc ≥25% increase of target 

lesions, new lesion, or 
nontarget PD

≥20% increase of target 
lesions, new lesion, or 
nontarget PD

≥20% and ≥ 5 mm increase of target 
lesions, new lesion, or nontarget PD

LD longest diameter, SD short-axis diameter (the longest perpendicular diameter), CR complete response, PR partial 
response, PD progressive disease
aWith a section thickness of ≤5 mm. Measurable lesions have to be ≥20 mm at nonhelical CT with a section thickness 
of 10 mm, and LD ≥ 20 mm at chest radiography
bThe percent change is calculated in comparison with the measurements at baseline
cThe percent change is calculated in comparison with the measurements at the nadir (the smallest tumor burden since 
baseline)

Fig. 1 Measurable lesions according to RECIST.  CT 
scan of chest in 64-year-old man with colon cancer. 
Lobulated nodule in left lower lobe representing metasta-
sis measures 2.5 cm in longest diameter (arrow), meeting 
criteria for measurable lesion on CT (longest diame-
ter ≥ 10 mm). (Reprinted with permission from AJR Am J 
Roentgenol. 2010;195: 281–289)

measurable lesions, such as small lesions mea-
suring less than 10 mm on CT, skeletal metasta-
ses without a soft- tissue component, ascites, 
pleural effusion, lymphangitic spread of tumor, 
leptomeningeal disease, inflammatory breast 
disease, cystic or necrotic lesions, lesions in an 
irradiated area, and an abdominal mass not con-
firmed by imaging (Figs.  3–6) (Nishino et  al. 
2010a; Therasse et al. 2000).

Once measurable and nonmeasurable lesions 
are identified on the baseline imaging prior to 
therapy, target lesions are selected at baseline 
based on the size (the longest diameter) and suit-
ability for accurate measurements on the follow-
 up imaging studies during therapy. Up to 5 per 
organ and 10 total target lesions can be selected 
at baseline per RECIST 1.0 (Nishino et al. 2010a; 
Therasse et  al. 2000). The sum of the longest 

Conventional Tumor Response Criteria and Limitations
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diameters for all target lesions is recorded at 
baseline and at the follow-up study to represent 
quantitative tumor burden. The percent change of 
the sum of the measurements on the follow-up 
study compared to baseline contributes to define 
response, and the percent change compared to the 
nadir (the smallest tumor measurements since 

baseline during therapy) contributes to define 
tumor progression. Nontarget lesions include all 
other lesions or sites of disease, and their pres-
ence or absence is recorded without measure-
ments at baseline and follow-up examinations 
(Nishino et al. 2010a; Therasse et al. 2000). Four 
categorical responses, including complete 
response (CR), partial response (PR), stable dis-
ease (SD), and progressive disease (PD), are 

Fig. 3 Nonmeasurable lesions according to RECIST. CT 
scan of chest in 52-year-old woman with lung cancer 
shows multiple small nodules in lungs measuring less 
than 10  mm; these nodules are miliary metastases. 
(Reprinted with permission from AJR Am J Roentgenol. 
2010;195: 281–289)

Fig. 4 Nonmeasurable lesions according to RECIST. CT 
scan at level of lung bases in 59-year-old woman with 
breast cancer shows sclerotic osseous metastasis (arrow). 
(Reprinted with permission from AJR Am J Roentgenol. 
2010;195: 281–289)

Fig. 5 Nonmeasurable lesions according to RECIST. CT 
scan of abdomen in 45-year-old man with gastric cancer 
shows large amount of ascites. Cytology of fluid was posi-
tive for malignant cells, confirming malignant nature of 
fluid. (Reprinted with permission from AJR Am J 
Roentgenol. 2010;195: 281–289)

Fig. 2 Measurable lesions according to RECIST. Frontal 
chest radiograph in 52-year-old woman shows mass with 
longest diameter of 4.2 cm (arrow) representing lung can-
cer, which meets criteria for measurable lesion on chest 
radiography (longest diameter ≥ 20 mm). (Reprinted with 
permission from AJR Am J Roentgenol. 2010;195: 
281–289)

M. Nishino
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assigned according to RECIST (Table 1) (Fig. 7) 
(Nishino et  al. 2010a; Therasse et  al. 2000). 
Overall response is assigned at each follow-up 
imaging study, and best overall response (BOR) 
is assigned based on the best response among all 
follow-up time points during therapy (Nishino 
et al. 2010a; Therasse et al. 2000).

The revised RECIST guidelines, RECIST 1.1, 
were published by the RECIST Working Group 
in 2009, based on the assessment of a database 
consisting of more than 6500 patients with 
greater than 18,000 target lesions (Nishino et al. 
2010a; Eisenhauer et al. 2009). Major changes in 
RECIST 1.1 related to imaging included (1) 
reduction of the number of target lesions to be 
measured, (2) definition of the assessment of 

Fig. 6 Nonmeasurable lesions according to RECIST. CT 
scan of chest in 70-year-old woman with lung cancer 
shows irregular thickening of interlobular septum and 
bronchovascular bundles in lower lobes; these findings are 
consistent with lymphangitic spread of lung cancer. 
(Reprinted with permission from AJR Am J Roentgenol. 
2010;195: 281–289)

a b

c d

Fig. 7 (a, b) Baseline CT scans of abdomen in 68-year- 
old man with colon cancer show two target lesions (arrow) 
in liver. Measurements according to RECIST are 4.6 cm 
(a) and 5.4 cm (b), totaling 10.0 cm. (c, d) Follow-up CT 
scans obtained after initiation of therapy show decrease in 
size of target lesions (arrow). RECIST measurements are 

3.3 cm (c) and 2.7 cm (d), totaling 6.0 cm. Given 40% 
decrease in sum of measurements of target lesions relative 
to baseline [(6–10 cm)/10 cm × 100], assessment of target 
lesions by RECIST is partial response. (Reprinted with 
permission from AJR Am J Roentgenol. 2010;195: 
281–289)

Conventional Tumor Response Criteria and Limitations
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pathologic lymph nodes, (3) clarification of dis-
ease progression, (4) clarification of unequivocal 
progression of nontarget lesions, and (5) inclu-
sion of 18F-FDG PET in the detection of new 
lesions.

The number of target lesions to be assessed 
was reduced from maximum of 5 per organ to 2 
per organ, and from a maximum of 10 in total to 
5  in total (Figs. 8 and 9) (Nishino et al. 2010a; 
Eisenhauer et al. 2009). The change was based on 
the analysis of a large prospective database from 
16 clinical trials that demonstrated that the 
assessment of 5 lesions per patient did not influ-
ence the overall response rate with minimal 
impact on progression-free survival (Nishino 
et al. 2010a; Eisenhauer et al. 2009).

RECIST 1.1 also defined the assessment of 
the lymph nodes, which was not clearly defined 
by RECIST 1.0 (Nishino et al. 2010a; Eisenhauer 
et  al. 2009). According to RECIST 1.1, lymph 
nodes are measured using a short axis (the lon-
gest perpendicular diameter), and lymph nodes 
that are ≥15 mm in short axis are considered to 
be measurable and included as target lesions. 
Lymph nodes with a short axis of ≥10 mm but 
<15  mm are considered to be nontarget lesions 
(Fig. 10a) (Nishino et al. 2010a; Eisenhauer et al. 
2009). Lymph nodes with a short axis of <10 mm 
are considered to be nonpathologic (Fig.  10b), 
which also affect the definitions of CR by 
RECIST 1.1  in that it requires all pathologic 

lymph nodes (whether target or nontarget) to be 
less than 10  mm in short axis (Nishino et  al. 
2010a; Eisenhauer et al. 2009).

PD for target lesions was modified by RECIST 
1.1 and requires a 5-mm absolute increase of the 
sum of the target lesion measurement in addition 
to a 20% increase (Fig. 11) (Nishino et al. 2010a; 
Eisenhauer et  al. 2009). The new criterion of a 
5-mm absolute change in size was introduced to 
meet the needs to accurately define PD in patients 
with small tumor burden particularly after 
response to effective therapy, which is often 
encountered in the setting of precision cancer 
therapy using molecular targeting agents, which 
will be discussed further in chapter “Response 
Evaluations for Precision Cancer Therapy and 
Immunotherapy”. In patients with small tumor 
burden at nadir (2 cm for example), a very small 
increase in size can be noted due to measurement 
variability without a true increase in tumor bur-
den yet could meet the criterion of ≥20% increase 
by RECIST 1.0 (Nishino et al. 2010a; Eisenhauer 
et al. 2009). The absolute increase of 5 mm was 
introduced with an intention to better character-
ize tumor progression in such clinical scenarios.

“Unequivocal progression” of nontarget 
lesions was also clarified by RECIST 1.1. In 
patients with measurable tumor burden by target 
lesions, the overall level of substantial worsen-
ing in nontarget lesions leading to an increase of 
overall tumor burden even with SD or PR in 

a b

Fig. 8 Number of target lesions according to RECIST 1.1 
has been reduced to up to two target lesions per organ. CT 
scan of abdomen in 72-year-old woman with pancreatic 
cancer shows dominant pancreatic mass (single-headed 
black arrow) with multiple metastatic lesions in liver. (a) 
Using RECIST 1.0, up to five lesions per organ (white 
arrows) could be selected. Double-headed black arrows 

show longest diameter of each lesion. (b) Using RECIST, 
version 1.1, which allows only up to two lesions per 
organ, only two liver lesions should be selected as target 
lesions (white arrows). Double-headed black arrows show 
longest diameter of each lesion. (Reprinted with permis-
sion from AJR Am J Roentgenol. 2010;195: 281–289)

M. Nishino
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a

b

Fig. 9 Number of target lesions according to RECIST 1.1 
has been reduced to up to five total. CT scans of chest in 
74-year-old man with advanced NSCLC show multiple 
enlarged thoracic and upper abdominal lymph nodes, 
lesion in right lower lobe of lung, and bilateral adrenal 
metastases. (a) Using RECIST 1.0, which allows up to 10 

lesions total, all eight lesions (circles) could be selected as 
target lesions. (b) Using RECIST 1.1, maximum of five 
lesions (circles) total can be selected to adhere to rule of 
up to two target lesions per organ. (Reprinted with permis-
sion from AJR Am J Roentgenol. 2010;195: 281–289)

a b

Fig. 10 Assessment of pathologic lymph nodes by 
RECIST 1.1 on CT scan of patient with lung cancer. (a) 
Subcarinal lymph node measures 12  mm in short axis 
(arrow) on chest CT, so it should be considered as nontar-
get lesion according to RECIST 1.1. (b) Precarinal lymph 

node measures 7  mm in short axis (arrow). Given that 
short-axis diameter is less than 10  mm, lymph node is 
nonpathologic according to RECIST 1.1. (Reprinted with 
permission from AJR Am J Roentgenol. 2010;195: 
281–289)

Conventional Tumor Response Criteria and Limitations
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measurable tumor burden is required to assign 
PD by nontarget lesions (Nishino et  al. 2010a; 
Eisenhauer et al. 2009). However, assigning PD 
by nontarget lesion increase in the setting of SD 
or PR of target lesions is considered to be 
extremely rare (Nishino et al. 2010a; Eisenhauer 
et  al. 2009). In patients without measurable 
tumor burden, the general concepts as in the set-
tings with measurable disease are applied, and 
an increase of tumor burden that would be 
required to assign PD for measurable tumor bur-
den should be present. Examples of PD by non-

target lesions in this scenario include an increase 
in pleural effusion from trace to large, or an 
increase in lymphangitic disease from localized 
to widespread (Nishino et al. 2010a; Eisenhauer 
et al. 2009).

Another major change in RECIST 1.1 is the 
inclusion of FDG-PET in the detection of new 
lesions that define PD (Nishino et  al. 2010a; 
Eisenhauer et al. 2009). In patients with nega-
tive FDG-PET at baseline, a positive FDG-PET 
at follow-up defines PD due to a new lesion by 
RECIST 1.1 (Fig. 12). The algorithm in cases 

Baseline
Follow-up

after therapy

1.0 cm

3.0 cm

1.3 cm 1.6 cm

Further
follow-up

Further
follow-up

a b c d

Fig. 11 Clarification of disease progression by RECIST 
1.1. Target lesion at baseline (a) has longest diameter of 
3.0 cm. On follow-up study after initiation of therapy (b), 
lesion measures 1.0 cm—showing 67% decrease in size 
compared with baseline. This finding is consistent with 
partial response. On further follow-up study (c), lesion 
has slightly increased in size and measures 1.3  cm. 
Because 30% increase in size of lesion since smallest 
diameter (nadir) of 1.0 cm, assessment category according 
to RECIST 1.0 would be progressive disease and therapy 

would be terminated. However, using RECIST 1.1, which 
requires 5-mm absolute increase in size in addition to 
≥20% increase, assessment would be stable disease and 
therapy would be continued. If further follow-up showed 
increase to diameter of 1.6 cm (d), then criteria for pro-
gressive disease according to RECIST 1.1 would be 
met—that is, ≥5 mm absolute increase in size in addition 
to ≥20% increase compared with nadir. (Reprinted with 
permission from AJR Am J Roentgenol. 2010;195: 
281–289)

a b

Fig. 12 FDG PET in detection of new lesions in 48-year- 
old woman with breast cancer who had negative FDG 
PET/CT findings at baseline. Follow-up FDG PET/CT 
images (a, b) show new FDG-avid liver lesion (arrows) 
representing metastasis. Finding meets criteria for pro-

gressive disease using Response Evaluation Criteria in 
Solid Tumors 1.1 because new lesion has been detected on 
FDG PET. (Reprinted with permission from AJR Am J 
Roentgenol. 2010;195: 281–289)

M. Nishino
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without baseline FDG-PET is also defined in 
detail (Fig. 13) (Nishino et al. 2010a; Eisenhauer 
et  al. 2009). Inclusion of FDG-PET in the 
detection of new lesions added a new dimen-
sion to RECIST by incorporating functional 
imaging. In a study of advanced NSCLC 
patients treated with epidermal growth factor 
receptor (EGFR) inhibitor that compared the 
response assessment by RECIST 1.0 and 
RECIST 1.1, the inclusion of FDG-PET was a 
major factor that influenced the difference in 
best response assessment by two criteria, indi-
cating the impact of the revision in defining 
trial endpoints and progression-free survival 
(Nishino et al. 2010b).

After the introduction of RECIST 1.1, several 
studies have evaluated the response assessment 
by RECIST 1.1 in comparison with RECIST 1.0, 
with different types of tumors treated with differ-
ent anticancer systemic agents (Nishino et  al. 
2010b, 2013a; Krajewski et  al. 2015). Overall, 
these studies demonstrated that RECIST 1.1 can 
provide response assessments that are highly 
concordant with RECIST 1.0, with decreased 
number of target lesions requiring less efforts and 
time for measurements.

3  General Limitations of RECIST: 
Measurement Variability 
and Tumor Heterogeneity

Although RECIST guidelines have been the most 
widely accepted standardized method of tumor 
response evaluations with the advantages of sim-
plicity and practicality, the limitations of RECIST 
have been increasingly acknowledged, even after 
the revisions introduced in RECIST 1.1. 
Limitations of RECIST can be classified into two 
groups, namely, general limitations that univer-
sally affect the assessment results regardless of 
tumor types or agents, and limitations specific to 
the era of precision cancer therapy and immuno-
therapy (Nishino et al. 2012; Nishino 2018). The 
present section of this chapter describes the gen-
eral limitations of RECIST, focusing on (1) vari-
ability of tumor size measurements and (2) 
tumoral heterogeneity within a lesion as well as 
among different lesions in a patient (Nishino 
2018). Emerging limitations specific to precision 
cancer therapy and immunotherapy will be dis-
cussed in detail in the following chapter (chapter 
“Response Evaluations for Precision Cancer 
Therapy and Immunotherapy”).

Patient had no FDG PET at baseline
and had a positive FDG PET at
follow-up

Patient had a negative FDG PET
at baseline and had a positive
FDG PET at follow-up

PD due to a new lesion New site of disease
by PET is confirmed
by CT

PD Additional follow-up
CT scans to confirm
progression at that site

PD if progression is
confirmed and the date
of progression will be the
date of the FDG PET

Not PD if positive FDG PET at
follow-up corresponds to a pre-
existing site of disease on CT 
that is not progressing on the
anatomic images

New site of disease
by PET is not
confirmed by CT

Fig. 13 Summary of 
guideline for including 
FDG PET in detection 
of new lesions according 
to RECIST 1.1. PD 
progressive disease. 
(Reprinted with 
permission from AJR 
Am J Roentgenol. 
2010;195: 281–289)
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Measurement variability, including both 
intraobserver and interobserver variability, is an 
inherent limitation of quantitative imaging meth-
ods including RECIST and other tumor response 
criteria. In a study of 40 lung tumors evaluated on 
CT by Erasmus et al., the probability of misclas-
sifying a tumor progression was 43% for WHO 
criteria and 30% for RECIST. Although RECIST 
using unidimensional measurements had a lower 
misclassification rate compared to WHO criteria 
using bidimensional measurements, the results 
indicate that nearly one-third of patients can be 
classified as having progressive disease due to the 
measurement variability rather than true tumor 
growth (Erasmus et al. 2003). In a study of the 
same-day repeat CT scans of 32 non-small cell 
lung cancer (NSCLC) patients by Zhao et al., the 
95% limits of agreement of tumor size measure-
ments ranged from (−18.3%, 15.5%) to (−22.8%, 
23.0%) for unidimensional measurements used 
in RECIST (Zhao et al. 2010). In spite of consid-
erable variability, the results indicated that the 
RECIST-based unidimensional size measure-
ments were reproducible within the partial 
response category (≥30% decrease); however, 
the cutoff value for progression (≥20% increase) 
is within the range of measurement variability 
and thus can misclassify patients into PD cate-
gory (Zhao et al. 2010). Revisions in RECIST 1.1 
may have contributed to reduce measurement 
variability. In a study of advanced NSCLC 
patients treated with EGFR inhibitor, RECIST 
1.1 had narrower 95% limits of interobserver 
agreement (−18.6%, 25.4%) compared to 
RECIST 1.0 (−30.8%, 30.4%), which may be 
due to the reduction of number of target lesions 
and the use of short axis measurements for lymph 
nodes (Nishino et al. 2014a, 2010b).

In a study of 29 patients with metastatic 
colorectal cancer treated in a trial, three indepen-
dent radiologists selected and measured the 
lesions, according to RECIST 1.0. Of 198 target 
lesions total, 33% were selected by all three, 28% 
by two, and 39% by one radiologist. With inde-
pendent selection, the variability in relative 
change of unidimensional tumor measurements 
was 11%. The variability decreased to 8% when 

measuring the same lesions (Zhao et  al. 2014). 
Another recent study also looked at the relation-
ship between target lesion selection and response 
assessment results using RECIST 1.1  in 316 
patients with metastatic solid tumors (Kuhl et al. 
2019). Three readers evaluated the imaging of 
each patient. The same set of target lesions was 
selected in 41% (128/316) of the patients, 
whereas a different set of lesions was selected in 
59% (188/316). High agreement of treatment 
response categories (κ  =  0.97) was noted when 
target lesion selection was concordant; however, 
the agreement was much lower when target lesion 
selection was discordant (κ = 0.58). Though the 
fundamental solution for the issues demonstrated 
by these studies remain to be established, the 
results indicated the importance of target lesions 
selection at baseline that best represent the tumor 
burden by radiologist’s interpretation. It is also 
important to evaluate nontarget lesions and new 
lesions/sites of disease on follow-up scans in 
addition to measuring target lesions, in order to 
accurately reflect overall tumor burden changes 
to the response assessments (Kuhl et al. 2019).

Tumoral heterogeneity in terms of both within 
a lesion and among different lesions in a patient 
is another important issue when considering the 
limitations of RECIST. RECIST relies on unidi-
mensional size measurements for quantification 
of tumor burden, assuming that three- dimensional 
tumor volume burden is simply related to a planar 
measurement. However, in reality, tumors can be 
heterogeneous in terms of growth rates and pat-
terns within the same lesion (Fig. 14), or among 
different lesions in one patient where some 
lesions show increase while other lesions may 
decrease during therapy (Nishino et  al. 2014a; 
Nishino 2018; Gavrielides et  al. 2009; Longo 
2012). Application of tumor volume measure-
ments for the evaluation of therapeutic response 
may help to address the issue, at least in part 
(Nishino et al. 2014a, 2013b, 2016, 2011, 2014b; 
Zhao et al. 2010; Mozley et al. 2012, 2010). With 
the current multi-detector row computed tomog-
raphy (MDCT) technology, volumetric acquisi-
tion of large anatomic volumes with isotropic 
voxels can be performed in clinical oncology CT 
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scans, allowing the segmentation and measure-
ment of tumor volumes as a marker for tumor 
response and clinical outcome (Nishino et  al. 
2014a; Nishino 2018). Tumor volume measure-
ments have an advantage for decreasing 
measurement variability and thus improving 
reproducibility, as shown in many prior studies 
that have consistently reported less measurement 
variability of tumor volume compared to tumor 
size measurements used in RECIST (Zhao et al. 
2010; Mozley et  al. 2012, 2010; Nishino et  al. 
2013b, 2016, 2011, 2014b). The thought of 
moving from unidimensional assessment to 

volumetric or functional assessment was 
mentioned at the time of introduction of RECIST 
1.1 by the RECIST Working Group, which con-
cluded that sufficient standardization and wide-
spread availability were needed before 
recommending the alternative methods (Nishino 
et  al. 2010a; Eisenhauer et  al. 2009; Nishino 
2018). Almost a decade has passed since then, 
and robust solutions for the increasing needs for 
standardization and technology transfer need to 
be established via multidisciplinary collabora-
tions among oncology and radiology communi-
ties (Nishino 2018).

a c

b d

Fig. 14 Limitations of response assessment using 
RECIST in a 58-year-old woman with stage IV adenocar-
cinoma of the lung. (a, b) Contrast-enhanced axial and 
coronal CT images of the chest during pemetrexed and 
cisplatin therapy demonstrate a spiculated mass in the left 
upper lobe. The measurement of the dominant mass 
according to RECIST was 2.9 cm, measured in the longest 
diameter on an axial plane. Note a small nodular compo-
nent of the mass at its inferior portion on coronal view 
(arrow, b). (c) At follow-up CT during therapy, the axial 

plane at the level of the longest diameter of the mass dem-
onstrated a similar appearance and size of mass, 3.0 cm in 
the longest diameter. (d) However, on a coronal reformat-
ted image at the level of the mass, the inferior component 
of the mass (arrow, d) has increased compared with the 
prior study, indicating increase of tumor burden, which is 
not captured by either RECIST or World Health 
Organization (WHO) measurements. (Reprinted with per-
mission from Radiology. 2014;271(1):6–27)

Conventional Tumor Response Criteria and Limitations
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Abstract

Since the original introduction of RECIST in 
2000 and the revision in 2009, the treatment 
approaches for advanced cancers have made 
considerable progress. Notably, the recent 
advances of the understanding of genomic 
abnormalities specific to cancer and its clini-
cal application have transformed the way how 
oncologists approach cancer patients, enabling 
the era of effective precision cancer therapies 
using molecular targeting agents. Furthermore, 
the recent success in cancer immunotherapy 
has brought another paradigm shift, using 
immune-checkpoint blockade to activate host 
immune defense mechanism and fight against 
cancer. Given these advances of cancer thera-
pies, additional limitations of RECIST apart 
from the general limitations discussed in 
“Conventional Tumor Response Criteria and 
Limitations” have been increasingly recog-
nized, especially in patients treated with preci-
sion therapy and immunotherapy (Nishino 
2018; Nishino et al. 2012). This chapter dis-
cusses these therapy- specific limitations of 
RECIST, including (1) CT tumor density 
changes in response to antiangiogenic therapy, 
(2) slow tumor progression during molecular 
targeted therapy, and (3) immune- related 
response in patients treated with immunother-
apy (Nishino 2018; Nishino et al. 2012).
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1  CT Tumor Density Changes 
in Response to Antiangiogenic 
Therapy

In cancer patients treated with molecular target-
ing agents with antiangiogenic activity, decrease 
of CT tumor density has been noted as a marker 
to indicate response to therapy, even in the 
absence of tumor size reduction (Choi et al. 2005, 
2007; Benjamin et al. 2007). CT density changes 
have been initially described by Choi et al. as a 
sign of tumor response in patients with gastroin-
testinal stromal tumor (GIST) treated with tyro-
sine kinase inhibitor, imatinib (Fig. 1) (Nishino 
et  al. 2012; Choi et  al. 2005, 2007; Benjamin 
et al. 2007). Similar observations of CT density 
decrease in the setting of tumor response to ther-
apy have been noted in other solid tumors includ-
ing other sarcomas, renal cell carcinomas, and 
hepatocellular carcinomas (Nishino et  al. 2012; 
Faivre et al. 2011; Smith et al. 2010a, b).

The Choi response criteria defines tumor 
response as a 10% decrease of unidimensional 
tumor size or a 15% decrease in CT density (or 
CT attenuation measured in Hounsfield units 
(HU)), rather than a 30% decrease of unidimen-
sional tumor size per RECIST (Choi et al. 2004, 
2007). The Choi response criteria are based on 
several studies in patients with GIST treated with 
imatinib, which evaluated the association 
between CT density changes versus FDG PET 
response and clinical outcome. In the initial study 
in 2004, 173 tumors from 36 patients with GIST 
were studied for the changes of tumor size and 
density on CT and FDG uptake measured by 
SUVmax at 2 months of imatinib therapy in com-
parison with the baseline pretherapy scans (Choi 
et al. 2004). In these patients, both tumor density 
and SUVmax demonstrated significant decrease 
after 2 months of imatinib therapy. Though tumor 
size also showed significant decrease after ther-
apy, 75% of the patients was categorized as hav-
ing stable disease (SD) according RECIST using 
size criteria alone (Choi et al. 2004).

On the basis of the initial results, another 
study evaluated 172 lesions in 40 patients with 
metastatic GIST treated with imatinib for tumor 
changes on CT and FDG PET at 2  months of 

therapy. Tumor size decrease >10% or tumor 
density decrease >15% on CT at 2  months of 
therapy demonstrated had a higher sensitivity in 
identifying PET responders compared to RECIST 
(97% by Choi criteria vs. 52% by RECIST), 
which is now known as Choi response criteria. 
The prognostic value of Choi response criteria 
was shown in a study of 58 patients with GIST 
treated with imatinib (Benjamin et  al. 2007). 
Patients with response by Choi criteria after 
2  months of imatinib therapy had significantly 
longer time to progression than those who did not 
(p  =  0.0002). On the other hand, RECIST 
response did not have significant correlation with 
time to progression (p  =  0.74). In addition, 
disease- specific survival was also significantly 
longer in responders by Choi criteria (p = 0.04), 
but not in responders by RECIST (p  =  0.45) 
(Benjamin et al. 2007).

After CT density decrease as a sign of initial 
response to therapy, tumor progression may also 
be noted with radiographic appearance that are 
different from simple increase of tumor size or 
appearance of separate new lesions as defined by 
RECIST (Fig.  1) (Choi et  al. 2005, 2007; 
Benjamin et  al. 2007; Shankar et  al. 2005). 
Progression in this setting is defined by Choi cri-
teria as (1) appearance of new lesions, (2) appear-
ance or increase in size of intratumoral nodules, 
or (3) tumor size increase of >20% without post-
treatment hypodense change (Choi et  al. 2005, 
2007). The concept of CT density changes 
described by Choi has been widely recognized 
and sometimes used as an additional guideline to 
supplement RECIST, in order to accurately cap-
ture tumor response and progression in patients 
receiving agents with antiangiogenic activity 
(Nishino 2018; Nishino et al. 2012).

2  Slow Tumor Progression During 
Molecular Targeted Therapy

Advances in knowledge of genomic abnormali-
ties specific to cancer in the past decade have 
enabled precision medicine approaches to cancer 
patients, where patients can be treated with 
molecular targeting agents that are specifically 
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designed to target the oncogenic genomic abnor-
malities of their tumors. The approach has been 
used widely in different tumor types, and contrib-
uted to increase the response rates to therapy 
among subgroups of patients selected for treat-
ment based on the genomics analyses of their 
tumors (Nishino 2018; Nishino et  al. 2011a, 
2014a). However, most of the patients who 
respond markedly with significant initial tumor 
burden reduction eventually experience tumor 
regrowth, due to the development of the acquired 

resistance to therapy (Nishino 2018; Nishino 
et al. 2011a, 2014a). Tumors after initial response 
in these patients tend to grow slowly over time, 
and patients often remain on therapy. In this clini-
cal scenario of precision cancer therapy, RECIST 
has a limited value in evaluating tumor progres-
sion and guiding treatment decisions.

As described in “Conventional Tumor 
Response Criteria and Limitations”, RECIST 
defines the response categories based on the 
proportional changes of tumor measurements. 

a b

c

Fig. 1 A 58-year-old man with advanced gastrointestinal 
stromal tumor with liver metastasis, treated with imatinib 
mesylate. (Reprinted with permission from AJR Am J 
Roentgenol. 2012;198: 737–745). (a) Baseline contrast- 
enhanced CT of abdomen before therapy shows heteroge-
neously enhancing mass in liver representing metastasis, 
measuring 10 cm in longest diameter and 50 HU in CT 
attenuation (circle). (b) Follow-up CT scan obtained 
8  weeks after initiation of imatinib mesylate therapy 
shows significant decrease in CT attenuation of tumor 
(circle; 25  HU), meeting criteria for response by Choi 

criteria, with minimal decrease in size (9.5 cm in longest 
diameter). (c) Patient continued receiving imatinib mesyl-
ate therapy. Follow-up CT scan at 2 years revealed new 
intratumoral tumor nodule (arrow), meeting criteria for 
progression by Choi criteria. Note measurement of lon-
gest diameter alone by Response Evaluation Criteria in 
Solid Tumors (7.5  cm) fails to detect progression. 
Adjacent small lesion in anterior segment of liver 
remained unchanged since baseline, most likely repre-
senting a benign lesion

Response Evaluations for Precision Cancer Therapy and Immunotherapy
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Because of this feature, the measurement vari-
ability has more impact on the results of 
response assessment in patients with smaller 
tumor burden. For example, 3 mm increase due 
to measurement variability contributes to only 
5% increase for a tumor measuring 6 cm on the 
reference scan; however, it results in 30% differ-
ence for a tumor measuring 1 cm on the refer-
ence scan (Nishino et  al. 2013a, 2014a). The 
issue is particularly relevant in the setting of 
effective precision cancer therapy where patients 
experience marked initial decrease of their 
tumor size, therefore achieving very small 
tumor size at the nadir (the smallest tumor size 

since baseline) which serves as a reference to 
define subsequent progression when tumors 
start to grow. Given small tumor size at the 
nadir, which is often only a few centimeters or 
less, only a few millimeter size increase may 
result in ≥20% increase compared to the nadir. 
To complement this limitation, the revision in 
RECIST 1.1 requires at least 5 mm increase of 
absolute size compared with the nadir to define 
PD, in addition to ≥20% increase (Fig.  2) 
(Eisenhauer et  al. 2009; Nishino et  al. 2010). 
However, in two prior studies of advanced non- 
small cell lung cancer (NSCLC) patients treated 
with EGFR inhibitors, the ≥5 mm absolute size 

a b

c d

Fig. 2 Disease progression in 55-year-old woman with 
NSCLC treated with EGFR inhibitor erlotinib. (a) CT 
scan of chest shows spiculated right lung lesion, which is 
the only target lesion, has longest diameter of 2.8  cm 
(arrow). (b) After one cycle of therapy, lesion measures 
1.3 cm (arrow), showing 54% decrease in size compared 
with baseline. This change is consistent with partial 
response. (c) After initial response, small residual tumor 
slowly increased in size and measured 1.7 cm (arrow) on 
a further follow-up study. Given 30% increase compared 

with nadir (1.3 cm), assessment using RECIST 1.0 would 
be progressive disease and therapy would be terminated. 
However, using RECIST 1.1, assessment is stable disease 
because absolute increase in size is less than 5 mm. (d) 
Another follow-up CT scan shows further increase in size 
of residual tumor with longest diameter of 2.0 cm (arrow), 
which meets criteria for progressive disease by RECIST 
1.1 given 54% increase and 6-mm absolute increase in 
size compared with nadir. (Reprinted with permission 
from AJR Am J Roentgenol. 2010;195: 281–289)
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increase rule resulted in longer time to progres-
sion only in a minority of patients (6% (4/70) in 
one study (Nishino et al. 2013a) and 1% (1/104) 
in the other study (Sun et al. 2010). These results 
indicate the needs for additional strategies using 
more accurate and less variable measurement 
methods to overcome the issue.

As an additional strategy to complement the 
limitations of RECIST for the evaluation of slow 
tumor progression after effective molecular tar-
geted therapy, the concept of tumor growth rate 
during therapy has been investigated as a marker 
for defining treatment endpoints and clinical 
benefits in different types of advanced solid 
tumors (Ferte et  al. 2014; Gomez-Roca et  al. 
2011; Levy et  al. 2013; Nishino et  al. 2013b, 
2016; Stein et al. 2011, 2012). In the cohorts of 
renal cell carcinoma and prostate cancer, Stein 
et  al. used the tumor growth rate constant, 
obtained as loge2/doubling time (days) using 
tumor size measurements during trials, and dem-
onstrated a negative correlation with overall sur-
vival. The results indicated that slow tumor 
growth can be a marker of better clinical out-
come (Stein et  al. 2011, 2012). Tumor growth 
rate was also tested in advanced NSCLC patients 
harboring EGFR mutations treated with EGFR 
inhibitors using tumor volume analysis, which 
provided a reference value for slow tumor pro-
gression after initial response in these patients 
(Nishino et al. 2013b, 2016). Further efforts are 
necessary to validate these findings and translate 
the approach into the clinical setting of onco-
logic imaging (Nishino 2018).

3  Immune-Related Response 
in Patients Treated 
with Immunotherapy

Another paradigm shift in treatment of cancer 
has been brought by the successful clinical appli-
cation of cancer immunotherapy using immune- 
checkpoint inhibitors in the past few years (Hodi 
et al. 2010; Nishino et al. 2017a, 2015; Ott et al. 
2013). As acknowledged by the Nobel Prize in 
Physiology or Medicine in 2018 that was awarded 
to James P. Allison and Tasuku Honjo “for their 

discovery of cancer therapy by inhibition of 
negative immune regulation,” the discovery of 
immune-checkpoint inhibitors as antitumor 
agents has opened a new arena of cancer therapy 
(https://www.nobelprize.org/prizes/medi-
cine/2018/summary/; Ishida et  al. 1992; Leach 
et al. 1996).

The mechanism of antitumor action of 
immune-checkpoint inhibitors is based on the 
blockade of immune inhibition by tumors, as 
opposed to the direct cytotoxic or targeted effects 
to tumor cells (Nishino et al. 2015, 2017a, 2019; 
Ott et al. 2013). In the tumor microenvironment 
in cancer patients, a number of ligand–receptor 
pairs between tumor cells, T cells, dendritic cells, 
and macrophages are expressed. These molecules 
are called “immune-checkpoints” and regulate T 
cell activation specific to tumor cells as immune- 
responses of the host against tumor (Figs. 3 and 
4) (Nishino et  al. 2012, 2017a; Ott et  al. 2013; 
Allison 1995; Hodi et  al. 2003, 2008; Wolchok 
2012; Lenschow et al. 1996). Using the signaling 
from immune-checkpoints in the microenviron-
ment, tumor cells mediate immune suppression 
so that they can escape from T cell-mediated host 
immune responses, to survive and proliferate (Ott 
et al. 2013; Nishino et al. 2019; Lenschow et al. 
1996; Zielinski et  al. 2013; Pardoll 2012). 
Immune-checkpoint inhibitors, such as cytotoxic 
T-lymphocyte antigen-4 (CTLA-4) inhibitors and 
programmed cell death-1 (PD-1) and PD-ligand 
1 (PD-L1) inhibitors, block the interaction and 
interfere the immune inhibition by tumors, 
thereby activating the immune response against 
cancer (Figs.  3 and 4) (Nishino et  al. 2019; 
Zielinski et  al. 2013; Pardoll 2012; Chen et  al. 
2012; Okazaki et al. 2013).

The first breakthrough using immune- 
checkpoint blockade was made in 2010, when a 
phase 3 trial of CTLA-4 inhibitor, ipilimumab, 
demonstrated a significantly improved overall 
survival in advanced melanoma (Hodi et  al. 
2010). Since then, many clinical trials have 
shown promising activity of immune-check-
point inhibitor therapy using CTLA-4 inhibitors 
and PD-1/PD-L1inhibitors in a variety of 
advanced cancers. As the results, these immune-
checkpoint inhibitors and their combination 
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have been approved for a variety of tumors and 
indications, and has become the major treatment 
option for advanced cancers in clinical oncol-
ogy (Table 1).

Because of unique mechanism of immune- 
checkpoint inhibitors, unconventional response 
patterns are noted in patients treated with these 
agents, including (1) response after an initial 
increase of tumor burden and (2) response during 
or after appearance of new lesions (Figs. 5 and 6) 
(Nishino 2018; Nishino et  al. 2019). These 
response patterns are often called pseudoprogres-
sion, because patients meet the criteria for 
RECIST progression at the time of the initial 
increase of tumor burden or appearance of new 
lesions (Nishino et al. 2012, 2017a, 2019; Hodi 
et  al. 2016; Wolchok et  al. 2009; Chiou and 
Burotto 2015). Several sets of modified response 
criteria designed to capture these atypical 
immune-related response patterns have been pro-
posed in the past decade to accurately character-
ize tumor response and progression in patients 
treated with immune-checkpoint inhibitors 
(Table 1) (Nishino et al. 2019).

The first set of criteria to characterize immune- 
related responses was proposed in 2009, based on 
the discussion among approximately 200 oncolo-
gists, immunotherapists, and regulatory experts 
at the series of workshops on their experience 
with immunotherapeutic agents in cancer patients 
(Wolchok et  al. 2009). The criteria, known as 
immune-related response criteria (irRC), has key 
features that are very important when evaluating 
results of cancer immunotherapy (Wolchok et al. 
2009). First, irRC requires confirmation of PD on 
two consecutive scans at least 4 weeks apart. This 

B7

B7

MHC

B7

B7

MHCTCR

CD28Antigen-
presenting

cell

Antigen-
presenting

cell
T cell T cell

Anti-CTLA-4
antibody

peptide peptide

CTLA-4

TCR

CD28

CTLA-4

a b

Fig. 3 Molecular mechanisms for immune inhibition by 
tumors and its blockade by anti-CTLA-4 antibody. 
(Reprinted with permission from Eur J Radiol. 2015 
Jul;84(7):1259–68). (a) Interaction between CTLA-4 on 
T cell and its ligand (B7) on antigen-presenting cell inhib-
its the T cell immune response against tumor, allowing 

tumor cells escape from immune attack. (b) Anti-CTLA-4 
antibodies, such as ipilimumab, block the interaction 
between CTLA-4 and its ligand, causing blockade of the 
T cell immune inhibition and thus activating immune 
response against cancer
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PD1
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Intracellular
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peptide
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Fig. 4 Mechanism of PD-1 immunosuppression as a tar-
get for cancer therapy. (Reprinted with permission from 
Eur J Radiol. 2015 Jul;84(7):1259–68). PD-1 is expressed 
on the surface of effector T cells upon activation, and its 
ligand, PD-L1 is expressed on the tumor cells either by 
constitutive oncogenic signaling or by the induction in 
response to inflammatory signals as a response to tumor. 
The binding of PD-L1 to PD-1 delivers an inhibitory sig-
nal, through the phosphatase SHP2, which reduces cyto-
kine production and proliferation of T cells, thus enabling 
tumor cells to evade the host immune response. Antibodies 
against PD-1 or PD-L1 prevent the binding and block 
immune inhibition by tumor, inducing antitumor immune 
response. Multiple additional receptor-ligand interactions 
that regulate T cell responses in the tumor microenviron-
ment have been identified, such as KIR (killer cell 
immunoglobulin- like receptor), LAG3 (lymphocyte acti-
vation gene 3), and TIM3 (T cell membrane protein 3), 
and are currently under active investigation as possible 
targets for cancer immunotherapy
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is to avoid prematurely declaring PD at initial 
tumor burden increase on one scan, because such 
increase may represent pseudoprogression and 
may be followed by subsequent tumor burden 
reduction. Second, irRC include new lesion mea-
surements in the entire tumor burden, rather than 
defining PD at the appearance of new lesions, 
because response to immunotherapy can be seen 
after the appearance of new lesions in cases of 
pseudoprogression (Wolchok et  al. 2009). The 
irRC has become quickly known as a novel set of 
criteria for cancer immunotherapy, and was used 

to define trial endpoint for immunotherapy 
(Lynch et al. 2012).

The irRC, however, was primarily based on 
the WHO criteria in terms of the measurement 
methods and response category definitions, and 
therefore used bidimensional measurements by 
multiplying the longest diameter and the longest 
perpendicular diameter (or shot axis) to quantify 
tumor burden (Nishino 2018; Nishino et al. 2012; 
Wolchok et al. 2009). This methodology of irRC 
was somewhat problematic, because most of the 
clinical trials of solid tumors in the past two 

Table 1 Summary of conventional tumor response criteria and modified strategies for immune-related response evalu-
ations (Reprinted with permission from Radiology. 2019 Jan;290(1):9–22)

Type of criteria and 
criteria Measurement PR criteriaa PD criteriab

Confirmation of 
PD New lesion

Conventional tumor response criteria
Miller et al. 1981 Bidimensional 

(LD × LPD)
≥50% 
reduction

≥25% increase, 
new lesion, or 
nontarget PD

Not required Defines PD

Therasse et al. 
2000

Unidimensional 
(LD)

≥30% 
reduction

≥20% increase, 
new lesion, or 
nontarget PD

Not required Defines PD

Eisenhauer et al. 
2009

Unidimensional 
(LD for nonnodal 
lesions; LPD for 
lymph nodes)

≥30% 
reduction

≥20% and 
≥5 mm increase, 
new lesion, or 
nontarget PD

Not required Defines PD

Modified strategies for immune-related response evaluation
irRC (2009), 
Wolchok et al. 
2009

Bidimensional 
(LD × LPD)

≥50% 
reduction

≥25% increase Required on 
consecutive 
studies at least 
4 weeks apart

Does not define PD; 
measurements of new 
lesions included in the 
total tumor burden

irRECIST (2013) 
Nishino et al. 
2013c, 2014b, 
2016

Unidimensional 
(LD for nonnodal 
lesions; LPD for 
lymph nodes)

≥30% 
reduction

≥20% and 
≥5 mm increase, 
new lesion, or 
nontarget PD

Required on a 
consecutive 
scan at least 4 
weeks apart

Does not define PD; 
measurements of new 
lesions included in the 
total tumor burden

iRECIST (2017), 
Seymour et al. 
2017

Unidimensional 
(LD for nonnodal 
lesions; LPD for 
lymph nodes)

≥30% 
reduction

≥20% and 
≥5 mm increase, 
new lesion, or 
nontarget PD

Required at the 
next 
assessment 
4–8 weeks 
later

Defines unconfirmed 
PD; confirms PD if 
additional new lesions 
or size increase 
(≥5 mm for the sum 
of new target or any 
increase in new 
nontarget lesions) are 
noted on the next 
assessment

irRC immune-related response criteria, irRECIST immune-related RECIST, LD longest diameter, LPD longest perpen-
dicular diameter, PD progressive disease, PR partial response, RECIST Response Evaluation Criteria in Solid Tumors, 
WHO World Health Organization
aIn reference to the baseline measurements
bIn reference to the nadir (the smallest measurement since the baseline)
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decades used RECIST since its introduction in 
2000 and thus used unidimensional measure-
ments to quantify tumor burden changes (Nishino 
et  al. 2019). Therefore, the results obtained by 
irRC using bidimensional measurements cannot 
be directly compared with the results of trials 

defined by RECIST using unidimensional mea-
surements. In addition, many studies have shown 
that unidimensional measurements have less 
measurement variability and thus are more repro-
ducible than bidimensional measurements 
(Erasmus et al. 2003; Nishino et al. 2011b; Zhao 

a b

c

Fig. 5 Pseudoprogression with initial increase in tumor 
burden followed by subsequent tumor shrinkage due to 
immune-related response in a 66-year-old woman with 
metastatic melanoma treated with nivolumab and ipilim-
umab. (Reprinted with permission from Radiology. 2019 
Jan;290(1):9–22). (a) Baseline contrast material-enhanced 
axial CT image obtained before therapy shows a meta-
static nodule (arrow) in the left upper medial thigh mea-

suring 4 cm in the longest diameter. (b) Follow-up axial 
CT image at 3 months of therapy shows an increase in the 
lesion, which now measures 5 cm (arrow), indicating pro-
gressive disease according to the Response Evaluation 
Criteria in Solid Tumors, or RECIST. (c) Further follow-
 up axial CT image at 6 months of therapy shows a decrease 
in size of the lesion, which now measures 2.5 cm (arrow), 
representing immune-related tumor response
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et al. 2009). To address this issue and propose to 
develop a “common language” to assess tumor 
response to cancer immunotherapy, Nishino et al. 
conducted a series of studies that demonstrated 
that RECIST-based unidimensional measure-
ments can characterize immune-related responses 

with higher reproducibility, while maintaining 
the important features of irRC regarding 
progression confirmation and new lesion assess-
ment (Nishino et  al. 2013c, 2014b, 2019). The 
results of these studies provided a scientific 
rationale to use RECIST-based unidimensional 

a b

c

Fig. 6 Pseudoprogression with appearance of a new 
lesion followed by subsequent immune-related response 
in a 66-year-old woman with metastatic melanoma treated 
with nivolumab and ipilimumab. (Reprinted with permis-
sion from Radiology. 2019 Jan;290(1):9–22). Compared 
with (a) a baseline axial CT image obtained prior to the 
initiation of therapy, (b) a follow-up axial CT image 
obtained after 3 months of therapy shows a new subcuta-
neous lesion (arrow), indicating progressive disease 

according to the Response Evaluation Criteria in Solid 
Tumors, or RECIST; however, (c) a further follow-up 
axial CT image obtained after 6 months of therapy shows 
shrinkage of the new lesion (arrow), representing immune- 
related response. Note that another lesion in the deep sub-
cutaneous tissue (∗) increased at 3-month follow-up, 
followed by subsequent shrinkage of the lesion, also indi-
cating immune-related response after initial increase in 
tumor burden
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measurements for immune-related response eval-
uations. The approach has become known as 
 immune- related RECIST (irRECIST) among the 
investigators of immuno-oncology, and was used 
to define endpoint of many clinical trials of 
immunotherapeutic agents (Table  1) (Nishino 
2018; Nishino et al. 2015, 2017a, 2019).

There has been another recent development 
from RECIST working group, which introduced 
iRECIST that is specifically designed for cancer 
immunotherapy trials (Seymour et  al. 2017). 
Following the direction shown by irRECIST, 
iRECIST also uses unidimensional RECIST-
based strategy, while it requires confirmation for 
PD; however, iRECIST proposed a slightly dif-
ferent approach for new lesion assessment 
(Seymour et al. 2017). Per iRECIST, new lesion 
measurements are not to be included in the sum; 
rather, new lesions should be recorded and mea-
sured separately. PD can be confirmed if addi-
tional new lesions or increase of new lesions are 
noted on the next imaging in 4–8 weeks (Seymour 
et  al. 2017). Additionally, iRECIST introduced 
the concept of “unconfirmed PD,” which is PD by 
RECIST 1.1 that remains to be confirmed. PD 
can be confirmed if the next scan in 4–8 weeks 
shows further increase (≥5  mm for the sum of 
target lesions) (Seymour et  al. 2017). The con-
cept of “unconfirmed PD” is particularly impor-
tant because some patients do not undergo a 
confirmatory scan after their first scan demon-
strating PD, and it is meaningful to differentiate 
these patients from those who are achieving sta-
ble disease on multiple follow-up scans. Although 
there are further steps needed to clarify the details 
of these criteria and validate their utility in defin-
ing treatment benefits and clinical outcome, the 
strategy for immune-related response evaluations 
has evolved quickly in the past decade toward 
establishing a common language which is pri-
marily based on RECIST while implementing 
necessary modifications specific to the setting of 
immune- checkpoint inhibitor therapy.

In addition to the progress in the development 
of tumor response criteria for immunotherapy, 
several important observations have been made 
in terms of the patterns of tumor responses in 

patients treated with immunotherapy. One of 
such observations is the low incidence of pseudo-
progression, which should be recognized by both 
treating physicians and radiologists interpreting 
the imaging studies (Nishino 2016, 2018; Nishino 
et al. 2017a; Chiou and Burotto 2015). In mela-
noma patients treated with immune-checkpoint 
inhibitors, the incidence of pseudoprogression 
has been known to be approximately 10% or 
lower (Nishino 2018; Hodi et al. 2016; Wolchok 
et al. 2009; Nishino et al. 2017b). The incidence 
is even lower in patients with advanced NSCLC, 
ranging from 1% to 5% (Gettinger et  al. 2015; 
Nishino et  al. 2017c). Moreover, patients with 
pseudoprogression may experience tumor burden 
decrease after PD was confirmed on two or more 
consecutive scans, as reported in two recent stud-
ies in cohorts of advanced melanoma and NSCLC 
treated with PD-1 inhibitors (Fig.  7) (Nishino 
2018; Nishino et al. 2017b, c). The observation 
indicated the limitation of the current approaches 
of immune-related response evaluations, and 
emphasize the need for further studies including 
novel functional imaging techniques (Nishino 
2018; Nishino et al. 2019).

Another novel observation include 
“hyperprogressive disease,” which was 
described by Champiat et al. as a novel aggres-
sive pattern of immune-related tumor behavior. 
Hyperprogressive disease is defined as a RECIST 
progression at the first evaluation and a ≥2-fold 
increase of the tumor growth rate after starting 
PD-1/PD-L1 inhibitor therapy compared to that 
during the period before initiating PD-1/PD-L1 
inhibitor therapy (Champiat et  al. 2017). In the 
initial study describing the phenomenon, hyper-
progressive disease was noted in 9% (12/131) of 
the patients with various advanced malignancies 
treated in phase 1 trials of PD-1/PD-L1 inhibitors 
(Champiat et al. 2017). The observations call for 
a need for further development of biomarkers 
that can allow better patient selection, in order to 
achieve precision immunotherapy.

Finally, in addition to the unconventional 
response patterns and tumor behaviors on imag-
ing, cancer immunotherapy is also associated 
with a variety of toxicities that can involve organs 
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from head to toe, which are termed immune- 
related adverse events (irAEs). Some of these 
irAEs may require careful differentiation from 
tumor progression, and thus have implications on 
accurate therapy monitoring and tumor response 
evaluations. The topic of drug toxicities includ-
ing irAE is discussed in detail in chapter “Drug 
Toxicity, Approach to Cancer as a Systemic 
Disease, and Imaging Modality-Specific 
Considerations”.

In summary, strategies for tumor response 
evaluation for precision cancer therapy and 
immunotherapy have markedly evolved in the 
past decade, in response to rapid advances of 
novel cancer therapies. Tumor response criteria 
should continue to evolve in parallel with the 
advances of cancer treatment, in order to provide 
objective endpoints for trials and evaluations of 
efficacy and effectiveness in the new era of preci-
sion oncology and immuno-oncology.
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Abstract

In addition to the limitations and pitfalls of 
tumor response criteria and strategies, there 
are practical pitfalls for therapy response 
imaging in cancer patients that should be rec-
ognized for accurate characterization of tumor 
response and progression. Drug toxicity in 
major organs can be noted on imaging with an 
appearance of unique radiologic characteris-
tics, and should be distinguished from tumor 
progression. Approaching cancer as a sys-
temic disease is another important concept, 
because treating physicians need to know the 
systemic tumor burden changes to make treat-
ment decisions, rather than the changes in 
individual body parts. Finally, the choice of 
imaging modality is a key to maximize the 
contributions of imaging for therapy response 
assessment, and the strengths and weaknesses 
in each modality in specific clinical settings 
need to be acknowledged.

1  Drug Toxicity on Imaging 
as a Pitfall for Therapy  
Response Imaging

Systemic cancer therapy is associated with tox-
icities in various organs, and many of the toxici-
ties involving major organs present with imaging 
findings that are newly apparent on follow-up 
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scans during treatment monitoring. Notably, with 
the increasing use of precision cancer therapy 
and immune-checkpoint inhibitor therapy, unique 
sets of drug-related toxicities are noted that are 
often specific to the “class” of therapeutic agents 
used. It is important to be aware of the class- 
specific toxicities of these anticancer agents and 
be familiar with their imaging manifestations, to 
make an accurate diagnosis to guide patient man-
agement. Moreover, some of these toxicities may 
be mistaken for tumor progression on imaging, 
requiring careful interpretation. This section of 
the chapter focuses on the class-specific toxici-
ties and their imaging manifestations, including 
(1) immune-checkpoint inhibitors, (2) antiangio-
genic inhibitors, and (3) other molecular target-
ing agents such as mTOR inhibitors and EGFR 
inhibitors.

1.1  Immune-Related Adverse 
Events (irAE) During Immune- 
Checkpoint Inhibitor Therapy

Immune-checkpoint inhibitor therapy is associ-
ated with unique toxicities, termed immune- 
related adverse events (irAEs) that present a 
spectrum of imaging manifestations in various 
organs from head to toe (Weber et  al. 2017; 
Michot et al. 2016; Nishino et al. 2017a, 2019; 
Tirumani et al. 2015a; Bronstein et al. 2011). The 
irAEs that are detected by imaging include 
hypophysitis, thyroiditis, sarcoid-like lymphade-
nopathy, pneumonitis, colitis, hepatitis, and pan-
creatitis, to name a few (Tirumani et al. 2015a; 
Nishino et al. 2019). Many of the irAEs are clini-
cally significant and require immediate attention 
and management, which emphasizes the impor-
tance of early detection and accurate diagnosis 
on imaging. Some of the irAEs may be mistaken 
for a manifestation of tumor progression, empha-
sizing the need for expert interpretation of ther-
apy response imaging.

Sarcoid-like lymphadenopathy is one of the 
irAEs that can be commonly mistaken for new 
lymph node metastases on imaging indicative of 
disease progression, and thus requires careful 
evaluation both clinically and radiologically. 

Sarcoid-like lymphadenopathy is noted in up to 
5–7% of the patients treated with immune- 
checkpoint inhibitors, and most commonly 
involves mediastinal and hilar lymph nodes 
(Tirumani et  al. 2015a; Bronstein et  al. 2011; 
Berthod et  al. 2012). Most cases are clinically 
silent and asymptomatic, and are often self- 
limited and resolve without specific treatment, 
while symptomatic cases respond well to cortico-
steroids (Berthod et al. 2012). Imaging manifes-
tations include the appearance of mediastinal and 
hilar lymphadenopathy after initiation of 
immune-checkpoint inhibitor therapy, with dis-
tributions similar to sarcoidosis (Fig.  1). FDG- 
avidity of lymph nodes may be noted on PET-CT 
(Fig.  2) (Tirumani et  al. 2015a; Nishino et  al. 
2019). Lung parenchymal changes of sarcoidosis 
can also be noted, which helps differentiating this 
entity from new metastatic lymphadenopathy. 
Histologic findings consist of granulomatous 
inflammation resembling sarcoidosis (Tirumani 
et al. 2015a; Bronstein et al. 2011; Berthod et al. 
2012). Sarcoid-like granulomatosis can also 
occur as an isolated finding in the lung, as focal 
lung consolidation without accompanying 
lymphadenopathy (Fig. 3) (Nishino et al. 2018), 
mimicking progression. To accurately differenti-
ate sarcoid-like lymphadenopathy and granulo-
matosis from progressive metastatic cancer, 
familiarity with the clinical and radiographic pre-
sentation of this entity and correlation with the 
pattern and onset of imaging findings in relation 
to the detailed course of immunotherapy are 
essential. It is also important to pay particular 
attention to the systemic tumor burden changes in 
organs beyond the lymph nodes and lungs. In 
addition, dialogue with clinical providers about 
the symptoms and overall disease status may pro-
vide important clues (Nishino et al. 2017a, 2019; 
Tirumani et al. 2015a).

Pneumonitis is another irAE that may require 
attention when interpreting treatment monitoring 
scans in patients undergoing immune-checkpoint 
inhibitor therapy. Pneumonitis related to immune- 
checkpoint inhibitors is relatively rare, but clini-
cally serious and potentially life-threatening 
(Nishino et  al. 2017a, 2019, 2016a, b, 2015a, 
2016c). It has a wide spectrum of clinical and 
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radiographic manifestations, ranging from mild 
respiratory symptoms that can be treated with 
oral corticosteroids in an outpatient setting with 
subtle interstitial changes of the lungs on CT, to 
rapidly worsening respiratory symptoms that 

require intensive care unit admission and 
intubation with extensive lung involvement on 
CT (Nishino et al. 2015a). Radiographic patterns 
of pneumonitis can be classified according 
to American Thoracic Society/European 
Respiratory Society (ATS/ERS) classifications of 
idiopathic interstitial pneumonias and related 
disorders, and include acute interstitial pneumo-
nia (AIP)/acute respiratory distress syndrome 
(ARDS) pattern, cryptogenic organizing pneu-
monia (COP) pattern, nonspecific interstitial 
pneumonia (NSIP) pattern, and hypersensitivity 
pneumonitis (HP) pattern (Nishino et al. 2016a). 
Among them, COP pattern is the most common 
pattern across all tumors and therapeutic 
regimens, noted in 80% or more of the patients 
treated with immune-checkpoint inhibitors 
(Nishino et  al. 2016a). Pneumonitis with COP 
pattern typically presents with multifocal bilat-
eral parenchymal consolidations with accompa-
nying ground glass opacities, often in peripheral 
and basilar distributions (Fig. 4) (Nishino et al. 
2017a, 2019, 2016a, 2017). Development of new 
lung consolidative opacities may be 
misinterpreted as progression of lung tumor 
burden by treating physicians, especially in 
patients with thoracic malignancies. To avoid 

a b

Fig. 1 Sarcoid-like lymphadenopathy in an asymptom-
atic 81-year-old man with metastatic melanoma treated 
with ipilimumab. (Reprinted with permission from Cancer 
Immunol Res. 2015 Oct;3(10):1185–92). (a) Coronal 
reformatted contrast-enhanced chest CT performed 
4.9  months after the initiation of ipilimumab therapy 
showed new bilateral symmetric mediastinal and hilar 

lymphadenopathy, resembling sarcoidosis. (b) Axial CT 
image of the lungs showed bilateral irregular and nodular 
parenchymal opacities in upper and middle lung predomi-
nance (arrows), with peribronchovascular involvement, 
which falls in the spectrum of lung parenchymal manifes-
tations of pulmonary sarcoidosis

Fig. 2 Sarcoid-like lymphadenopathy in an asymptom-
atic 55-year-old woman with metastatic melanoma treated 
with ipilimumab. (Reprinted with permission from Cancer 
Immunol Res. 2015 Oct;3(10):1185–92). Axial fused 
FDG-PET/CT images at 3 months of ipilimumab therapy 
show new FDG-avid mediastinal and bilateral hilar 
lymphadenopathy (arrows) mimicking sarcoidosis. A fol-
low- up PET/CT performed 5 months later showed resolu-
tion of FDG-avid lymphadenopathy (data not shown)
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such misinterpretation, familiarity with the 
manifestations of different radiographic patterns 
of immune-related pneumonitis is extremely 
important.

Recognition of irAEs can also be important 
for therapy response imaging because several 
recent reports indicate that the development of 
irAEs is associated with higher response rates 
and longer survival in patients treated with 
immune-checkpoint inhibitors (Haratani et  al. 
2018; Sato et al. 2018; Toi et al. 2018; Freeman- 
Keller et al. 2016). One of these studies evaluated 
134 patients with advanced or recurrent NSCLC 
treated with nivolumab in the second-line setting 
(Haratani et  al. 2018). Using the 6-week land-
mark analysis, patients with irAE had median 
progression-free survival (PFS) of 9.2  months 
compared to 4.8  months in those without irAE 
(p = 0.04). Median overall survival (OS) was not 
reached for patients with irAEs and was 
11.1 months in patients without irAEs (p = 0.01). 
In multivariable analyses, irAEs were associated 
with better survival outcome, with hazard ratios 
of 0.525 (95% CI, 0.287–0.937; p = 0.03) for PFS 
and 0.282 (95% CI, 0.101–0.667; p = 0.003) for 

OS (Haratani et  al. 2018). These observations 
indicate that the radiographic detection and diag-
nosis of irAEs may provide aid for accurate char-
acterization of treatment responses in challenging 
cases with atypical manifestation of tumor bur-
den changes on imaging.

1.2  Antiangiogenic Inhibitors

Antiangiogenic therapy using vascular endothe-
lial growth factor (VEGF) inhibitors such as bev-
acizumab and tyrosine kinase inhibitors such as 
sorafenib and sunitinib is also associated with a 
variety of class-effect toxicities, including hem-
orrhage and thromboembolic events in various 
organs (Nishino et  al. 2017a; Tirumani et  al. 
2014, 2015b; Viswanathan et  al. 2014). In the 
gastrointestinal tract, these agents interfere the 
bowel microvasculature and cause mucosal 
ulceration, ischemia, and thrombosis of the ves-
sels, leading to bowel perforation and fistula 
formation, and delayed anastomotic leak 
(Viswanathan et al. 2014). Bowel perforation is 
noted up to 4% of patients treated with 

Fig. 3 A 65-year-old asymptomatic woman with mela-
noma treated with pembrolizumab. At 11 months of ther-
apy, the patient developed a focal round consolidation 
with GGO halo in the left upper lobe, which resolved on 
the follow-up scan performed 1 month after holding pem-

brolizumab. The finding and the clinical course are char-
acteristic for sarcoid-like granulomatosis isolated to the 
lung. (Reprinted with permission from Cancer Immunol 
Res. 2018 Jun;6(6):630–635)
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bevacizumab, and the risk factors include recent 
colonoscopy or bowel surgery, radiation treat-
ment, the presence of primary tumor, peritoneal 
carcinomatosis, and high dose of antiangiogenic 
agents (Fig.  5) (Tirumani et  al. 2015b; 
Viswanathan et  al. 2014). Special attention is 
needed when considering the use of antiangio-
genic inhibitors in patients who have serosal 
implants, preexisting bowel ulceration with adja-
cent implants, and weakened bowel walls due to 
underlying conditions such as inflammatory 
bowel disease, adjacent tumor, and tumor necro-
sis (Viswanathan et  al. 2014), which should be 
carefully evaluated on pre-therapy imaging. 
Tumor-bowel fistula refers to a fistulous commu-

nication between the bowel loop and an extralu-
minal malignant tumor, either primary or 
metastatic, that abuts the bowel loop (Fig.  6) 
(Tirumani et al. 2014). Drug-related tumor-bowel 
fistula can be asymptomatic in approximately 
half of the cases, and can be seen in the setting of 
either treatment response or progression 
(Tirumani et al. 2014). Tumor-bowel fistula can 
be often managed conservatively with discontin-
uation of therapy (Tirumani et al. 2014).

Delayed anastomotic leak is another condition 
related to antiangiogenic therapy that requires 
attention on treatment monitoring scans 
(Viswanathan et  al. 2014). Anastomotic leaks 
typically occur within 3  months after surgery, 

a b

c d

Fig. 4 An 83-year-old woman with recurrent NSCLC 
treated with nivolumab, presenting with an increasing dry 
cough, dyspnea, and hypoxemia after 4 weeks of therapy. 
(Reprinted from Cancer Immunol Res. 2016 Apr;4(4):289–
93). (a–d) Axial (a–c) and sagittal (d) images of chest CT 

scan at 4 weeks of therapy demonstrated multifocal areas 
of GGO, reticular opacities, and extensive consolidation 
in the left lung with a peripheral distribution, demonstrat-
ing a COP pattern (arrows)
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and leaks occurring more than 1 year after sur-
gery raise a suspicion for tumor recurrence. 
However, delayed anastomotic leaks can be noted 
more than 1 year after surgery when antiangio-
genic therapy is used, in the absence of recurrent 
tumor. Anastomotic leak is noted on CT with a 
dehiscence near the surgical clips, increased fluid 
adjacent to the anastomosis site, and colonic wall 
thickening, which may be associated with abscess 
and extraluminal air (Viswanathan et  al. 2014). 
The site of the leak should be carefully evaluated 
on imaging for the presence of mass that may be 
splaying the sutures, to differentiate drug-related 

delayed anastomotic leaks from those due to 
tumor recurrence (Viswanathan et al. 2014).

1.3  Other Molecular Targeting 
Agents

mTOR is a critical component of PI3K/Akt/
mTOR pathway and is one of the major onco-
genic drivers in human cancers (Nishino et  al. 
2017a, 2015b; Holmes 2011). mTOR inhibitors, 
including everolimus and temsirolimus, have 
been approved for treatment of certain types of 

a b

c

Fig. 5 Neuroendocrine tumor of the pancreas treated 
with 5-fluorouracil, leucovorin, and bevacizumab in a 
49-year-old man who presented to the emergency depart-
ment with acute abdominal pain. (Reprinted with permis-
sion from Radiographics. 2015 Mar-Apr;35(2):455–74). 
(a) Baseline contrast-enhanced CT image shows a large, 

hypervascular, exophytic pancreatic mass (arrow). (b, c) 
Axial contrast-enhanced CT images at the time of acute 
presentation show a decrease in tumor size (arrow in b) 
with new peritumoral stranding due to jejunal perforation 
(arrowhead in c)
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advanced cancers such as renal cell carcinomas 
(RCC) and neuroendocrine tumors. Pneumonitis 
has been recognized as the class-effect toxicity of 
mTOR inhibitors, and noted up to 30% in patients 
with RCC, 25% in NSCLC patients treated in tri-
als, and 21% in patients with advanced neuroen-
docrine tumor (Dabydeen et  al. 2012; Maroto 
et  al. 2011; Soria et  al. 2009; Nishino et  al. 
2016d). The most frequent CT findings of mTOR 
pneumonitis are bilateral GGOs and reticular 
opacities, with or without consolidation, in 
peripheral and lower lung distributions, repre-
senting COP pattern or NSIP pattern (Fig.  7) 
(Nishino et  al. 2017a, 2015b, 2016d). Better 
tumor response and disease control rates have 
also been reported among patients with mTOR 
inhibitor pneumonitis compared to those without 
pneumonitis (Dabydeen et  al. 2012), indicating 

a b

c

Fig. 6 A 73-year-old woman with metastatic leiomyosar-
coma on sunitinib. (a, b) Axial contrast-enhanced CT 
images obtained at baseline and 1 month after the start of 
treatment demonstrate a decrease in the thickness of the 
enhancing wall of the metastatic deposit in the small 
bowel mesentery (arrows) in spite of slight increase in 
size, suggestive of partial response to treatment. (c) Axial 

contrast-enhanced CT images obtained 2  months after 
start of treatment demonstrates perforation of the adjacent 
small bowel with a fistulous tract/communication, oral 
contrast medium, and gas in the mesenteric deposit sug-
gestive of tumor-bowel fistula. (Reprinted with permis-
sion from Clin Radiol. 2014 Feb;69(2):e100–7)

Fig. 7 Pneumonitis in a 66-year-old woman with 
Waldenström macroglobulinemia treated with mTOR 
inhibitor therapy. (Reprinted with permission from 
Radiographics. 2017 Sep-Oct;37(5):1371–1387). Axial 
CT image at 6  months of therapy shows consolidation, 
GGOs, and reticular opacities (arrows) that represent a 
COP pattern
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the value of recognition of toxicity to facilitate 
therapy response imaging.

EGFR inhibitors are also associated with 
pneumonitis, which is infrequent in the US 
population; however, a higher incidence rate of 
4–5% has been reported among the Japanese 
population, with high mortality rates of 
30–35% (Burotto et  al. 2015; Gemma et  al. 
2014; Kudoh et  al. 2008; Suh et  al. 2018). A 
newer EGFR inhibitor, osimertinib, that targets 
T790M second- site EGFR in acquired resis-
tance NSCLC cases is also associated with 
pneumonitis with an incidence rate of 3–4% in 
the overall population of clinical trials (Suh 
et al. 2018; Soria et al. 2018). Additionally, in 
NSCLC patients treated with osimertinib, a 
new type of drug-related pulmonary phenom-
ena termed “transient asymptomatic pulmo-
nary opacities (TAPOs)” have been described 
(Noonan et al. 2016; Lee et al. 2018). TAPOs 
were noted in up to 35% of NSCLC patients 
treated with osimertinib, with the radiological 
patterns consisting of GGOs with or without 
nodular consolidation, which resolves during 
continued osimertinib treatment with a median 
duration of 6 weeks (Fig. 8). Longer PFS and 
OS were noted in patients with TAPOs com-
pared to those without (Lee et al. 2018), again 
emphasizing the relationship between the 
drug-related toxicity/phenomenon and thera-
peutic benefit.

2  Approach to Cancer 
as a Systemic Disease

It has been more than four decades that cancer 
has been acknowledged as a systemic disease that 
may present with a local manifestation (Zajicek 
1978). Though it may sound like common sense 
in the current medical practice, the recognition of 
cancer as a systemic disease is particularly 
important when performing therapy response 
imaging. Most patients who are evaluated for 
therapy response are receiving systemic therapy 
for their advanced metastatic cancers, except for 
a minority of patients who receive adjuvant or 
neoadjuvant therapy. Therefore, patients often 
have disease involvement in multiple organs or 
systems that can be beyond the divisions of organ 
systems that are typically used in radiology spe-
cialty practice, such as chest, abdomen, and pel-
vis. When performing therapy response imaging 
for advanced cancers, it is often necessary to 
comprehensively evaluate all the possible sites of 
involvement to generate an overall evaluation of 
treatment results. This approach is performed 
routinely in the clinical trial settings that follow 
the protocol-defined scan sites and intervals and 
utilize tumor response criteria such as 
RECIST. However, in the daily clinical practice, 
the comprehensive assessments may be missing 
especially when different body parts are inter-
preted by different groups of specialists who 

a b

Fig. 8 Transient asymptomatic pulmonary opacities 
(TAPOs) in a 55-year-old man with advanced NSCLC 
treated with osimertinib. (a, b) CT scan of the chest at 
2  months of therapy represented a several foci of new 

ground-glass opacities that are consistent with TAPOs in 
this asymptomatic patient. The overall tumor burden has 
decreased compared to the baseline, representing response 
to therapy (not shown)
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focus on one system, leaving the important task 
of “putting everything together into the context” 
for the treating physicians. The examples of the 
solutions for this issue include interpretation of 
“body” CT including chest, abdomen, and pelvis 
as one report for oncology cases. Implementation 
of the radiology consultation service has also 
been described where radiologists are physically 
present in the midst of the oncology clinic to dis-
cuss the imaging studies of all body parts com-
prehensively with the multidisciplinary cancer 
care providers including medical oncologists, 
radiation oncologists, and surgeons at the tertiary 
cancer center (Van den Abbeele et al. 2016).

While optimal solutions might differ depend-
ing on the practice patterns and logistic barriers, 
it is important that the individual radiologists 
regardless of the area of specialty become aware 

of the concept that cancer is a systemic disease, 
and try to be prepared to review the imaging stud-
ies outside of their core practice when necessary. 
The approach is particularly important when 
faced with challenging cases and diagnostic 
dilemmas that require differentiation of tumor 
progression versus others including drug toxicity. 
For example, in the setting of new mediastinal 
and hilar lymphadenopathy on chest CT in a 
patient undergoing immune-checkpoint inhibitor 
therapy, the evaluation of tumor response or pro-
gression in the existing sites of the disease, which 
might be in the abdomen, can be helpful to 
determine if new lymphadenopathy is more likely 
due to irAE in the form of sarcoid-like 
lymphadenopathy or due to progressive meta-
static tumor (Fig.  9) (Nishino et  al. 2017a). 
Knowing the overall change in systemic tumor 

a b

c

Fig. 9 A 51-year-old man with rectal melanoma treated 
with ipilimumab and nivolumab combination therapy. (a) 
Baseline CT shows a large intraluminal mass in the rec-
tum (arrow) representing rectal melanoma. (b) Follow-up 
CT after 1 month of therapy shows significant decrease of 
the rectal mass (arrow). (c) However, chest CT after 

1 month of therapy demonstrated a development of new 
bilateral mediastinal and hilar lymphadenopathy. In the 
light of responding tumor, the findings are most consistent 
with sarcoid-like lymphadenopathy as a form of irAE 
rather than progressing tumor
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burden is essential to have a meaningful dialogue 
with treating physicians to discuss the most opti-
mal patient management. In addition, tumors can 
be  heterogeneous among different metastatic 
sites in one patient, which may lead to different 
treatment results in different organs or systems 
(Nishino et al. 2014). In such cases, it is impor-
tant to document the treatment results according 
to the different sites. Special emphasis is needed 
if one of the lesions shows progression while oth-
ers are responding or remain stable, because the 
lesion may have acquired different biological 
characteristics leading to drug resistance and 
may require molecular and genomic testing from 
targeted tissue sampling.

3  Modality-Specific 
Considerations

The choice of imaging modalities is an important 
component of all types of imaging including 
therapy response imaging. For most of the solid 
malignancies undergoing therapy response imag-
ing, CT is by far the most frequently used modal-
ity for this purpose, based on its practicality, 
availability, and reproducibility on serial scans 
during therapy. It is also relatively easy to imple-
ment essentially same CT imaging protocols 
across different institutions for multicenter trials. 
With the advances of multi-detector row CT 
(MDCT) technology, the CT scanning has 
achieved faster speed and lower radiation expo-
sure, further ensuring its suitability for serial 
scans for treatment monitoring and response 
evaluations in patients with systemic tumor bur-
den. In addition to the regular CT scans, advanced 
techniques including dynamic contrast-enhanced 
(DCE) CT and dual-energy CT have also been 
used in the clinical setting. Studies have evalu-
ated the use of CT tumor perfusion assessments 
on DCE-CT especially in the setting of antian-
giogenic therapy (Nishino et al. 2014). However, 
DCE-CT is not yet used as a standardized routine 
method for tumor response evaluations in oncol-
ogy patients. A few recent studies evaluated 
iodine quantification on dual-energy CT for its 
supplemental value in response assessment in 

advanced cancers (Uhrig et al. 2013; Ren et al. 
2018); however, further studies are needed to 
determine its role in routine therapy response 
imaging.

MRI is another major modality used in ther-
apy response imaging, especially in central ner-
vous system (CNS) malignancies as discussed in 
chapter “Therapy Response Imaging in Central 
Nervous System (CNS) Malignancy”, and in the 
setting of neoadjuvant therapy response evalua-
tions in breast cancer that is discussed in chapter 
“Therapy Response Imaging in Breast Cancer”. 
MRI using diffusion-weighted imaging (DWI) 
and DCE-MRI is also under active investigation 
in hepatocellular carcinoma (HCC) undergoing 
trans-arterial chemoembolization (TACE), which 
is described in chapter “Therapy Response 
Imaging in Hepatobiliary and Pancreatic 
Malignancies”. In addition, whole-body MRI is 
noted as an emerging technique for early diagno-
sis, staging, and treatment response evaluations 
in cancer patients especially with bone marrow 
disease (Morone et  al. 2017). In patients with 
multiple myeloma, whole-body MRI is used as a 
technique for initial diagnosis and staging, and 
has shown higher sensitivity for early detection 
of bone lesions compared to whole-body skeletal 
survey, whole-body low-dose CT, and FDG-PET/
CT (Morone et al. 2017). Whole-body MRI with 
DWI has high sensitivity and capability for dif-
ferentiating active from inactive sites of multiple 
myeloma. (Morone et  al. 2017; Messiou and 
Kaiser 2015). Though the value of whole-body 
MRI in therapy response evaluations in multiple 
myeloma is still ongoing, in bone marrow trans-
plant patients, residual bone marrow disease 
noted on whole-body MRI has shown to be asso-
ciated with poorer patient outcome and increased 
risk of disease relapse (Morone et  al. 2017; 
Hillengass et  al. 2012). In patients with meta-
static bone disease, whole-body MRI including 
DWI is tested for the evaluation of therapy 
response including a combination of size, mor-
phologic features, number of lesions, MR signal 
intensity on T1- and T2-weighted images, and 
characteristics on DWI (Morone et al. 2017). In 
addition to these specific indications, MRI can 
also be useful as a problem-solving tool in cancer 
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patients undergoing systemic therapy. For exam-
ple, patients treated with antiangiogenic therapy 
may present with a paradoxical increase of tumor 
size despite response to therapy because of hem-
orrhage or necrosis (Nishino et al. 2010a). In this 
setting, MRI can be performed to confirm the 
presence of these intratumoral changes and to 
clearly distinguish the phenomenon from tumor 
progression (Fig. 10) (Nishino et al. 2010a).

FDG-PET/CT is a leading modality that helps 
to implement a component of functional imaging 
in tumor response evaluations. RECIST1.1 has 
added FDG-PET for detection of new lesions, 
which was shown to impact response assessment 
results in patients with lung cancer (Nishino et al. 

2010b; Eisenhauer et al. 2009). FDG-PET/CT is 
also an essential modality in therapeutic response 
evaluations in patients with lymphoma, which is 
discussed in detail in chapter “Therapy Response 
Imaging in Lymphoma and Hematologic 
Malignancies”. PET/CT can also visualize and 
quantify different molecular functions beyond 
glucose metabolism by FDG, and a number of 
novel tracers are tested for specific indications 
such as cancer immunotherapy, as discussed in 
chapter “Molecular and Functional Imaging in 
Oncology Therapy Response”. Emerging obser-
vations of the utility of novel PET tracer imaging 
in individual cancer types treated with specific 
therapy are also covered in the corresponding 

a b

c d

Fig. 10 Paradoxical increase in size of target lesions after 
targeted therapy in a 69-year-old woman with melanoma. 
(a) Baseline CT scan of abdomen shows two metastatic 
lesions in liver. (b) Follow-up CT scan obtained after 
treatment with tyrosine kinase inhibitor, sorafenib, shows 
increase in size of metastatic liver lesions, measuring 
3.9 cm at follow-up compared with 2.8 cm at baseline and 
2.9  cm compared with 1.7  cm at baseline. Note 

heterogeneous CT attenuation within liver lesions. (c, d) 
MR images of abdomen show central high signal intensity 
of lesions (arrows) with surrounding hypointense rim on 
unenhanced T1-weighted image (c) and without enhance-
ment on contrast-enhanced T1-weighted image (d). 
(Reprinted with permission from AJR Am J Roentgenol. 
2010 Aug;195(2):281–9)
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chapters in Part III. The accumulating data indi-
cate the value of PET/CT in therapy response 
imaging and outcome prediction, which empha-
size the need to overcome logistic barriers and 
establish standardized methods for imaging and 
interpretation of the novel tracer imaging by 
PET/CT for oncology patients. It is also impor-
tant to strategically implement novel tracer PET 
imaging to address unmet clinical needs that 
remain unsolved by conventional response evalu-
ation strategies using RECIST.

4  Conclusions

Awareness of common and emerging drug- 
related toxicities as a pitfall for therapy response 
imaging is essential to perform accurate tumor 
response evaluations. Approach to cancer as a 
systemic disease should be emphasized as an 
important concept for therapy response imaging, 
which should provide comprehensive assessment 
of tumor behavior during therapy. The utility and 
value of each modality help to optimize imaging 
strategies for cancer patients and provide answers 
to clinical questions in the setting of therapy 
response imaging.
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Part III

Disease-Specific Approach for Therapy 
Response Imaging

1 Overview of Disease-Specific Approach

Based on the basic concept and strategies for conventional and emerging 
criteria for tumor response evaluations described in Part I and the practical 
pitfalls in therapy response imaging described in Part II, Part III describes 
therapy response imaging for individual tumors stratified according to the 
organ systems and cell origins, featuring “disease-specific approach.”

The chapters in Part I reviewed the basics of conventional and emerging 
tumor response criteria and their limitations, and Part II described the practi-
cal pitfalls in therapy response imaging, including drug toxicity, approach to 
cancer as a systemic disease, and modality-specific considerations. Building 
on the knowledge, therapy response imaging of individual tumor types is 
discussed in Part III, emphasizing the importance of “disease-specific 
approach.” The following nine chapters in Part III represent major types of 
cancer according to the organ systems or cell origins, and each chapter 
includes several subtypes of cancer within the group. The discussion includes 
advances in therapeutic approaches, strategies and pitfalls for tumor response 
evaluations, and emerging approaches and challenges that are specific to indi-
vidual cancer types.

When performing therapy response imaging, it is important to be familiar 
with the characteristics of tumor response and progression and their pitfalls 
for each type of cancer, because tumoral behavior during therapy can be dis-
tinctly different among different types of cancers. In addition, cancer types 
and subtypes are the primary determinant of anticancer therapeutic agents to 
be used, which are also associated with specific characteristics and chal-
lenges. Each type of cancer represents a different disease, and it is essential 
to be aware of the types of cancers and types of agents in each case when 
performing therapy response imaging.
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Abstract

The wide spectrum of central nervous system 
(CNS) neoplasms and treatment-related 
changes makes imaging evaluation of treat-
ment response challenging. In this chapter, we 
provide an overview of disease-specific 
approaches for therapy-response imaging. 
First, we review relevant background, such as 
classic MRI characteristics of pre- and post-
treatment changes in CNS malignancy, the 
WHO brain tumor classification, and novel 
therapeutic approaches for CNS malignancy. 
Next, we discuss CNS therapy-response 
imaging strategies and pitfalls, including a 
discussion of RANO, pseudoprogression, 
pseudoresponse, and radiation necrosis. Lastly, 
we review emerging approaches for CNS ther-
apy-response imaging, such as iRANO and 
radiomics. Understanding posttreatment imag-
ing changes of CNS malignancies is crucial to 
help direct clinical management.

1  Background

Brain tumors remain a significant global health 
problem, with a broad array of pathology and 
often with high morbidity and mortality. The 
most common pathologies include malignant 
gliomas and metastases. In 2016, the World 
Health Organization Classification of Tumors of 
the Central Nervous System updated its overview 
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of tumor classification in an attempt to define 
tumor entities using both molecular parameters 
and histology (Louis et al. 2016).

Malignant glioma is the most common type of 
primary adult malignant brain tumor accounting 
for disproportionate morbidity and mortality due 
to its poor prognosis (Wen and Kesari 2008). 
Glioblastoma multiforme (GBM) accounts for 
60–70% of malignant gliomas, with especially 
poor median survival of only 10 and 12 months 
(Fig. 1) (Ostrom et al. 2016). Treatment of newly 
diagnosed malignant gliomas typically involves 
maximal safe resection followed by radiotherapy 
and chemotherapy. Genetic mutations and syn-
dromes are increasingly understood in the devel-
opment of gliomas, with mutations in the p53 
gene especially implicated in the development of 
low-grade astrocytomas and the secondary glio-
blastomas derived from them (Ohgaki 2009). 
Ionizing radiation is a proven environmental 
exposure predisposing to brain tumors.

Even more common, CNS metastatic disease 
occurs in up to 25% of adult cancer patients. The 
risk of brain involvement varies by primary cancer, 
with lung (40%), breast (20%), and melanoma 
(10%) primaries posing the highest risk (Fig.  2) 

(Barajas and Cha 2016). While arising from the 
meninges rather than the brain, the common benign 
intracranial tumor is a meningioma, which is typi-
cally slow growing although an atypical meningi-
oma may be fast growing and invade the brain.

MRI is the mainstay for imaging assessment. 
Principal goals of imaging are to establish a diag-
nosis, define the baseline extent of disease, and 
follow change over time. Technical consider-
ations including establishing a consistent brain 
tumor imaging protocol that typically includes a 
high-resolution volumetric post-contrast 
T1-weighted sequence and stable timing of con-
trast administration. Given the myriad of CNS 
tumor pathologies and varied imaging appear-
ances, a comprehensive imaging description of 
each tumor subtype is beyond the scope of this 
chapter. When evaluating a suspected tumor, one 
of the first considerations in establishing a dif-
ferential diagnosis is to determine the anatomic 
location, especially whether a lesion is intra-axial 
or extra-axial.

Although not entirely specific, contrast 
enhancement remains one of the most helpful bio-
markers to evaluate brain tumors, as normal brain 
tissue excludes contrast due to an intact 

a b

Fig. 1 Glioblastoma (GBM). (a) Post-contrast 
T1-weighted image demonstrates avid heterogenous 
enhancement with a “butterfly” pattern crossing the sple-
nium of the corpus callosum. (b) T2-weighted image 

demonstrates heterogeneous mass-like signal (arrow) 
with surrounding hyperintense signal that may reflect a 
combination of infiltrative tumor and vasogenic edema 
(dashed arrow)
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blood-brain barrier. In addition, tumors may be 
manifested by mass-like or infiltrative T2 FLAIR 
signal, although this may be confounded by vaso-
genic edema secondary to the tumor. The combi-
nation non-enhancing T2 FLAIR hyperintense 
tumor and vasogenic edema may especially chal-
lenge precise measurement of tumor extent. 
Finally, identifying complications of CNS 

 malignancies such as hemorrhage, herniation, and 
hydrocephalus is critical to guide timely therapy.

A tissue biopsy is often required, except in the 
cases of compelling clinical suspicion, character-
istic radiographic appearance, and location of the 
tumor, such as in the case of a brainstem glioma. 
It is also critical to understand imaging 
pitfalls that mimic CNS malignancy (Fig. 3). In 

a b c

Fig. 2 Melanoma metastasis. (a) Pre-contrast 
T1-weighted image demonstrates intrinsic hyperintense 
signal due to melanin (arrow). (b) Post-contrast 
T1-weighted image demonstrates accompanying avid 

peripheral enhancement with central hypoenhancement. 
(c) T2-weighted image demonstrates hyperintense signal 
in the mass (dashed arrow) with surrounding hyperintense 
vasogenic edema

a b

Fig. 3 Cerebral abscess. (a) Post-contrast T1-weighted 
image shows smooth rim-enhancement (arrow) in the 
right thalamus that is thinner towards the third ventricle 

medially, where the blood supply is less abundant. (b) 
DWI shows central diffusion restriction associated with 
internal purulent material (dashed arrow)

Therapy Response Imaging in Central Nervous System (CNS) Malignancy



50

particular, the differential diagnosis of a rim-
enhancing lesion includes primary neoplasm, 
metastasis, lymphoma, tumefactive demyelin-
ation, abscess, and encephalitis (Al-Okaili et al. 
2006). If tissue is obtained, a final diagnosis 
requires radiologic and pathologic correlation.

2  Advanced Imaging

Given overlap of convention imaging findings 
and tissue sampling error, advanced MR tech-
niques have been developed to help improve 
diagnostic accuracy and suggest tumor grade. 
Advanced MR techniques include MR spectros-
copy, perfusion imaging, and diffusion-weighted 
imaging. MR spectroscopy compares the chemi-
cal composition of normal brain with abnormal 
tissue by comparing the relative concentrations 
of metabolites based on their resonant frequen-
cies. Most commonly, neoplasms demonstrate 
decreased N-acetyl aspartate (NAA), increased 
choline, and decreased creatine (Fig. 4). Perfusion 

imaging can quantitatively assess tumor hemody-
namics, which can be performed by non-contrast 
ASL techniques or contrast-enhanced techniques, 
such as dynamic contrast-enhanced (DCE) or 
dynamic susceptibility contrast (DSC) MR perfu-
sion. One of the most common parameters calcu-
lated is the cerebral blood volume (CBV), which 
is calculated from an area under the concentra-
tion-time curve. Diffusion-weighted imaging can 
provide insight regarding the cellular density of 
the lesion, which is typically inversely related to 
the freedom of water molecule movement (Fig. 5) 
(Al-Okaili et al. 2006).

2.1  Baseline and Immediate 
Postoperative Changes

The goal of postoperative imaging is to define the 
extent of resection, to evaluate for complications, 
and to establish a baseline for follow-up imaging. 
Early postoperative imaging is helpful to avoid 
the possibility of confounding enhancement, 

Fig. 4 Single-voxel 
spectroscopy (TE 
144 ms) demonstrating 
high choline (Cho), low 
creatine (Cre), and low 
N-acetylaspartate (NAA) 
peaks associated with a 
high-grade glioma
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which typically occurs after 48  h and may be 
associated with areas of cytotoxic edema due to 
blood-brain barrier breakdown (Fig. 6).

3  Therapy Response Imaging: 
Strategies and Pitfalls Specific 
to Brain Tumors

Several assessment criteria have been developed 
to define tumor progression, with early criteria 
suffering from interobserver variability. In 1990, 

MacDonald et al. posited three criteria to define 
tumor progression: a 25% increase in the two- 
dimensional size of enhancing tumor on CT or 
MRI, presence of new tumor on imaging, or clin-
ical deterioration (Fig. 7). The MacDonald crite-
ria were considered the standard for decades, but 
a growing understanding that tumor enhance-
ment represents blood-brain barrier disruption, 
rather than tumor activity, paved the way for 
newer assessment criteria. Several scenarios 
demonstrate the limitations of the MacDonald 
criteria. First, imaging following resection and 

a b c

Fig. 5 CNS lymphoma. (a) Pre-contrast T1-weighted 
image demonstrates a homogeneously enhancing right 
frontal lobe periventricular mass crossing the genu of the 
corpus callosum (arrow). (b) DWI demonstrates corre-

sponding restricted diffusion due to hypercellularity. (c) 
Cerebral blood volume (CBV) map perfusion image dem-
onstrates hyperperfusion associated with the mass (dashed 
arrow)

a b c

Fig. 6 Early postoperative changes. (a) Preoperative 
post-contrast T1-weighted image shows a right temporal 
lobe rim-enhancing tumor. (b) Postoperative post-contrast 
T1-weighted image within 48  h shows resection of the 

enhancing tumor (arrow). (c) DWI shows restricted diffu-
sion in the adjacent brain, compatible with cytotoxic 
edema and which may enhance on follow-up imaging due 
to blood-brain barrier breakdown

Therapy Response Imaging in Central Nervous System (CNS) Malignancy
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chemoradiotherapy may frequently demonstrate 
contrast enhancement that is unrelated to tumor. 
Thus, differentiating this so-called psuedopro-
gression from true progression is crucial in order 
to prevent inappropriate reoperation, premature 
discontinuation of effective adjuvant therapies, 
and inappropriate implementation of salvage 
therapies (Delgado-Lopez et  al. 2018). Further, 
radiation necrosis can lead to an increase in mass 
effect, enhancement, or signal abnormalities fol-
lowing stereotactic or fractionated radiation ther-
apy (Shah et  al. 2012). The pattern of contrast 
enhancement seen in radiation necrosis is classi-
cally described as resembling soap bubbles, lace- 
like, or “Swiss cheese.” Correlation with the 
radiation treatment plan and special attention to 
the timing of prior radiation can inform this diag-
nosis. Conversely, a primary brain tumor can 
demonstrate rapid decrease in contrast enhance-
ment, with simultaneous increase in T2 infiltra-

tion following administration of antiangiogenic 
therapy (e.g., bevacizumab), leading to a 
phenomenon known as pseudoresponse (Hygino 
da Cruz et al. 2011). In pseudoresponse, imaging 
suggests a tumor appears to respond to a specific 
treatment, though the tumor actually remains 
stable or has progressed.

Due to these limitations of the MacDonald cri-
teria, in 2010, the Response Assessment in 
Neuro-Oncology (RANO) Working Group sug-
gested novel assessment criteria which attempted 
to integrate MRI measurements with clinical fac-
tors, while taking into consideration the timing of 
chemoradiation. According to the RANO crite-
ria, within the first 12 weeks following chemora-
diation, a diagnosis of progressive disease 
requires new enhancement outside the radiation 
field or demonstration of tumor via histopatho-
logical sampling. Crucially, clinical deterioration 
alone cannot define progression within 12 weeks 

a b

Fig. 7 Tumor progression. (a) Preoperative contrast 
T1-weighted image demonstrates a small non-enhancing 
mass (arrow) with pathology showing grade II diffuse 
astrocytoma. (b) Follow-up contrast T1-weighted image 

demonstrates increased size of the mass with new contrast 
enhancement compatible with higher-grade progressive 
(dashed arrow)
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of initiation of chemoradiation, but is sufficient 
to explain progression after 12 weeks, if medica-
tions and comorbid conditions do not explain the 
deterioration fully. Greater than 12  weeks after 
chemoradiation, disease progression can be 
defined by the aforementioned unexplained clini-
cal deterioration or any one of the additional 
three criteria: presence of a new enhancing lesion 
outside the radiation field, a 25% or greater 
increase in enhancing lesion (by perpendicular 
diameter area) compared to the first post- 
radiotherapy scan on stable or increasing ste-
roids, or, in patients treated with antiangiogenic 
agents whose steroids have been stable or 
increased, a significant increase in non- enhancing 
T2 FLAIR hyperintense lesions not fully 
explained by postoperative changes, radiother-
apy, demyelination, ischemia, infection, or sei-
zures (Table 1) (Wen et al. 2010).

In 2015, the RANO criteria were applied to 
patients receiving immunotherapy. The resultant 
iRANO criteria posited that neuro-oncology 
patients undergoing immunotherapy could expe-

rience transient new enhancing lesions at local or 
distant sites (Okada et al. 2015, 2018). For this 
reason, within 6 months of starting immunother-
apy, if patients do not demonstrate clinical wors-
ening but demonstrate a new lesion on MRI, a 
repeat MRI 3 months later is required to diagnose 
disease progression. After 6 months of immuno-
therapy, patients do not require repeat MRI to 
confirm progression; in other words, after 
6 months on immunotherapy, any new lesion is 
sufficient to define progressive disease (Table 2).

4  Pitfalls in Therapy-Response 
Imaging

4.1  Pseudoprogression

Simulating progressive disease, the combination 
of radiotherapy and temozolomide is often asso-
ciated with increased contrast enhancement due 
to inflammation and necrosis. This phenomenon 
has been termed “pseudoprogression” and most 

Table 1 Summary of Response Assessment in Neuro-Oncology (RANO) response criteria (Wen et al. 2010)

Criterion Complete response Partial response Stable disease
Progressive 
disease

T1 gadolinium-enhancing 
disease

None ≥50% Reduction <50% Reduction but 
<25% increase

≥25% Increase

T2/FLAIR Stable or decreased Stable or decreased Stable or decreased Increased
New lesion None None None Present
Corticosteroids None Stable or decreased Stable or decreased Not applicable
Clinical status Stable or improved Stable or improved Stable or improved Worsened
Requirement for response All All All Any

Modified from reference Wen et al. (2010): J Clin Oncol 2010;28(11):1963–1972

Table 2 Summary of Immunotherapy Response Assessment in Neuro-Oncology (iRANO) criteria (Okada et al. 2015)

If ≤6 months after start 
of immunotherapy

If >6 months after start 
of immunotherapy

Is repeat scan required to confirm imaging progressive disease 
(PD) without clinical decline?

Yes No

Minimal time interval for confirmation of progressive disease 
without clinical decline

≥3 months N/A

Is further immunotherapy treatment allowed after imaging PD 
(if clinically stable) pending progression confirmation?

Yes N/A

Does a new lesion define PD? No Yes

Modified from reference Okada et al. (2015): Lancet Oncol 2015;16(15):e534–e542
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often occurs within 3  months after such 
therapy (Fig. 8). Most shortly following radiation 
therapy, glioma patients may demonstrate 
increases in the size of their contrast-enhancing 
lesion (Fig. 8). Although the precise mechanism 
is not fully understood, endothelial cell damage 
leading to edema and abnormal vessel permeabil-
ity may play a role. The hallmark of this entity is 
an increasing enhancing component with 
decreased perfusion and elevated ADC. Patients 
are typically asymptomatic and demonstrate 
pseudoprogression within 3 months of treatment. 
Methylated MGMT promoter status has been 
associated with pseudoprogression and better 
outcomes (Mamlouk et al. 2013).

4.2  Pseudoresponse

Pseudoresponse is typically associated with anti-
angiogenic agents such as bevacizumab, which is 
a monoclonal antibody targeting vascular endo-
thelial growth factor A (VEGF-A) (Fig.  9). 
Decreased permeability of the blood-brain bar-
rier causes a rapid decrease in the contrast- 
enhancing component of the tumor, while 
simultaneously providing a reduction in symp-
toms due to a reduction in vasogenic edema. 

Crucially, tumors can undergo true progression 
despite decreased enhancement, evidenced by 
increased mass-like or infiltrative T2 hyperin-
tense signal.

4.3  Radiation Necrosis

Months to years after radiation, the damage 
undergone by blood vessels during treatment 
may lead to parenchymal edema and necrosis 
(Fig.  10). Understanding the timeline of a 
patient’s tumor care prior to the appearance of 
this lesion is crucial to correctly diagnosing this 
new lesion as radiation necrosis. Radiation necro-
sis can occur in radiation for head and neck can-
cer, extra-axial tumors, or primary or metastatic 
intra-axial tumors (radiation for these intra-axial 
tumors includes stereotactic radiosurgery). 
Knowledge of the time since initial radiation 
therapy, the radiation plan, the tumor type treated, 
extent of parenchyma radiated, and type of radia-
tion can help make the diagnosis. Advanced MR 
techniques such as perfusion imaging (specifi-
cally calculating ADC ratios, percent signal 
recovery, and relative peak height), diffusion- 
weighted imaging, MR spectroscopy, and 
positron- emission tomography (PET) can help 

a b c d

Fig. 8 Pseudoprogression involving MGMT-methylated 
glioblastoma. (a) Preoperative contrast T1-weighted 
image demonstrates a rim-enhancing left temporal lobe 
mass (arrow). (b) Postoperative contrast T1-weighted 
image demonstrates milder enhancement before the 
initiation of XRT/TMZ therapy. (c) At 2-month follow-up 
after chemoradiation, contrast T1-weighted image 

demonstrates increased indistinct contrast enhancement 
(dashed arrow), with associated increased vasogenic 
edema and decreased perfusion (image not shown). (d) At 
1-year follow-up, contrast T1-weighted image demon-
strates decreased contrast enhancement and volume loss 
in the left temporal lobe
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a b

c d

Fig. 9 Pseudoresponse. (a) Pretreatment contrast 
T1-weighted and (b) T2-weighted images shows avid 
contrast enhancement (arrow) with mass-like T2 hyperin-
tensity associated with glioblastoma. (c) Follow-up con-

trast T1-weighted and (d) T2-weighted images after 
initiation of bevacizumab shows decreased intensity of 
contrast enhancement but increased size of mass-like T2 
hyperintensity (dashed arrow)
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differentiate radiation necrosis from tumor recur-
rence. Figures  5 and 6 demonstrate radiation 
necrosis in two patients and emphasize the utility 
of perfusion imaging, spectroscopy, and PET.

4.4  Bevacizumab-Related Imaging 
Abnormality (BRIA)

Like radiation necrosis, antiangiogenic agents 
can cause delayed necrosis. In particular, 

bevacizumab- related imaging abnormality 
(BRIA) can demonstrate persistent marked 
restricted diffusion (Fig.  11). Combining 
restriction- spectrum imaging, an advanced 
diffusion- weighted imaging technique that more 
reliably estimates restricted diffusion using mul-
tiple b-values and diffusion times to separate 
restricted and hindered water components (White 
et  al. 2013), with cerebral blood volume has 
improved differentiation of antiangiogenic necro-
sis from recurrence (Farid et al. 2014, 2013).

a b c d

Fig. 10 Radiation necrosis involving a lung cancer 
metastasis. (a) Pretreatment contrast T1-weighted 
sequence demonstrates an avidly enhancing mass in the 
posterior left temporal-occipital lobe region. (b) 
Follow-up 1-year after resection and radiation therapy 
demonstrates “Swiss-cheese” enhancement along the 

resection cavity, with corresponding (c) decreased CBV 
on perfusion imaging and (d) global decreased metabo-
lites on multi-voxel spectroscopy (dashed arrow) relative 
to adjacent voxels. These findings were stable on multiple 
subsequent studies

a b c

Fig. 11 Bevacizumab-related imaging abnormality 
(BRIA) associated with glioblastoma necrosis. Following 
treated with bevacizumab, (a) contrast T1-weighted image 
demonstrates thin rim-enhancement, (b) marked internal 

diffusion restriction on DWI (dashed arrow), and (c)
decreased CBV on perfusion-weighted imaging. These 
findings were stable on multiple subsequent MRI studies
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4.5  Postradiation 
Leukoencephalopathy 
and White Matter Injury

Postradiation leukoencephalopathy and white 
matter injury are long-known radiation effects 
that warrant discussion (Fig.  12). Pathology 
ranges from demyelination to coagulative necro-
sis and imaging typically demonstrates periven-
tricular signal increase on T2 imaging, SWI 
microhemorrhages, and signal decrease on 
CT.  Mass effect and advanced imaging tech-
niques can help differentiate focal white matter 
change from recurrence (Valk and Dillon 1991).

4.6  Radiation-Induced Neoplasia

Radiation-induced neoplasia and secondary neo-
plasms should be considered in both pediatric 
and adult patients with new neoplasms in the area 
of previous radiotherapy. Though modern radio-

therapy delivery methods, such as intensity- 
modulated radiation therapy, utilize 
three-dimensional anatomical software to target 
neoplasms, while sparing healthy tissues, failure 
to recognize that a new enhancing lesion in the 
area of radiation could represent radiation- 
induced neoplasia could lead to the improper 
conclusion of tumor recurrence. Radiation- 
induced neoplasia typically demonstrates long 
latency, with meningioma or sacrcomas typically 
occurring 10–20 years after radiation (Fig. 13).

4.7  SMART Syndrome

Stroke-like migraine attacks after radiation 
(SMART) syndrome is an uncommon delayed 
complication of cerebral radiation that can occur 
up to 30 years following radiation therapy. This 
syndrome typically presents with gyral enhance-
ment involving a region of previously irradiated 
brain. Associated with migraine aura, attacks can 

a b

Fig. 12 Delayed diffuse white matter injury following 
radiation therapy. (a) T2 FLAIR image demonstrates con-
fluent white matter hyperintense abnormality without 

mass effect. (b) Susceptibility-weighted imaging (SWI) 
demonstrates numerous microhemorrhages (arrow)
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take the form of seizures or stroke symptoms and 
are generally self-limited. Though uncommon, 
mistaking this delayed complication for tumor 
recurrence is another late pitfall.

5  Recent Advances in Novel 
Therapeutic Approaches for CNS 
Malignancy and Radiographic 
Implications

5.1  Intraoperative MRI

Though radiotherapy is the mainstay of treatment 
for patients with CNS malignancies, several 
studies have demonstrated the importance of the 
extent of tumor resection. Simply put, these stud-
ies demonstrate significantly improved survival 
for patients whose postoperative imaging dem-
onstrates no enhancing residual tumor remnants 
(gross total resection, GTR) (Brown et al. 2016; 
Trifiletti et  al. 2017). To improve resection of 
infiltrating tumors, particularly those infiltrating 
crucial structures, while avoiding damaging 

normal tissue, neuronavigation systems have 
commonly been utilized. These interactive 
devices attempt to show the real-time position of 
surgical instruments by calibrating positions on 
the patient’s anatomy with preoperative scans. 
Since they do not provide surgeons with real-
time intraoperative image feedback, shifts in 
structures, due to edema or disease evolution, 
can complicate this calibration. Thus, prospec-
tive data suggest these intraoperative devices 
may not improve the extent of resection or sur-
vival in patients with solitary cerebral tumors 
(Willems et al. 2006). To combat these shortcom-
ings, several adjunctive intraoperative modali-
ties, including intraoperative MRI, have been 
developed to improve real- time localization of 
tumor remnants (Eljamel and Mahboob 2016). 
Several randomized trials (Zhang et  al. 2015; 
Roder et al. 2014; Napolitano et al. 2014; Senft 
et al. 2011a, b; Tsugu et al. 2011) have demon-
strated intraoperative MRI improves rates of 
gross-total resection and progression- free sur-
vival compared to traditional neuronavigation 
technology (Li et  al. 2017). A newer real-time 
intraoperative imaging technique is MR ther-
mography, which monitors intraoperative tem-
perature changes during thermoablation of 
cerebral tumors. Another important implication 
of intraoperative imaging is improved resection 
following surveillance imaging. This is espe-
cially important, given overall survival can be 
maximized by GTR at the time of recurrence for 
patients with initial STR (Bloch et al. 2012).

5.2  Immunotherapy

Immunotherapy offers promising options for 
treating brain tumors. However, assessment of 
new enhancing lesions in the context of treatment 
with immunotherapy represents a particular diag-
nostic challenge. For example, immunotherapy 
has been associated with autoimmune 
 hypophysitis (Fig. 14) (Carpenter et al. 2009). In 
this condition, there is enlargement and enhance-
ment of the pituitary gland, which reverses after 
discontinuation of the immunotherapy and ste-
roid administration.

Fig. 13 Delayed radiation-induced meningiomas 
(arrows) following radiotherapy for nasopharyngeal 
cancer
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5.3  Antiangiogenic Agents

Antiangiogenic agents restore blood-brain- 
barrier integrity and improve outcomes for brain 
tumor patients, though these agents may be 
complicated by necrosis. A discussion of 
bevacizumab- related imaging abnormality 
(BRIA), which shows persistent marked diffu-
sion following bevacizumab treatment, is dis-
cussed above.

5.4  Modalities with Mounting 
Evidence

Several advanced treatment options for CNS 
metastases have demonstrated trends towards 
improving outcomes, though insufficient evi-
dence was found during meta-analyses to defini-
tively recommend use. The Congress of 
Neurological Surgeons tumor section has exten-
sively summarized the data surrounding these 
modalities (Elder et  al. 2019), which include 

high-intensity focused ultrasound, laser intersti-
tial thermal therapy, radiation sensitizers, 
interstitial modalities (such as chemo- or brachy-
therapy), immune modulators, and molecular tar-
geted agents. In general, these modalities have 
not demonstrated sufficient evidence to gain 
more widespread utilization. Despite this, famil-
iarity with the mechanisms of action of these 
therapies will be crucial if they are adopted more 
widely after sufficient evidence is collected. 
Careful attention to the regions in which these 
therapies are applied could improve diagnosis of 
a new lesion in this region in subsequent years 
(much like radiation therapy today). Immediate 
postoperative changes associated with these 
modalities must be studied further to improve 
immediate recognition of these treatment 
changes.

6  Emerging Approaches 
for Therapy Response Imaging 
for CNS Malignancy

A deeper understanding of imaging features of 
tumors has further motivated the updated 2016 
WHO classification. Unlike its 2007 predecessor, 
this classification combines histology, WHO 
Grade, and molecular information, such as isoci-
trate dehydrogenase (IDH) status, 1p/19q, and 
other genetic factors, along with imaging fea-
tures, to define an “integrated” diagnosis for dif-
fuse gliomas (Fig. 15) (Johnson et al. 2017).

Radiomics is the use of computational meth-
ods to extract quantitative features from imag-
ing. When linked to qualitative features 
recognized by radiologists, these quantitative 
data can help predict clinical outcomes such as 
prognosis and resistance in CNS malignancy 
(Zhou et al. 2018). Radiomic analysis assumes 
imaging reflects smaller-scale biological phe-
nomena, including gene expression and the pro-
liferation of tumor cells and blood vessels. 
Utilizing multiparametric algorithms to charac-
terize imaging data, radionomic analysis can 
detect subtle quantitative changes. For example, 
as discussed previously, scoring criteria in CNS 
tumors often rely on contrast-enhancing tumor 

Fig. 14 Immunotherapy-related hypophysitis in a patient 
with renal cell carcinoma (RCC) treated with ipilmumab 
and nivolumab. Sagittal T1-contrast image demonstrates 
enlargement of the pituitary gland (arrow). The patient 
presented with new headache and hyponatremia, which 
improved after treatment with steroids
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volume, which is a descriptive endeavor fraught 
with potential pitfalls. Radiomic analyses rely 
on so-called “computer vision” to translate the 
contrast-enhancing image into local binary pat-
terns that are eventually translated to detailed 
volumetric data that can detect subtle changes. 
By comparing each pixel to those in its immedi-
ate area, this technology can provide insights 
into tumor niche areas within a large tumor, 
potentially leading to better- informed assess-
ment of changes in tumor volume. Radiomics 
can also be used to associate imaging features 
with genomic signatures in GBM. The growth 
of this research is supported by the need for 
radiomic signatures that inform treatment deci-
sions. For example, though biopsy is the gold 
standard for genomic analysis of GBM, surgical 
planning and pathologic assessment could delay 
treatment and genetic analysis of the lesion is 
limited to the region sampled. Radiogenomics 
could offer genetic characterization rapidly, and 
efforts are ongoing to characterize genetic het-
erogeneity in GBM lesions (Chow et al. 2018).

Other emerging techniques in therapy 
response imaging include non-contrast perfusion 
imaging, MRI PET and single-photon emission 
computed tomography (SPECT) imaging, amide 
proton transfer weighted imaging, and restriction- 
spectrum imaging. An example of non-contrast 
perfusion imaging is arterial spin labeling (ASL), 
a noninvasive method to measure tumor blood 
flow which could reduce cost and intracranial 
contrast deposition. In ASL, magnetically labeled 
water is utilized in place of a contrast agent. This 
technique reliably estimates cerebral blood flow 
and correlates with tumor grade. Correlating sur-
vival with this noninvasive measurement could 
provide a low-risk, low-cost method to guide 
tumor treatment (Kim and Kim 2016). 
Restriction-spectrum imaging (RSI), a type of 
diffusion-weighted imaging, improves tumor 
conspicuity compared to surrounding normal 
white matter. Using aquisitions with multiple b 
values and diffusion times, this technique time 
acquisitions, this technique probes separated 
hindered and restricted water compartments to 

a b

Fig. 15 Diffuse midline glioma with histone H3-K27M 
mutation centered involving the right thalamus. (a) Post- 
contrast T1-weighted image demonstrates heterogenous 
areas of enhancement. (b) T2-weighted image 

demonstrates mass-like hyperintense signal abnormality 
and early entrapment of the occipital horns of the lateral 
ventricles
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create a cellularity map which can help 
discriminate between treatment-related changes 
in tumor from edema by increasing the discrep-
ancy of ADC values of gliomas (which are typi-
cally similar to surrounding white matter) from 
that of surrounding tissues (White et  al. 2013). 
Used with perfusion imaging, RSI can help dif-
ferentiate recurrent tumor from bevacizumab-
related imaging abnormality (Farid et al. 2013).

MRI PET combines detailed soft tissue ana-
tomical assessment with radioactive-tracer data 
to provide high-resolution visualization of 
tumors with superimposed metabolic data. 
Similar to scintigraphy, SPECT imaging mea-
sures radionuclide emissions using a gamma 
camera. Brain imaging with SPECT is used to 
provide functional, metabolic information at 
lower cost than PET imaging. Future applica-
tions of these imaging modalities could guide 
treatment of tumors. Amide proton transfer-
weighted (APTw) MRI provides indirect mea-
surements of proteins and peptides using 
chemical exchange saturation transfer (CEST) of 
contrast to predict the cellular proliferation of 
gliomas. This measurement of biological rele-
vance could help differentiate low- from high-
grade gliomas and is superior to MR spectroscopy 
in assessing treatment-related change in tumor 
progression (Suh et al. 2019).

7  Conclusion

CNS malignancy remains a clinically challeng-
ing and morbid disease. Treatment is especially 
guided by neuroimaging, mainly MRI.  While 
there are many types of primary and metastatic 
CNS malignancies, noninvasive neuroimaging 
can accurately diagnose and establish a baseline 
extent of disease for follow-up. In this work, we 
focused on the highly variable imaging findings 
of primary CNS neoplasms, particularly follow-
ing treatment. We reviewed necessary back-
ground, reviewed classic MRI characteristics of 
pre- and posttreatment changes in CNS 
malignancy, and provided an overview on 
disease- specific approaches for therapy-response 
imaging, with special attention to potential 

diagnostic pitfalls and novel therapeutics that 
may affect posttreatment imaging. Lastly, we 
touched on emerging approaches that may 
improve diagnostic accuracy in the future. 
Ultimately, understanding therapy response 
imaging of CNS malignancies is crucial to guide 
therapy and to improve patient outcomes.
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Abstract

In the management of breast cancer, imaging 
as a tool to evaluate therapy response by 
imaging is becoming more important. 
Chemotherapy and hormonal therapy are 
used in combination with surgical and radia-
tion therapy for the primary breast cancer. 
For metastatic breast cancer, response 
assessment by imaging plays a vital role in 
optimized personalized management. 
Mammography (MMG), ultrasonography 
(US), magnetic resonance imaging (MRI), 
computed tomography (CT), bone scinti-
gram, and FDG-PET are the major tools 
widely used in the clinics. Essential knowl-
edge of breast cancer treatment including 
subtypes, treatment options, and response- 
guided approach are covered. Increasing 
data on neoadjuvant chemotherapy, in par-
ticular the estimation and prediction of path-
ological complete response (pCR) by 
imaging, is discussed. Magnetic resonance 
imaging (MRI) and FDG-PET are the two 
main modalities which can provide quantita-
tive imaging data. Limited evidence on met-
astatic breast cancer and challenges in 
evaluation response specific to the metastatic 
location is reviewed.
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1  Introduction

Chemotherapy and hormonal therapy are the two 
fundamental therapies for breast cancer. They are 
used in combination with surgical and radiation 
therapy for the primary breast cancer either as a 
postoperative adjuvant treatment or as a preoper-
ative neoadjuvant treatment. For metastatic treat-
ment, chemotherapy and hormonal therapy play 
major roles in improving patients’ outcome. In 
both contexts, evaluating therapy response of a 
specific treatment by imaging plays an important 
role in determining treatment response and 
selecting appropriate treatment options.

Imaging modalities used in therapy response 
includes mammography (MMG), ultrasonogra-
phy (US), magnetic resonance imaging (MRI), 
computed tomography (CT), bone scintigram, 
and FDG-PET. Their importance depends on tar-
get lesions; MMG, US, and MRI tend to be used 
in neoadjuvant treatment for primary breast can-
cer, while CT, FDG-PET, and bone scintigram 
covers wider areas of the body and mainly used 
for metastatic breast cancer.

Neoadjuvant treatment, or preoperative sys-
temic treatment (PST), is playing a vital role in 
the treatment of breast cancer. PST is defined as a 
systemic therapy initiated before the loco- 
regional treatment. Neoadjuvant chemotherapy 
(NAC) was initially offered to patients with 
locally advanced breast cancer who may need 
extensive procedure if surgically treated. Then, 
NSABP B-18 study demonstrated in a random-
ized trial that no significant differences were seen 
for overall survival (OS) and disease-free sur-
vival (DFS) between preoperative neoadjuvant 
chemotherapy and postoperative adjuvant che-
motherapy (Rastogi et  al. 2008). Neoadjuvant 
hormonal therapy may be considered for hor-
mone receptor-positive breast cancer. The pur-
poses of neoadjuvant treatment are (1) shrinkage 
of primary tumor leading to the less-invasive sur-
gery, i.e., de-escalating surgery (Curigliano et al. 
2017), (2) estimation of the effectiveness of spe-
cific treatment regimen preoperatively so that the 
best postoperative regimen can be identified, and 

(3) prediction of the long-term survival of the 
patients, often using pathological complete 
response (pCR) as a surrogate marker of survival. 
There are increasing number of evidence show-
ing the value of imaging in the above context, in 
particular for MRI.

In comparison, studies of imaging in meta-
static breast cancer is limited. CT is the basic 
methods to evaluate metastatic disease including 
bone, liver, and brain metastasis, yet nuclear 
medicine is increasingly used for metastatic 
breast cancer. Efforts have been made to obtain 
information beyond RECIST-based evaluation.

In this chapter, basic knowledge of breast can-
cer subtype and general treatment option are 
reviewed. Neoadjuvant systemic treatment and 
the role of imaging are discussed. Considering 
that this is one of the active research topic, I will 
focus on the emerging evidence in the recent 
years. Imaging for metastatic breast cancer are 
also discussed.

2  Neoadjuvant Therapy

2.1  Basics of Treatment Options 
for Breast Cancer According 
to the Intrinsic Subtype

Treatment of breast cancer had been determined 
based on tumor size, presence of axillary lymph 
node metastasis, pathological grades, estrogen 
receptor (ER)/progesterone receptor (PgR) sta-
tus, and HER2 status. Classification of intrinsic 
subtype based on gene expression profiling 
using cDNA microarray intrinsic subtype, 
reported by Perou et  al. in 1990 (Perou et  al. 
2000), was associated with biological feature 
and changed our understanding of the breast 
cancer. Since performing gene-expression pro-
filing is not feasible in the clinical setting, alter-
native intrinsic subtype based on ER, PgR, 
HER2, and Ki-67 index was proposed 
(Goldhirsch et al. 2011) (Table 1). The subtype 
classification has developed since then incorpo-
rating gene expression signature (Curigliano 
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et al. 2017), although limited availability. Tumor 
size and stage are taken into consideration in 
deciding treatment. The recommended primary 
systemic treatment for triple-negative or HER2-
positive breast cancer with stage II or III are neo-
adjuvant chemotherapy including anthracycline 
and taxane. Trastuzumab will be added concur-
rently to taxane for HER2- positive cancer and 
endocrine therapy will be added for ER-positive 
/HER2-positive cancer. Endocrine therapy using 
tamoxifen or aromatase inhibitor is offered to 
ER-positive HER2-negative cancer. Depending 
on tumor burden (size), nodal involvement, 
higher Ki-67, neoadjuvant or adjuvant chemo-
therapy is added.

Advancement of experimental, genetic, and 
clinical research revealed that breast cancer con-
sists of heterogeneous subpopulations. For exam-
ple, cancers with the same “alternative intrinsic 
subtype” show wide variation in treatment 
response. Therefore, treatment should be person-
alized to individual patients to maximize treat-
ment benefit while minimizing adverse effect. 
This led to the idea of response-guided approach; 
the treatment response is assessed by measuring 
the size or volume of tumor by physical examina-
tion or on imaging (von Minckwitz et al. 2013). 
These treatment options are summarized in 
Table 2.

2.2  Pathologic Complete Response 
(pCR) After Neoadjuvant 
Treatment

Pathologic complete response (pCR) after NAC 
can be achieved more frequently with better 
treatment regimens. A meta-analysis of 30 stud-
ies showed pCR rate of triple-negative subtype as 
39% and HER2-positive subtype as 27% 
(Houssami et al. 2012). The benefit of pCR is not 
limited to the downstage of the surgical proce-
dure. von Minckwitz et  al. demonstrated that 
patients who achieved pCR experienced better 
disease-free survival (DFS), particularly for 
triple- negative, luminal B/HER2-negative, and 
HER2-positive subtype (von Minckwitz et  al. 
2013). Since then pCR has become widely used 
as a surrogate marker of better survival outcome 
and many imaging studies predicting pCR are 
motivated by the impact of this surrogate new 
biomarker. In their data, pCR was not associated 
with better DFS among luminal B/HER2-positive 
or luminal A tumors.

The abovementioned study also pointed out 
the impact of variable definition of pCR.  The 
strictest criteria is no invasive cancer, no in situ 
residuals in breast and nodes (ypT0ypN0). No 
invasive cancer, in situ allowed (ypT0/is ypN0) is 
also used. Other definitions allowing positive 
lymph node involvement (ypT0/is yp any N) or 
minimally invasive component (ypT0/is/1mic yp 
any N) can be used but less frequently as positive 
lymph node involvement or invasive component 
is linked to the worse outcome. At least checking 
the definition of pCR is essential in comparing 
and combining data from the different sources.

2.3  Treatment Response Evaluated 
by Imaging

RECIST can be used for imaging-based evalua-
tion of treatment response; the longest diameter 
of the target lesions is measured and summed up. 
The initial values are compared to the value after 
treatment. Mammography (MMG) is the basic 

Table 1 Subtypes of breast cancer

Subtypes Detailed definition
Triple negative ER-, PgR- and HER2-

HR− and HER2+
HR+ and HER2+

HR+ and HER2− ER and/or 
PgR + ≥1%

✓  High receptor, low 
proliferation, low grade 
(luminal A-like)

High ER/PgR and 
low Ki-67 or grade

✓  Intermediate

✓  Low receptor, high 
proliferation, high grade 
(luminal B-like)

Low ER/PgR and 
high Ki-67 or grade

HR hormone receptor, ER estrogen receptor, PgR proges-
terone receptor
Modified from Table 3, Curigliano et al. (2017)
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imaging for breast cancer and easily accessible, 
although it tends to underestimate residual tumor 
(Yeh et al. 2005). On the other hand, ultrasonog-
raphy (US) is considered more accurate in evalu-
ating lesion size than MMG. US can be frequently 
and easily conducted. Operator dependency is a 
drawback. Despite limited access and relatively 
high cost, breast MRI is the preferred method for 
evaluating treatment response after NAC.  MRI 
demonstrated best correlation with pathology 
(Yeh et  al. 2005). Perfusion data obtained by 
dynamic contrast-enhanced MRI can provide 
vascular information related to tumor 

angiogenesis. Diffusion-weighted images, mag-
netic resonance spectroscopy, and other emerg-
ing techniques can be applied to breast MRI.

Nuclear imaging can be used to evaluate treat-
ment response to breast cancer patients undergo-
ing NAC.  Different from the abovementioned 
morphology-based imaging, nuclear medicine, in 
particular FDG-PET, is metabolic imaging iden-
tifying metabolically active spots. FDG-PET 
cannot provide exact size of the target lesion. 
However, changes in uptake of FDG is consid-
ered to reflect cytotoxic effect by chemotherapy 
earlier than morphological changes or even 

Table 2 Recommended (neo)-adjuvant systemic treatment for early breast cancer

Subtypes Recommended treatment
Endocrine 
therapy Chemotherapy

ER+ and HER2−
High receptor
Low tumor burden (pT1a, pT1b)
No nodal involvement (pN0)
Low proliferation
Low grade or low “genomic risk”

+TAM/AI –

High/intermediate ER and PgR expression
Intermediate tumor burden (pT1c, pT2, pN0/1)
Intermediate/high proliferation or grade
and/or intermediate “genomic risk”

+TAM/AI/
exemestane

+Adjuvant chemotherapy

Intermediate to low ER and PgR expression
Higher tumor burden (typically T3 and/or N2-3)
More proliferative/higher Ki67
Intermediate to high “genomic risk”

+AI +Adjuvant chemotherapy

Triple negative
pT1a node negative No routine adjuvant chemotherapy for stage 

pT1a pN0
Higher T and N stage Neoadjuvant therapy for stage II/III 

(AC + taxane)

ER− and HER2+
pT1a node negative No systemic 

therapy
pT1 b, c, node negative Chemotherapy + trastuzumab
Higher T and N stage Neoadjuvant therapy for stage II/III AC followed 

by taxane with concurrent trastuzumab ~12 m.o
ER+ and HER2+ As above 

+endocrine 
therapya

OFS ovarian function suppression, HR hormone receptor, ER estrogen receptor, PgR progesterone receptor, AC 
anthracycline
Modified from Tables 4 and 5, Curigliano et al. (2017)
aEndocrine therapy is selected according to menopausal status; Tamoxifen (TAM) for premenopausal women, Aromatase 
inhibitor (AI) for postmenopausal women
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perfusion changes. In that sense, FDG-PET can 
be used as response prediction at an early stage of 
the treatment (Rosen et al. 2007; Groheux et al. 
2013). FDG-PET findings are used as an evi-
dence of new lesion (PD) in RECIST 1.1 
(Eisenhauer et  al. 2009). New development of 
dedicated breast PET enables detailed metabolic 
changes of breast cancer (Masumoto et al. 2018). 
Comparison of imaging modalities are summa-
rized in Table 3 (Kanao and Kataoka 2016).

2.4  Treatment Response to NAC by 
Mammography 
and Ultrasonography

Simple and the most convenient method for eval-
uating treatment response to NAC is clinical 
(physical) examination. This involves tumor size 
measurement using calipers before and during 
the treatment. Although clinical examination is 
inexpensive, noninvasive, and can be performed 
frequently, drawbacks include posttreatment 
fibrosis or inflammation leading to overestima-
tion and non-palpable small residual tumor lead-
ing to underestimation. Lack of objective 
measurement is not ideal as a method to assess 
treatment response.

Mammography (MMG) and ultrasonography 
(US) are the basic imaging methods for breast 
cancer. Evaluating treatment response by MMG 
showed better results compared to physical 
examination. However, lesion size measurement 
using MMG is not accurate if the margin of the 

lesion is ill-defined, indistinct, or spiculated. The 
reliability of mammography also depends on sur-
rounding breast tissue. If the margin of the tumor 
is definable in more than 50% of the lesion, diam-
eter of the tumor on mammography showed rela-
tively good correlations (r = 0.77) with that on 
histopathology (Huber et  al. 2000). Obviously, 
dense breast can mask target lesions and prevent 
accurate size measurement. Digital breast tomo-
synthesis (DBT) can provide better accuracy by 
reducing masking effect (Fornvik et al. 2010). In 
a recent study comparing MMG, DBT, auto-
mated breast US (ABUS), and MRI, DBT 
 performed better than MMG and ABUS in esti-
mating tumor size (Park et al. 2018). Calcification, 
although associated with malignancy, may 
remain after viable tumor diminishes (Li et  al. 
2014), and new calcification may emerge during 
treatment, which makes interpretation difficult. 
Calcifications after NAC were more frequently 
found among estrogen receptor-positive tumors 
(Adrada et al. 2015).

US is more accurate than MMG in evaluating 
treatment response of breast cancer. In a retro-
spective review of primary breast cancers with 
NAC, tumor size measured on ultrasound was 
within 1 cm accuracy in 60% of cases, while that 
measured on MMG was accurate in only 32% of 
cases (Keune et  al. 2010). In a study on triple-
negative breast cancer, US was more accurate 
than MMG and equivalent to MRI in evaluating 
residual tumor size following NAC (Atkins et al. 
2013). In a meta-analysis, US showed accuracy, 
comparable to MRI (Marinovich et al. 2013). In a 

Table 3 Comparison of clinical examination and imaging modalities in evaluating tumor response of (neo)adjuvant 
systemic therapy

Accuracy (size) Vascularity evaluation Cost Accessibility
Clinical examination △ × Low Easy

MMG/DBT △ × Medium Easy

US ○ △ Low-medium Easy

MRI ○ ○ High Limited

FDG-PET –a × High Limited

Dedicated breast PET –a × High Very limited

MMG mammogram, DBT digital breast tomosynthesis
Modified from Personalized Treatment of Breast cancer p297 Table 18.1 Springer
aSize on PET image is influenced by metabolic activity of the lesion and does not correspond to the lesion size
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clinical aspect, US can be combined with 
US-guided biopsy when tissue sampling during 
the course of treatment is needed. Operator 
dependency and lack of reproducibility of 
measurement are the drawbacks of US. Parameters 
from strain elastography and shear-wave elastog-
raphy obtained at pretreatment and after two 
cycles of NAC can predict favorable responses 
based on residual breast burden (Ma et al. 2017).

2.5  Technical and Practical Aspect 
of Evaluating NAC by MRI

Technical advancement in recent years contrib-
utes an increasing role of MRI in evaluating treat-
ment response. Clinical scanners with higher 
magnetic field with dedicated breast coil contrib-
uted to improve image quality. In the setting of 
monitoring treatment response, better delineation 
of tumor with identification of small foci of resid-
ual tumor leads to accurate assessment of the tar-
get lesions. Software development to support 
radiologists such as kinetic or perfusion maps 
was another important step. EUSOBI guideline 
for breast MRI protocol proposed a practical 
guide to obtain images with sufficient quality to 
diagnose and evaluate breast lesions (Mann et al. 
2008). If access to MRI scanner is limited, it 
would be recommended to perform MR before 
treatment, and after treatment, particularly when 
other imaging modality showed inconsistent 
results. If possible, avoid tissue sampling before 
MRI since biopsy-related hematoma may disturb 
the area surrounding the target lesion and making 
accurate evaluation difficult.

2.6  Evaluating Residual Tumor After 
NAC by MRI

Evaluating residual tumor after the completion 
of NAC, i.e., before surgical treatment, is impor-
tant in determining optimal surgical planning as 
well as evaluating treatment efficacy of a spe-
cific regimen. In specific subtype, achievement 
of pCR can be used as a surrogate marker of 

long-term outcome. With its accuracy and objec-
tiveness, dynamic contrast-enhanced MRI 
(DCE-MRI) is ideal for pre-op assessment. 
Ultrasound may be as accurate (Atkins et  al. 
2013; Marinovich et al. 2015), yet lacking objec-
tiveness and reproducibility.

Data of patients with stage II or III breast can-
cer receiving NAC in American College of 
Radiology Imaging Network (ACRIN) 6657 
study in conjunction with I-SPY TRIAL demon-
strated that change in breast tumor size measured 
at MR imaging is superior to clinical assessment 
with areas under the receiver operating character-
istic curve (AUCs) as 0.75, compared to clinical 
size with AUCs of 0.68 in predicting pCR (Hylton 
et  al. 2012). Residual tumor size measured on 
MRI showed good agreement with pathologic 
tumor size, yet overestimation or underestima-
tion can occur, with a medial correlation coeffi-
cient of 0.70 based on a systematic review 
(Lobbes et al. 2013). Subtype also affects accu-
racy of MRI.  MRI can estimate residual tumor 
volume more accurately in triple-negative and 
HER2-positive tumors while less accurately in 
luminal type (Mukhtar et  al. 2013). Causes of 
overestimation by MRI may be chemotherapy- 
induced fibrosis, reactive inflammation by tumor 
response and healing (Marinovich et al. 2013), or 
resorptive inflammation. On the other hand, pos-
sible reasons for underestimation included very 
small foci of cancer and cancers with lobular fea-
tures (Yeh et al. 2005), multifocal or diffuse frag-
mented foci, or lesions presenting as non-mass 
enhancement.

Shrinkage pattern during or after NAC may 
affect accuracy in treatment response. Two types 
of tumor shrinkage pattern on MRI have been 
described: a concentric shrinkage and a dendritic 
shrinkage. The latter is associated with high risk 
of positive margins after a lumpectomy (Tozaki 
et al. 2006). Takeda et al. analyzed patients who 
underwent NAC or neoadjuvant endocrine ther-
apy and found that dendritic shrinkage was asso-
ciated with underestimation when compared to 
surgical specimen (Takeda et al. 2012a) (Fig. 1). 
Morphology of the primary tumor is another fac-
tor in affecting accuracy in residual tumor. Data 
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from previously mentioned ACRIN 6657 trial 
also reported higher concordance between MRI- 
based tumor size and tumor size on surgical 
pathology among well-defined tumors, especially 
with those with a triple-negative subtype 
(Mukhtar et al. 2013).

In order to solve the discrepancy related to 
lesion morphology, volumetry is attracting atten-
tion. Conventional RECIST size criteria are based 
on lesion diameter and affected by morphology 
of the target lesion. Volumetry can measure the 
amount of tumor in the 3-D direction and is less 
influenced by tumor morphology. Sophisticated 
viewing software is needed to measure volume 
easily, adding thresholding by degree of contrast 
enhancement. Value of the enhancing tumor vol-
ume was highlighted by the study by Partridge 
et al. that early change of MR tumor volume was 
significantly correlated with the final MRI vol-
ume change and more predictive of recurrence-
free survival than tumor diameter. Volumetric 
changes measured using MRI may provide a 
more sensitive assessment of treatment efficacy. 
Their threshold was at least 70% enhancement 
from baseline at 2.5 min after injection of a con-
trast agent (Partridge et  al. 2005). Computer-
aided tumor volume can provide total enhancing 

volumes and washout volumes—i.e., enhanced 
areas with more than 100% signal increase on 
early DCE and signal reduction by 10% or more 
on delayed DCE phase. Using this CAD-
generated volume, significantly higher inter-
observer concordance than conventional 
RECIST-based longest diameter measurement 
was achieved. The results also showed that wash-
out volume measurement after the completion 
chemotherapy is significantly better in 
 differentiating patients with pCR and those with 
non-pCR (Takeda et  al. 2012b). The enhance-
ment threshold may vary among studies and may 
be adjusted to scanner. Henderson et  al. used 
enhancing tumor volumes (ETVs) based on 2 min 
post- contrast subtraction series and demonstrated 
that ETVs can predict pCR and residual tumor 
burden better than functional tumor volume 
(FTV) they used (Adrada et al. 2015). This evi-
dence suggests value of volume-based evaluation 
in treatment response in case of clinical trials.

Treatment regimen may affect evaluation of 
residual tumor by MRI. Therapeutic agent might 
affect vascularity or causing reactions mimicking 
disease progression. For example, residual dis-
ease was frequently underestimated in patients 
treated with taxane-containing regimens and in 

Fig. 1 Typical changes of treatment response in breast 
cancer on contrast-enhanced MRI.  Contrast-enhanced 
MRI of breast cancer before (Left) and after (Right) che-
motherapy. There was an oval-shaped mass with spicu-
lated margin in the right inner area of the breast (Left). 

After chemotherapy, the mass diminished in size. 
However, long spicula remains, showing dendritic shrink-
age pattern (Right). Central portion of the mass becomes 
poorly enhanced after chemotherapy
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HER-2-negative patients treated with bevaci-
zumab. Schrading et  al. examined the influence 
of taxanes on response assessment of DCE-MRI 
and showed that almost complete suppression of 
contrast enhancement occurred in cancers, 
benign enhancing lesions, and normal fibroglan-
dular tissue after taxane-containing chemother-
apy, while lower reduction of enhancement after 
non-taxane containing chemotherapy (Schrading 
and Kuhl 2015).

A recent more realistic study of 1274 patients 
who were examined by MRI and second-look US 
pre- and post-NAC, then breast-conserving sur-
gery revealed that PPV of predicting pCR using 
MRI alone was 79.4%, increased to 86.8% when 
US was added. MRI combined with second-look 
US was useful in predicting pCR compared with 
MRI alone, especially for ER-negative /HER2- 
positive cancer. However, it was difficult to pre-
dict for the presence of a residual in situ 
component. They suggested adding vacuum- 
assisted biopsy to MRI plus second-look US is 
warranted to improve the prediction of pCR suf-
ficiently high for omitting breast surgery (Hayashi 
et al. 2019).

Another recent publication examined 487 
consecutive patients. Their results suggest 
smaller residual tumor size discrepancy using 
delayed-phase images. They investigated factors 
affecting residual tumor size discrepancy between 
MRI and histopathologic examination. Factors 
associated with larger discrepancy (underestima-
tion of residual tumor size by MRI) were lobular 

histologic features and ER-positive/HER2- 
negative subtype (Kim et al. 2018). Interestingly, 
early-phase MRI performed better than delayed- 
phase or late delayed-phase MRI in determining 
pCR.  The abovementioned factors are summa-
rized in Table 4.

2.7  Prediction of Treatment 
Response by MRI

This is the area with hot topics. Pretreatment 
MRI, MRI after a few cycles of NAC, or changes 
between them have been used to predict 
pCR. More than 65% reduction in the tumor vol-
ume after two cycles of chemotherapy was asso-
ciated with a major histopathological response 
(small cluster of dispersed residual cancer cells 
or no residual viable cancer cell) at surgery 
(Martincich et al. 2004). The data of 216 women 
from ACRIN 6657 trial showed that volumetric 
measurement of tumor response early in treat-
ment showed better predictor of pCR than other 
measurements including the longest diameter, 
signal enhancement ratio, and clinical examina-
tion (Hylton et  al. 2012). More sophisticated 
analysis based on texture analysis (Henderson 
et  al. 2017; Chamming’s et  al. 2018), machine 
learning (Cain et al. 2019), and parametric maps 
(Cho et al. 2014) has been tried to show improve-
ment in predicting pCR, often based on better 
AUC value. Some studies investigated beyond 
treatment response; MRI findings of pre- and/or 

Table 4 Factors affecting accuracy of MRI in estimating pCR/residual tumor volume

Factors Comments
Definition of pCR No invasive (in situ allowed)/no in situ cancer
MRI unit field strength 1.5T/3T
Size of invasive tumor Difficult in lesions in predominantly intraductal component
Subtype
Pathology type
Treatment-related change
Shrinkage pattern

More accurate in triple- negative/less accurate in ER+ HER2– (Kim et al. 2018)
Less accurate in lobular type (Kim et al. 2018)
Fibrosis
Reactive inflammation (Partridge et al. 2005)
Resorptive inflammation
Less accurate in dendritic shrinkage (Takeda et al. 2012a)

Measurement methods Volume more accurate than diameter (Adrada et al. 2015; Takeda et al. 2012a)
Neoadjuvant chemotherapy 
regimen

Tend to be underestimated in taxane-based treatment

pCR pathological complete response, ER estrogen receptor
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post-NAC can be used to predict local recurrence 
or recurrence-free survival (Partridge et al. 2005; 
Bae et  al. 2016; Hylton et  al. 2016; Wu et  al. 
2018; Shin et al. 2018).

2.8  Diffusion-Weighted Imaging 
and Other MRI Sequence

Diffusion-weighted imaging (DWI) is increas-
ingly used in treatment assessment. DWI uses 
motion sensitizing gradients to measure the 
mobility of water molecules in tissues. DWI 
reflect cellularity of the tissue and the most 
sensitive non-contrast MR imaging for cancer. 
Chemotherapy induces various tissue changes, 
leading to a decrease in apparent diffusion coef-
ficient (ADC) values. Increase of ADC values 
precedes morphological changes captured by 
conventional imaging or MRI. Post-NAC ADC is 
predictive of pCR with accuracy of 94.02  in 
luminal A subtype (Liu et al. 2015). Responders 
can be differentiated from nonresponders based 
on ADC values and its changes early in the treat-
ment course (Galban et al. 2015; Li et al. 2012; 
Sharma et  al. 2009; Fangberget et  al. 2011; 
Iacconi et al. 2010; Park et al. 2010). The recent 
most-solid evidence has just come off from 
ACRIN 6698 multicenter trial that changes in 
breast tumor ADC after 12  weeks of treatment 
predicts pCR (Partridge et al. 2018). On the other 
hand, results from ACRIN 6657 MRS trial were 
rather disappointing, indicating technical chal-
lenges in using MRS in the multi-institutional 
setting (Bolan et al. 2017) .

2.9  Evaluation and Prediction 
of Tumor Response by 18FDG- 
PET and Other Molecular 
Imaging

Nuclear medicine visualizes metabolic or 
functional aspect of the target. In the context of 
imaging breast cancer, the main malignant tumor 
shows higher uptake compared to the 
background, considered to reflect active 
metabolism in the growing cancer cells. The 

mainstream of nuclear medicine in oncology is 
18F-fluorodeoxyglucose (FDG)-PET/CT, whereas 
breast scintigraphy using 99mTc-sestamibi may 
be preferred in assessing breast cancer treatment 
response due to lower cost (Tiling et  al. 2001). 
A new agent like 18F-fluciclovine or 
18F-fluorothymidine (FLT) is also used for breast 
cancer imaging. These agents can be combined 
with CT or MRI.

18F-FDG consists of 18F as a positron-emitting 
radionuclide and FDG that is taken into the cells 
by glucose transporters. In general, cancer cells 
overexpress glucose transporters and uptake 18F- 
FDG.  Standard uptake value (SUV) is now 
widely used as a quantitative index to measure 
tumor metabolic function (Groheux et al. 2013).

For measuring residual tumors post-NAC and 
identifying pCR, studies have demonstrated that 
residual FDG uptake predicts residual disease. It 
should be noted, however, that lack of FDG 
uptake does not necessarily mean pCR (Lee 
et al. 2009; Bassa et al. 1996; Burcombe et al. 
2002; Kim et al. 2004). Difference in threshold 
SUV (Dose-Schwarz et al. 2010), certain types 
of breast cancer known to have low SUV (DCIS, 
luminal A), limited spatial resolution are possi-
ble reasons of false negative diagnosis. The spa-
tial resolution issue can be solved by using 
dedicated breast PET scanner (Miyake et  al. 
2014; Iima et al. 2012).

Prediction of tumor response earlier in the 
course of treatment is increasingly important 
with the wider use of response-guided treatment. 
Evaluating FDG-PET at early or mid-therapy 
suggested that changes in FDG uptake from the 
baseline scan is a good predictor to identify 
responder and nonresponders. SUV decrease in 
50% or more at mid-therapy is associated with 
good response and lesser reduction indicated 
poor response (Rosen et  al. 2007; Lee et  al. 
2009). Rapid drop of uptake in responders at day 
8 and no reduction in nonresponders were 
observed, while tumor diameter showed no sig-
nificant change (Wahl et al. 1993). Similar results 
were reported from other groups (Masumoto 
et al. 2018; Schelling et al. 2000; Rousseau et al. 
2006) (Fig.  2). Dedicated breast scanner is not 
limited to FDG/PET.  Recent publication using 
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breast-specific gamma imaging using 99mTc- 
sestamibi showed sensitivity and higher specific-
ity compared to MRI in accurately determining 
pCR (Kim et al. 2004).

3  Evaluation of Treatment 
Response in Metastatic Breast 
Cancer

Breast cancer may metastasize to the bone, lung, 
liver, brain, and other organs of the body. 
Chemotherapy, endocrine therapy, molecular- 
targeted therapy, or immunotherapy is a treat-
ment option for these patients with metastatic 
breast cancer. This means increasing needs in 
evaluating treatment response. CT is commonly 
used for metastasis to solid organ, while MRI and 
FDG-PET are increasingly used in evaluating 
treatment response.

Bone metastasis is very common among 
advanced breast cancer patients. Bone is after the 

first and the only organ involved in breast cancer 
metastasis. Effective treatment options contribute 
to improve survival of the patients. However, 
diagnosing bone metastasis from breast cancer is 
challenging for its complex changes; it can be 
lytic, sclerotic, or lytic-sclerotic mixed. 
Treatment-related changes can modify the 
appearance. RECIST  criteria treat bone lesions as 
“non-measurable,” due to difficulty in identifying 
and evaluating response using bone-scintigraphy. 
Response assessment of bone metastasis using 
bone scintigraphy need to wait for several 
months. In contrast, cancer-oriented tracers like 
FDG perform better in detecting new lesions or 
progression earlier, although nonspecific 
(Lecouvet et al. 2014). FDG-PET has a quantifi-
able parameter like SUVmax, and both qualitative 
and quantitative treatment response have been 
described. By combining metabolic information 
from FDG-PET and morphologic information 
from CT, PET/CT enables earlier response 
assessment that might be applicable in the context 
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Fig. 2 Whole body 18F-FDG PET/CT, dedicated breast 
PET, DCE-MRI, MRI volumetry in invasive breast cancer 
patients before (upper row) and after (lower row) neoadju-
vant chemotherapy. Whole body 18F FDG PET (left) 
image and fused image with CT showed intense uptake of 
18F FDG to the cancer. Dedicated breast PET revealed 
rim-like uptake, corresponding to the rim on contrast- 

enhanced MRI.  Contrast-enhanced MRI and volumetry 
revealed detailed structure of the lesion including spicu-
lated margin. After neoadjuvant chemotherapy (lower 
row), the uptake of 18F FDG decreased both on whole 
body FDG PET and dedicated breast PET. On MRI, the 
diameter of the cancer remains the same, yet the volume is 
obviously decreased
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of response-guided treatment. Currently two cri-
teria—European Organisation for Research and 
Treatment of Cancer (EORTC) criteria and PET 
response criteria in solid tumors (PERCIST) cri-
teria (Depardon et al. 2018; Wahl et al. 2009)—
have been advocated to classify response into 
complete metabolic response (CMR), partial 
metabolic response (PMR), stable metabolic dis-
ease (SMD), and progressive metabolic disease 
(PMD) with slightly different definition. Both 
criteria turned out to be predictive of prognosis 
(Depardon et al. 2018). Another important point 
in using metabolic imaging is “flare” phenome-
non observed early in the course of the endocrine 
therapy of metastatic patients that is predictive of 
a better outcome.

MRI has aspects of both morphologic imaging 
(T1-weighted image) and functional imaging 
(DWI, perfusion). T1WI MRI is useful in detect-
ing bone metastasis and predicted disease pro-
gression in 79%, while it shows poor performance 
for identifying response (Brown et  al. 1998). 
Using DWI for evaluating response based on 
ADC value is attracting attention, yet mixed 
results so far. Response to treatment involves 
return of marrow fat, as well as fibrosis, causing 
increase/decrease in ADC values (Lecouvet et al. 
2014). Morphology-based MRI performs better 
in identifying and evaluating bony metastasis. 
PET/MRI has become commercially available 
and may be a one-for-all modality for therapeutic 
assessment of bone metastasis.

Hepatic metastasis is also common among 
advanced breast cancer patients in a later stage. It 
may be life-threatening as liver metastasis is 
often multiple or diffuse. Prognosis is not favor-
able for those who developed liver metastasis and 
clinical trials targeting patients in this stage are 
ongoing. Imaging assessment of hepatic metasta-
sis is also challenging in routine assessment of 
treatment response. Metastatic lesions are often 
poorly enhanced on contrast-enhanced CT and 
non-contrast CT may perform better in identify-
ing liver metastasis. Although CT is the major 
imaging tool in evaluating hepatic metastasis, 
drug-induced fatty changes of the background 
liver parenchyma (Nishino et  al. 2003) add 

complexity in interpretation. PET/CT may be of 
limited value due to background FDG uptake. At 
the moment, MRI with DWI or EOB MRI is the 
most sensitive method to identify and evaluate 
hepatic metastasis.

Occasionally multiple liver metastasis from 
breast cancer may appear as cirrhotic, described 
as pseudo-cirrhosis. It occurs with patients with 
multiple liver metastasis after chemotherapy. 
Blood test shows all signs of hepatic dysfunction, 
associated with signs of portal hypertension. 
Nodular regeneration of the liver or desmoplastic 
reaction surrounding the tumor is reported to be a 
possible cause (Nascimento et al. 2001; Kashyap 
et  al. 2018). The pseudo-cirrhosis is associated 
with increased mortality and morbidity (Adike 
et al. 2016).

Thoracic involvement is very common in 
advanced metastatic breast cancer. It should be 
noted that solitary pulmonary nodule may be a 
primary lung cancer in more than half of the 
cases. Multiple pulmonary nodules are more fre-
quent form of lung metastasis from advanced 
breast cancer. They are typically oval or spherical 
shape with smooth margin. These types of tho-
racic metastasis are relatively easy to evaluate 
based on RECIST criteria. On the other hand, 
other forms of metastasis or treatment- related 
changes may coexist in the lung. Air-space or 
bronchoalveolar pattern (Jung et al. 2004) mimics 
infectious or inflammatory disease. Radiation-
induced pneumonitis or fibrosis is another com-
mon thoracic complication that makes metastatic 
disease less visible on CT. Lymphangitic metasta-
sis is difficult to recognize on conventional chest 
X-ray and high- resolution CT is often required 
for diagnosis. These manifestations are classified 
as “non- measureable” yet indicate unfavorable 
condition. Other thoracic involvement including 
pleural metastasis are often classified as “non- 
measurable” unless they present as “masses.”

In conclusion, evaluating therapy response by 
imaging is increasingly used in the management 
of breast cancer. Evidence on NAC evaluation 
and prediction support the importance of imaging 
in decision-making of optimized/personalized 
treatment.
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Abstract

Lung cancer remains to be the leading cause 
of cancer death. More than half of patients 
with lung cancer present with advanced dis-
ease requiring systemic therapy. Remarkable 
advances of systemic therapy approaches have 
been made for patients with advanced lung 
cancer in the past decade, first with molecular 
targeting therapy that can specifically target 
genomic driver mutations of the tumor, and 
more recently with immune-checkpoint inhib-
itors that activate host T cell immune response 
against tumor. The strategies for radiographic 
tumor response evaluations for lung cancer 
have also evolved in parallel with the advances 
of treatment approaches for the disease. This 
chapter will discuss (1) recent advances of 
therapeutic approaches for lung cancer, (2) 
imaging for treatment monitoring for lung 
cancer in the era of precision cancer therapy, 
and (3) treatment monitoring of thoracic 
malignancies other than lung cancer, focusing 
on thymic tumors and malignant pleural 
mesothelioma.
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1  Recent Advances of Therapeutic 
Approaches for Lung Cancer

1.1  Molecular Targeted Therapy

Lung cancer remains to be the leading cause of 
cancer death both in men and in women, account-
ing for more than 140,000 deaths per year in the 
USA (Siegel et al. 2019). Approximately 85% of 
patients with lung cancer have non-small cell 
lung cancer (NSCLC), and more than half of 
patients with NSCLC present with advanced dis-
ease, and thus require systemic therapy. Cytotoxic 
chemotherapy has been the main systemic ther-
apy approach for NSCLC. However, it is margin-
ally effective, as indicated in the analysis of 33 
phase III trials between 1973 and 1994 that dem-
onstrated the improvement of median survival by 
only 2.6  weeks (Breathnach et  al. 2001). In 
response to the needs for new effective agents for 
systemic therapy of lung cancer, the efforts have 
been made to identify novel tumor genomic 
abnormalities specific to lung cancer that can be 
targeted by molecular targeting agents, and to 
translate the precision medicine approaches to 
clinical care of lung cancer patients (Nishino 
et al. 2011a, 2014).

The most representative example of precision 
medicine approaches to lung cancer is epidermal 
growth factor receptor (EGFR) tyrosine kinase 
inhibitors (TKIs), including erlotinib, gefitinib, 
afatinib, and more recently osimertinib, for 
NSCLC harboring sensitizing EGFR mutations 
(Fig.  1). EGFR is a transmembranous receptor 
tyrosine kinase that regulates cell proliferation, 
apoptosis, angiogenesis, and invasion (Nishino 
et  al. 2014; Gazdar 2009; Herbst et  al. 2008). 
EGFR mutations are more common in female, 
never-smokers with adenocarcinoma histology, 
and are noted in about 15% of lung adenocarci-
nomas in patients from northern European back-
ground and up to 50% of patients from East Asia 
(Nishino et al. 2014; Gazdar 2009; Herbst et al. 
2008; Janne et al. 2004; Lynch et al. 2004; Paez 
et  al. 2004; Pao et  al. 2004). Certain types of 
EGFR mutations, including exon 19 deletions or 
L858R point mutation in exon 21, are associated 
with sensitivity and response to EGFR inhibitor 

therapy, and thus referred as “sensitizing muta-
tions” (Nishino et  al. 2014). EGFR inhibitor 
treatment in patients with NSCLC harboring sen-
sitizing EGFR mutations results in a dramatic 
initial decrease of tumor burden, with a response 
rates up to 70–80% (Zhou et al. 2011; Mok et al. 
2009).

Another example of precision therapy for 
lung cancer is anaplastic lymphoma kinase 
(ALK) rearrangements, which is noted in 3–7% 
of patients with NSCLC and is also more com-
mon in younger patients, women, never or light 
smokers with adenocarcinomas histology (Kwak 
et  al. 2010). The ALK inhibitor, crizotinib, 
received the first FDA approval for advanced 
NSCLC with ALK rearrangements in 2011, and 
demonstrated a response rate of 65–74% and a 
median progression-free survival (PFS) of 7.7–
10.9 months (Fig. 2) (Shaw et al. 2013; Solomon 
et al. 2014). Given the remarkable efficacy and 
effectiveness of EGFR inhibitors and ALK inhib-
itors in the subsets of patients with specific tumor 
genomic abnormalities, precision medicine 
approaches based on genome- based therapy 
selection have joined the mainstream of treat-
ment for patients with advanced lung cancer 
(Nishino et  al. 2011a, 2014). Molecular and 
genomic testing for EGFR mutations and ALK 
rearrangements are included in the management 
of advanced NSCLC patients with non-squamous 
histology in the NCCN guideline as Category 1 
(Recommended based upon high-level evidence, 
there is uniform NCCN consensus that the inter-
vention is appropriate) (https://www.nccn.org/
professionals/physician_gls/pdf/nscl.pdf). More 
targetable mutations are being identified and 
novel agents are developed and evaluated. 
Precision therapy agents that have been approved 
by U.S.  Food and Drug Administration (FDA) 
for the treatment of NSCLC with specific 
genomic abnormalities are listed in Table 1 (Park 
et al. 2019).

Precision lung cancer therapy using molecular 
targeting agents demonstrated marked initial 
activity. However, virtually all patients with ini-
tial response eventually experience tumor pro-
gression, due to the development of acquired 
resistance to these agents, which is the major 
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limitation of precision cancer therapy in general 
(Nishino et  al. 2011a, 2014). Some of the 
genomic mechanisms of acquired resistance 
mutations have been identified, and the efforts in 
lung cancer precision therapy in the past decade 
have focused on the strategy to overcome 
acquired resistance.

In EGFR-mutant NSCLC patients treated with 
the conventional EGFR inhibitors such as erlo-
tinib or gefitinib, the development of a second- 
site EGFR T790M mutation is the most common 
mechanism of acquiring resistance, noted up to 
50–60% of the acquired resistance cases. A 
mutant-selective EGFR inhibitor, osimertinib, 
has been developed, which targets both 

sensitizing EGFR mutations and T790M resis-
tance mutations, while relatively sparing wild-
type EGFR.  Osimertinib showed the response 
rates of 60–70% in patients with EGFR T790M 
mutation in the clinical trials, and received accel-
erated FDA approval in 2015 for treatment for 
advanced NSCLC patients with T790M mutation 
who progressed on EGFR inhibitor therapy 
(Fig.  3) (Goss et  al. 2016; Janne et  al. 2015). 
More recently, osimertinib also showed a supe-
rior efficacy and better clinical outcome as the 
first-line treatment for EGFR-mutant advanced 
NSCLC compared to the conventional EGFR 
inhibitors including erlotinib and gefitinib. Based 
on the results, osimertinib has also been approved 

Fig. 1 A 52-year-old female nonsmoker with lung adeno-
carcinoma treated with erlotinib. (a) Baseline computed 
tomographic scan prior to erlotinib therapy demonstrated 
a dominant mass in the right upper lobe with innumerable 
metastatic nodules. Epidermal growth factor receptor 
(EGFR) gene sequencing of the tumor showed EGFR 
mutation with exon 19 deletion. (b) After one cycle 
(2  months) of therapy, the mass was significantly 

decreased in size, and the nodules were markedly 
decreased in size and number, representing partial 
response. (c) After two cycles (4 months) of therapy, a fur-
ther decrease in size of the mass was noted. The nodules 
had mostly resolved. The patient remained progression 
free after 2.5  years, with a minimal amount of residual 
disease at the site of the dominant mass. (Reprinted with 
permission from Acad Radiol. 2011;18: 424–436)
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for the first-line treatment for EGFR-mutant 
NSCLC in 2018, further changing the landscape 
of precision medicine approaches for subsets of 
lung cancer patients harboring sensitizing EGFR 
mutations (Table 1) (Soria et al. 2018).

Similarly, acquired resistance to crizotinib in 
ALK-rearranged NSCLC patients has been 

noted, which develops within 12 months of crizo-
tinib therapy in most cases. Additionally, in 
ALK-rearranged patients treated with crizotinib, 
central nervous system (CNS) is the most com-
mon site of disease progression, reflecting the 
poor blood-brain-barrier penetration of crizotinib 
(Costa et  al. 2015). Newer ALK inhibitors are 

Table 1 Precision therapy agents for NSCLC with corresponding genomic abnormalities (Park et al. 2019)

Oncogenic driver mutations/rearrangements Precision therapy agents approved by United States FDAa

ALK rearrangements Crizotinib, Alectinibb, Ceritinibb, Brigatinibc, Lorlatinibd

BRAF mutations Dabrafenib and trametinib combination
EGFR mutations Erlotinib, Gefitinib, Afatinib, Osimertinibe

NTRK rearrangements Larotrectinibf

ROS1 rearrangements Crizotinib

NSCLC non-small cell lung cancer, FDA Food and Drug Administration, EGFR epidermal growth factor receptor muta-
tion, ALK anaplastic lymphoma kinase, ROS-1 ROS proto-oncogene 1, BRAF v-Raf murine sarcoma viral oncogene 
homolog B1, NTRK neurotrophic receptor tyrosine kinase
aThe table lists approvals by U.S. FDA as of January 2019
bApproved as the first-line therapy and after progression on crizotinib therapy
cApproved after progression on crizotinib
dApproved after progression on crizotinib and at least one other ALK inhibitor or progression on alectinib or ceritinib 
as the first ALK inhibitor
eApproved as the first-line therapy, and after progression on previous EGFR tyrosine kinase inhibitor therapy with the 
development of T790M mutation
fApproved for the treatment of adult and pediatric patients with solid tumors including NSCLC that harbor NTRK gene 
fusion without a known acquired resistance mutation, that are either metastatic or where surgical resection is likely to 
result in severe morbidity, and who have no satisfactory alternative treatments or whose cancer has progressed following 
treatment

a b

Fig. 2 Images in a 70-year-old woman with stage IV 
adenocarcinoma harboring ALK (anaplastic lymphoma 
kinase) translocation treated with ALK inhibitor, crizo-
tinib. (a) Coronal reformatted image from baseline chest 
CT demonstrates multiple nodules in the right lung 
(arrows) with nodular thickening of the right apical pleura 
(arrowheads), representing significant tumor burden. (b) 

The patient was treated with crizotinib. After 4 months of 
therapy, follow-up chest CT scan demonstrates marked 
decrease of the right lung nodules (arrows) and resolution 
of pleural tumor burden in the right apex (arrowheads). 
(Reprinted with permission from Radiology. 2014 
Apr;271(1):6–27)
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developed to overcome resistance to crizotinib, 
including alectinib, ceritinib, brigatinib, and lor-
latinib, which have been approved for the treat-
ment of ALK-rearranged NSCLC (Table 1). Of 
note, alectinib showed a response rate of 48–50% 
and a median PFS of 8.1–8.9  months in ALK- 
rearranged patients who progressed on crizotinib. 
Alectinib also showed a superior efficacy and 
improved survival as the first-line treatment for 
ALK-rearranged NSCLC patients compared to 
crizotinib, with better CNS disease control 
(Fig. 4) (Ou et al. 2016; Peters et al. 2017; Shaw 
et al. 2016). Alectinib, as well as another second- 
generation ALK inhibitor ceritinib, have been 
approved as the first-line therapy for ALK- 
rearranged advanced NSCLC.

Although these newer molecular targeting 
agents are effective in patients who developed 
acquired resistance to the conventional agents, 

development of further acquired resistance to 
these new agents including osimertinib and 
 alectinib has already been noted (Ortiz-Cuaran 
et  al. 2016). Further efforts are ongoing to 
develop novel agents and test combination regi-
men to overcome acquired resistance to these 
newer agents.

1.2  Immune-Checkpoint Inhibitor 
Therapy

Cancer immunotherapy using immune- 
checkpoint inhibition has brought another para-
digm shift in treatment of many advanced 
cancers, as discussed in chapter “Response 
Evaluations for Precision Cancer Therapy and 
Immunotherapy”. Immune-checkpoint inhibitor 
therapy, especially using programmed death-1 

Baseline 1.5 month of therapy

14 month of therapy 26 month of therapy

Fig. 3 A patient with stage IV NSCLC with EGFR exon 
19 deletion who progressed on erlotinib due to the devel-
opment of T790M acquired resistance mutation, subse-
quently treated with osimertinib. (a) Baseline CT prior to 
osimertinib therapy showed a dominant mass (arrow) in 
the right upper lobe demonstrating tumor progression dur-
ing erlotinib therapy. (b) At 1.5  months of osimertinib 

therapy, significant reduction of the right upper lobe mass 
was noted (arrow). (c) The tumor continued to respond to 
osimertinib, with a minimal residual tumor burden noted 
at 14  months of therapy. (d) However, at 26  months of 
osimertinib therapy, tumor regrowth is noted due to 
acquired resistance to osimertinib (arrow)
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(PD-1)/PD-ligand 1 (PD-L1) inhibitors, have 
shown marked efficacy in patients with advanced 
lung cancer and have added another dimension to 
treatment approaches to these patients. Of note, 
the introduction of immune-checkpoint inhibi-
tors has added a promising treatment option for 
NSCLC patients without any targetable muta-
tions. Marked and durable responses and pro-
longed clinical benefits to PD-1/PD-L1 inhibitor 
therapy are noted in a proportion of these patients 
(Fig. 5) (Rizvi et al. 2015; Gettinger et al. 2015; 
Garon et al. 2015; Brahmer et al. 2015; Borghaei 

et  al. 2015). Immune-checkpoint inhibitors that 
are currently approved in the USA for treatment 
of advanced NSCLC include PD-1 inhibitors, 
nivolumab, and pembrolizumab (alone or in 
combination with chemotherapy), as well as 
PD-L1 inhibitor atezolizumab (alone or in 
combination with bevacizumab, paclitaxel, and 
carboplatin). In addition, PD-L1 inhibitor, dur-
valumab is also approved as a consolidation ther-
apy after chemoradiation in stage III NSCLC, 
expanding the utility of immunotherapy (Antonia 
et  al. 2017, 2018). Moreover, nivolumab also 

Fig. 4 A 56-year-old woman with ALK-rearranged 
advanced NSCLC patient treated initially with crizotinib, 
progressed in the brain and subsequently treated with 
alectinib. (a) Baseline chest CT showed a dominant mass 
in the right upper lobe (asterisk) extending from the right 
hilum. The patient also has pneumothorax from prior tho-
racentesis. (b) Patient showed marked response to crizo-
tinib, with small residual tumor burden in the right upper 
lobe at 4 months of therapy. (c, d) The lung tumor burden 
showed continued response to therapy after 2  years of 

crizotinib therapy (c). However, the brain MRI demon-
strated a new enhancing lesion in the right cerebellum 
(arrow, d), suggesting central nervous system (CNS) pro-
gression. (e) The patient discontinued crizotinib and 
started alectinib. Follow-up brain MRI at 1.5 months of 
alectinib therapy showed resolution of the brain metasta-
sis, reflecting superior activity of alectinib for CNS 
lesions because of the better blood-brain-barrier penetra-
tion compared to crizotinib
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showed durable response in patients with small 
cell lung cancer (SCLC) after progression on two 
or more chemotherapy regimens, where more 
effective therapies are sorely needed. Nivolumab 
was approved for the treatment of SCLC after 
disease progression following platinum-based 

chemotherapy and one other line of therapy in 
2018, bringing a promising treatment option for 
SCLC patients (Ready et al. 2019).

When using immune-checkpoint inhibitors for 
advanced NSCLC, a patient selection based on 
biomarkers is important, because not all patients 

Fig. 5 A 42-year-old woman with advanced NSCLC 
treated with nivolumab. (a, b) Baseline CT shows an 
irregular mass (arrow, a) with post-obstructive atelectasis 
in the left upper lobe involving the subcarinal lymph 
nodes, and a dominant lobulated mass in the left lower 
lobe (arrow, b). Enlarged right hilar node was also noted. 
(c, d) At 2 months of nivolumab therapy, marked response 

was noted with reduction of tumor burden in the mediasti-
num and left upper lobe, as well as decrease in size of left 
lower lobe lesion (arrow). (e, f) CT scan after 1.5 years of 
therapy demonstrates continued response with further 
decrease of mediastinal and left lower lobe (arrow, f) 
tumor burden
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respond to immune-checkpoint inhibitor therapy. 
Among various biomarkers under investigation, 
PD-L1 expression in tumor cells by immunohis-
tochemistry (IHC) has been shown to be a useful 
and relatively practical marker to identify patients 
who benefit from PD-1/PD-L1 inhibitor therapy 
(Nishino et al. 2017a). A higher response rate as 
well as longer PFS and overall survival (OS) 
were noted in patients whose tumors showed 
high PD-L1 expression, defined as PD-L1 stain-
ing in ≥50% of tumor cells, in a phase III trial of 
pembrolizumab in advanced NSCLC patients 
(Reck et al. 2016). The results led to the approval 
of pembrolizumab as the first-line therapy for 
NSCLC patients without EGFR mutations and 
ALK rearrangements and with ≥50% PD-L1 
staining in tumor cells, as an important step 
toward precision immunotherapy for lung cancer 
and expanding a subset of NSCLC patients who 
benefit from precision medicine approaches 
(Park et  al. 2019; Johnson 2016). For patients 
with <50% PD-L1 staining, combination therapy 
with pembrolizumab and platinum doublet che-
motherapy is an actively used treatment regimen, 
because it has shown to improve PFS and OS 
regardless of the levels of PD-L1 expression 
compared to chemotherapy alone, and has been 
approved for treatment of both nonsquamous and 
squamous NSCLC (Gandhi et al. 2018; Paz-Ares 
et al. 2018). PD-L1 testing is also included in the 
NCCN guideline for the management of advanced 
NSCLC patients as Category 1 recommendation 
(https://www.nccn.org/professionals/physician_
gls/pdf/nscl.pdf).

2  Imaging for Treatment 
Monitoring for Lung Cancer 
in the Era of Precision Cancer 
Therapy

Discoveries of newer genomic abnormalities that 
can be treated effectively with specific targeting 
agents, as well as the successful clinical applica-
tions of immune-checkpoint inhibitors, continue 
to advance precision lung cancer therapy. 
Imaging plays a key role in therapeutic monitor-
ing of these new therapeutic approaches for lung 

cancer. With the rapidly advancing landscape of 
treatment approaches to lung cancer patients, it is 
important to note the characteristics patterns of 
radiographic response and progression and pit-
falls in these specific treatment settings.

2.1  Treatment Monitoring During 
Molecular Targeted Therapy 
for Lung Cancer

Patterns of tumor response and progression dur-
ing molecular targeted therapy for lung cancer 
have been most extensively studied in EGFR- 
mutant NSCLC patients treated with EGFR 
inhibitors. Many patients experience initial tumor 
burden decrease, with the response rate of up to 
70–80%. The tumor shrinkage can be dramatic in 
some patients, with the median value of maximal 
tumor size shrinkage of 40–56% (Takeda et  al. 
2014; Nishino et al. 2013a). Some studies indi-
cated that RECIST response can be a marker for 
longer PFS and OS in EGFR-mutant NSCLC 
patients treated with EGFR inhibitors (Takeda 
et al. 2014; Salvador-Coloma et al. 2018). In 40 
patients with EGFR-mutant NSCLC treated with 
EGFR inhibitors, responders (including those 
who with complete or partial response) by 
RECIST1.1 at 6–8 weeks of therapy had signifi-
cantly longer PFS (10.9 vs. 2.4  months; HR: 
0.42; 95% CI: 0.19–0.93; P  =  0.033) and OS 
(23.2 vs. 11.9 months; HR: 0.3; 95% CI: 0.15–
0.85; P  =  0.021) compared to non-responders 
(with stable disease and progressive disease) at 
6–8 weeks (Salvador-Coloma et al. 2018).

However, after initial response, tumors start to 
gradually grow back while on therapy and 
patients eventually experience disease progres-
sion by RECIST, typically around or after 
12 months of therapy, due to the development of 
acquired resistance (Fig. 6) (Nishino et al. 2011a, 
2013a, 2014). Characterization of tumor growth 
and progression on imaging is particularly impor-
tant in detecting the development of acquired 
resistance and in providing guidance for treat-
ment decisions. Of note, in these patients with 
sensitizing EGFR mutations, tumors tend to grow 
back slowly over the course of many months or 
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years (Nishino et  al. 2013a, b, 2016; Nishino 
2018). Slow growth during initially very effective 
EGFR inhibitor therapy suggest some tumor cells 
may still remain sensitive to EGFR inhibitors, 
and oncologists often continue to treat these 
patients with EGFR beyond RECIST progression 
(Nishino 2018; Riely et  al. 2007; Mok 2010; 
Nishino et  al. 2013c). In a report of 56 EGFR- 
mutant NSCLC patients treated with erlotinib or 
gefitinib, 88% of the patients continued their 
EGFR inhibitors after they experienced 
RECIST1.1 progression (Fig. 6) (Nishino 2018; 
Nishino et al. 2013c). In a phase 2 trial of EGFR- 

mutant patients treated with first-line erlotinib, 
continuation of therapy beyond RECIST progres-
sion is feasible and delayed salvage therapy with 
a median of 3.1 months (Park et al. 2016). Similar 
observations are noted in other subset of NSCLC 
with targetable genomic abnormalities, including 
ALK-rearranged NSCLC patients treated with 
ALK inhibitors (Nishino 2018; Camidge et  al. 
2012; Nishino et al. 2012a; Tani et al. 2016; Kim 
et  al. 2015; Isozaki et  al. 2016; Eberlein et  al. 
2015). The patterns of treatment decisions at 
RECIST progression in these patients may be 
changing with increasing availability of newer 

Fig. 6 A 50-year-old woman with lung adenocarcinoma 
harboring sensitizing EGFR mutation. (a) Baseline chest 
CT before therapy demonstrated an irregular mass in the 
left upper lobe, measuring 3.1 cm. (b) The patient started 
treatment with erlotinib and demonstrated marked tumor 
decrease as a response to therapy. After 11  months of 
therapy, the left upper lobe lesion measured 0.8  cm 
(arrow), which was the smallest measurement since the 
baseline. Subsequently, the lesion started to grow slowly, 
and at 15 months of therapy, the lesion measured 1.4 cm, 
meeting the criteria for progression by RECIST 1.1 

(≥20% and ≥5-mm increase since the nadir). Given the 
small burden of the tumor, the patient continued to receive 
erlotinib without any additional agent. (c, d) At 22 months 
of therapy, the left upper lobe lesion further increased in 
size, measuring 4.1  cm (c, arrow). MRI of the cervical 
spine demonstrated diffuse leptomeningeal enhancement 
(d, arrowheads), representing new leptomeningeal metas-
tasis. Erlotinib was discontinued, and the patient was sub-
sequently enrolled in another investigational therapy. 
(Reprinted with permission from Am Soc Clin Oncol 
Educ Book. 2018 May 23;(38):1019–1029)
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targeting agents that are effective in patients with 
acquired resistance to conventional agents; how-
ever, emerging data suggest that further acquired 
resistance to these newer agents are inevitable, 
which indicate that the issue continues to be 
important in the new era of precision therapy for 
lung cancer.

To meet the increasing clinical demands for 
accurately characterizing slow progression and 
providing aids to determine when to consider 
alternate therapy, tumor volume analysis has 
been investigated. The advances of multi- detector 
row CT (MDCT) technology and increased avail-
ability of image-processing software and work-
station allow for quantification of tumor volume 
burden in addition to size in a relatively practical 
manner especially in lung tumors. Using tumor 
volume has an advantage over tumor size, 
because tumor volume measurements have less 
measurement variability and are more reproduc-
ible compared to size measurements, and thus 
can accurately characterize small tumor burden 
changes (Nishino et al. 2014, 2011b; Zhao et al. 
2009; Mozley et  al. 2012). For the 
characterization of initial response, tumor vol-

ume decrease at 8 weeks of EGFR inhibitor ther-
apy was associated with longer OS in 
EGFR-mutant advanced NSCLC patients, which 
was validated in the external cohort (Fig.  7) 
(Nishino et  al. 2013a, 2016). Another study of 
tumor volume analysis in EGFR-mutant patients 
also showed the  association between tumor vol-
ume decrease during EGFR inhibitor therapy and 
OS (Lee et al. 2016). In these studies, a distinct 
pattern of tumor volume dynamics of EGFR-
mutant NSCLC patients was demonstrated based 
on the analysis of serial CT scans during therapy, 
which is characterized by marked initial decrease, 
followed by durable response and eventual 
regrowth (Nishino et al. 2013a, 2016).

Given its better reproducibility, tumor volume 
can be utilized to quantitatively characterize the 
rate of slow tumor progression after initial 
response to EGFR inhibitor therapy.

Contrary to RECIST that uses the simple per-
cent changes without consideration of the length 
of time between scans or on therapy, tumor 
growth rate evaluates the changes in tumor 
burden over time, which can help to assess if the 
tumor is growing rapidly or slowly. In 

a b

Fig. 7 A representative case of tumor volume decrease at 
8-week scan with longer survival in a 66-year-old woman 
with stage IV NSCLC harboring EGFR L858R mutation 
treated with gefitinib. Baseline chest CT prior to therapy, 
(a) demonstrated a large dominant lung lesion in the right 
lower lobe, measuring 105,157 mm3. The 8-week follow-
 up CT (b) showed a significant volume decrease of the 

lesion, measuring 42,914  mm3, demonstrating 59.2% 
decrease in reference to the baseline scan. The patient had 
an overall survival of 45.4 months after the 8-week scan. 
CT computed tomography, EGFR epidermal growth fac-
tor receptor, NSCLC non-small cell lung cancer. 
(Reprinted with permission from Acad Radiol. 2016 
Mar;23(3):329–36)
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EGFR- mutant advanced NSCLC patients treated 
with erlotinib or gefitinib, the growth rate of 
tumor volume after initial response was 0.12/
month for the logarithm of the volume (which 
was originally measured in mm3), proposing a 
reference value to define slow progression in this 
specific setting (Fig.  8) (Nishino et  al. 2013b, 
2016). Further investigations are ongoing to 
achieve clinical translation and technology trans-
fer of the approach (Nishino et al. 2018).

2.2  Treatment Monitoring During 
Immune-Checkpoint Inhibitor 
Therapy for Lung Cancer

The unique mechanism of immune-checkpoint 
inhibitors that utilizes activation of T cell immu-
nity against tumors may lead to unconventional 
tumor response patterns in some patients with 
lung cancer. Different sets of modified response 
criteria have been proposed to accurately charac-
terize response and progression during immuno-

therapy, as discussed in detail in chapter 
“Response Evaluations for Precision Cancer 
Therapy and Immunotherapy”. Among the sev-
eral atypical response patterns noted during 
immune-checkpoint inhibitor therapy, pseudo-
progression is well recognized among radiolo-
gists and treating providers. Pseudoprogression 
is noted as an immune-related response pattern 
on imaging when patients experience tumor bur-
den reduction (1) after an initial increase of tumor 
burden, or (2) after or during the appearance of 
new lesions (Fig. 9) (Nishino et al. 2013d, 2017a, 
2019; Wolchok et al. 2009). Though the concept 
is becoming better known, it is important to note 
that pseudoprogression is a relatively rare event, 
especially in NSCLC patients treated with 
immune-checkpoint inhibitor therapy (Nishino 
et al. 2017a, 2019). Pseudoprogression was noted 
in 5% (6/129) of the patients with advanced 
NSCLC patients treated with nivolumab in a 
phase 1 trial (Gettinger et al. 2015). In a study of 
advanced NSCLC patients treated with commer-
cial PD-1 inhibitor monotherapy, only 1 out of 

a
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b c d

Fig. 8 Computed tomography (CT) images of a seg-
mented lung tumor from a woman aged 52 years who had 
stage IV lung adenocarcinoma with slow tumor growth. 
(Reprinted with permission from Cancer. 2013 Nov 
1;119(21):3761–8). (a) The baseline CT scan revealed a 
dominant right upper lobe lesion measuring 14,495 mm3. 
(b) The patient received treatment with gefitinib, and her 
tumor volume significantly decreased, reaching the nadir, 
measuring 4121  mm3, at 8  months. (c–h) The tumor 

started to grow back with a gradual increase in tumor vol-
ume over a course of 2 years observed after (c) 11 months, 
(d) 16  months, (e) 19  months, (f) 21  months, (g) 
26 months, and (h) 28 months of therapy. The maximum 
tumor growth rate (measured using the logarithm of tumor 
volume [logeV]) between two consecutive scans since 
nadir was 0.09 mm3 per month. Gefitinib was discontin-
ued at 28 months, and the patient subsequently was treated 
on a trial with an irreversible EGFR inhibitor
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160 patients (0.6%) experienced pseudoprogres-
sion, emphasizing the rarity of the phenomenon 
in this setting (Nishino et al. 2017b). Though fur-
ther data are accumulating, it should be noted 
that tumor burden increase in advanced NSCLC 
patients treated with immune-checkpoint inhibi-
tor monotherapy much more likely indicates true 
progression than pseudoprogression.

Another important pattern noted during 
immunotherapy is hyperprogressive disease, 
which is an aggressive pattern of tumor growth 
after starting immunotherapy. It is originally 
defined as a RECIST progression at the first 
evaluation and a ≥2-fold increase of the tumor 
growth rate after starting PD-1/PD-L1 inhibitor 
therapy compared to the period before starting 
PD-1/PD-L1 inhibitor therapy (Champiat et  al. 
2017). In phase 1 clinical trials of PD-1/PD-L1 

inhibitor monotherapy for various tumor types, 
9% (12/131) of the patients experienced hyper-
progressive disease (Champiat et  al. 2017). A 
study focusing on advanced NSCLC patients 
used a slightly different definition of hyperpro-
gressive disease, using >50% increase of tumor 
growth rate before and during PD-1/PD-L1 treat-
ment. In this study, hyperprogressive disease was 
noted in 13.8% of NSCLC patients and was asso-
ciated with shorter survival (Ferrara et al. 2018). 
Attention is needed to capture this aggressive 
pattern of tumor dynamics during immunother-
apy. It is also necessary to identify biomarkers for 
this phenomenon for better patient selection 
(Nishino et al. 2019).

Emerging data also suggest the importance of 
evaluating overall tumor burden kinetics during 
immune-checkpoint inhibitor therapy (Nishino 

Fig. 9 Pseudoprogression followed by subsequent tumor 
reduction noted after confirmation of PD on a consecutive 
scan over the course of several months. (Reprinted with 
permission from Clin Cancer Res. 2017;23:5737–5744). 
A 63-year-old female with lung adenocarcinoma treated 
with nivolumab, who experienced pseudoprogression. 

Comparing to the baseline (a), the patient experienced 
tumor burden increase at 1.4 months of therapy (b), meet-
ing the criteria for progressive disease, which was con-
firmed on the serial CT scans (c). Subsequently, tumor 
regression was noted at 8.8 months of therapy (d)
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et al. 2017b, c, 2019). In patients with advanced 
melanoma treated with pembrolizumab 
monotherapy, tumor burden increase <20% from 
baseline during therapy, noted in 55% of the 
cohort, was associated with longer overall sur-
vival (Nishino et  al. 2017c). Similarly, in 160 
patients with advanced NSCLC treated with 
nivolumab or pembrolizumab monotherapy, a 
significantly prolonged overall survival was 
noted in patients with <20% tumor burden 
increase throughout therapy compared to those 
who had tumor burden increase ≥20% (Nishino 
et  al. 2017b). Though validation studies are 
required, the observations indicate imaging may 
provide a practical marker of treatment benefit of 
immune-checkpoint inhibitor therapy based on 
the serial CT scan evaluations (Nishino et  al. 
2019).

2.3  Treatment Monitoring During 
Antiangiogenic Therapy 
for Lung Cancer

Antiangiogenic therapy using vascular endo-
thelial growth factor (VEGF) inhibitor is 

another approach that has been used to treat 
advanced NSCLC.  VEGF inhibitor, bevaci-
zumab, has been approved as the first-line 
treatment for advanced nonsquamous NSCLC 
in combination with carboplatin/paclitaxel 
chemotherapy since 2006 (Russo et  al. 2017; 
Sandler et  al. 2006). More recently, bevaci-
zumab was also approved as a part of the com-
bination regimen with PD-L1 inhibitor, 
atezolizumab, and chemotherapeutic agents, 
paclitaxel, and carboplatin (Socinski et  al. 
2018). Patients with lung cancer treated with 
antiangiogenic agents such as bevacizumab 
develop cavitation in their lung lesions during 
therapy, which occurs in 14–24% of the patients 
(Nishino et  al. 2012a, b; Marom et  al. 2008; 
Crabb et al. 2009). The phenomenon provides 
a challenge for accurate tumor response 
evaluations using RECIST that relies on the 
longest diameter of the lung lesions, because 
the tumor cavity is filled with air and does not 
contribute to the solid tumor burden. Alternative 
methods of response assessment for cavitary 
lung lesions were proposed, which subtract the 
central cavity diameter from the overall longest 
diameter of the lesion (Fig. 10) (Nishino et al. 

a b

Fig. 10 A 53-year-old woman with stage IV adenocarci-
noma of lung treated with paclitaxel, carboplatin, and 
concurrent vascular epidermal growth factor receptor 
inhibitor, bevacizumab. (Reprinted with permission from 
AJR Am J Roentgenol. 2012;198: 737–745). (a) Baseline 
CT scan of chest before bevacizumab therapy shows spic-
ulated mass (double-ended arrow) in left upper lobe, 
which measured 3.6 cm in longest diameter. (b) Follow-up 
CT after 6 weeks of therapy reveals development of tumor 
cavitation. Measurement of lesion by Response Evaluation 

Criteria in Solid Tumors would be 3.6 cm (black double- 
ended arrow), which is not different compared with base-
line, even though decrease of tumor volume is evident 
after bevacizumab therapy. Using alternate method incor-
porating cavitation, measurement of lesion would be 
1.8 cm (white double-ended arrow) because diameter of 
cavity (1.8 cm) should be extracted from longest diameter 
of entire lesion (3.6  cm). Measurement by alternate 
method shows 50% decrease compared with baseline, 
meeting criteria for partial response

Therapy Response Imaging in Thoracic Malignancy



92

2012a). Though the approach intuitively makes 
sense, only a minority of patients experienced 
an alteration of the response assessment results 
using the alternate methods compared to those 
by RECIST (Crabb et al. 2009).

The concept was also applied to NSCLC 
patients treated with EGFR inhibitors, because 
these agents also have antiangiogenic activity. 
In a study by Lee et  al., the modified method 
used the longest diameters of the solid compo-
nent only, using the mediastinal window 
images, to exclude ground glass components, 
in addition to subtracting the diameter of the 
cavitary component. CT attenuation changes 
were also included in the response assessment, 
with the cut point of ≥15% decrease in tumor 
attenuation (HU). Responders by the modified 
methods had significantly longer OS, while 
RECIST response did not correlate with OS 
(Lee et  al. 2011). Though both approaches 
need to be prospectively validated, it is impor-
tant to note the tumor cavitation as a sign of 
response to antiangiogenic therapy, which is a 
pitfall of the conventional RECIST- based 
assessment.

3  Imaging and Treatment 
Monitoring of Thoracic 
Malignancies Other than Lung 
Cancer

3.1  Thymic Epithelial Tumors

Thymic epithelial tumors are rare malignant 
tumors accounting for 0.2–1.5% of all malignan-
cies, and include thymoma, thymic carcinoma, 
and thymic neuroendocrine tumors (NET) (Carter 
et  al. 2017; Nishino et  al. 2006). These tumors 
have unique clinical characteristics, and are asso-
ciated with clinical conditions and syndromes 
including myasthenia gravis, pure red cell aplasia 
in thymoma, and Cushing’s syndrome, multiple 
endocrine neoplasia (MEN type 1) for thymic 
NET.  Thymic epithelial tumors are also unique 
radiologically, given their propensity to spread 
along the pleura, and characteristically present 
with pleural seeding or “drop metastasis” 
(Fig. 11) (Carter et al. 2017; Nishino et al. 2006; 
Benveniste et al. 2011; Detterbeck et al. 2014). In 
a study of radiographic patterns of metastasis or 
recurrence of thymomas or thymic carcinomas 

a b

Fig. 11 Pleural seeding from a WHO type B2 (cortical) 
thymoma in a 40-year-old woman who presented with 
myasthenia gravis. (a) Contrast-enhanced CT scan shows 
a lobulated anterior mediastinal mass. (b) Contrast- 
enhanced CT scan obtained at the level of the upper abdo-

men shows an enhancing pleura-based nodule (arrow), a 
finding that represents pleural seeding. Pathologic analy-
sis showed a predominance of lymphoid cells (type B2 
tumor). (Reprinted with permission from Radiographics. 
2006 Mar–Apr;26(2):335–48)
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after surgery, metastasis or recurrence was most 
common in pleura, followed by lung and thoracic 
nodes particularly in supraclavicular or parae-
sophageal nodes (Khandelwal et al. 2016).

Given the unique pattern of tumor spread and 
metastasis with a propensity to involve pleura, 
the conventional tumor response evaluation 
approach using RECIST has a limitation in thy-
mic epithelial tumors, because RECIST is based 
on unidimensional measurements which may 
not be suitable to accurately characterize pleural 
tumor burden. International Thymic Malignancy 
Interest Group (ITMG) has published recom-
mendations for the modifications of tumor mea-
surements and response assessments in thymic 
epithelial tumors (Table  2) (Benveniste et  al. 
2011). The ITMIG recommendations mostly 
follow RECIST1.1, except for pleural disease 
which should be measured using the short axis 

(thickness perpendicular to the chest wall or 
mediastinum). The pleural disease should be 
≥15 mm in short axis to be considered as mea-
surable (Fig.  12). In terms of the number of 
pleural target lesions, up to two sites at three 
separate axial levels can be measured for pleural 
disease, and the sum of the maximum six mea-
surements included as one organ. The response 
categories are defined using the percent change 
of the sum of the measurable tumor burden 
including pleural disease, using the cutoff val-
ues according to RECIST1.1 (Table  2). While 
the value and utility of the recommendations 
need to be validated, this is an important first 
step for the response assessment of thymic epi-
thelial tumors, as more effective treatments 
using precision medicine approaches are under 
active investigation for these tumors as well 
(Radovich et al. 2018).

Table 2 International Thymic Malignancy Interest Group (ITMIG) recommendations for response assessment in thy-
mic epithelial tumors (Benveniste et al. 2014)

RECIST version 1.1 (2009)
ITMIG recommendations for thymic tumors 
(2014)

Measurement •  Longest diameter (LD) for lesions other 
than lymph nodes

•  Short axis (SA) for lymph nodes

Follows RECIST1.1 except:
•  Short axis (thickness perpendicular to chest 

wall or mediastinum) for pleural disease
Minimum size 
for target lesions

•  ≥10 mm in LD for non-nodal lesions
•  ≥15 mm in SA for lymph nodes

Follows RECIST1.1 except:
•  ≥15 mm in SA for pleural tumor burden

Number of 
target lesions

• Up to 2 per organ
• Up to 5 in total

Follows RECIST1.1 except:
•  Up to two sites at three separate levels for 

pleural tumor burden
•  The sum of thickness of up to six pleural 

sites are included as one organ

Fig. 12 Chest CT scan 
of a patient with 
metastatic thymic 
epithelial tumor 
demonstrates a 
pleural-based tumor 
burden on the left. 
According to the ITMG 
recommendation, the 
pleural tumor burden 
should be measured 
using the short axis, 
which is perpendicular 
to the chest wall or 
mediastinum (double- 
headed arrow)
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3.2  Malignant Pleural 
Mesothelioma

Malignant pleural mesothelioma (MPM) is the 
most common primary malignancy of pleura 
with 3000 cases per year in the United States, and 
arises from mesothelial cells covering lung and 
chest wall. It is associated with asbestos exposure 
with latency periods of 20–50  years. 
Histologically, it is classified as epithelial, sarco-
matoid, and biphasic subtypes (Nickell et  al. 
2014). MPM often presents with unilateral 

pleural effusion and circumferential and nodular 
pleural thickening. It may involve the entire 
pleura and interlobar space, with tumoral encase-
ment of the lung. Tumor spread is primarily by 
local extension throughout the pleural cavity, 
invasion of the chest wall, mediastinum, and dia-
phragm, and into the abdomen (Fig. 13). Modified 
RECIST for MPM has also been proposed, using 
short axis (thickness) for the pleural tumor bur-
den and including up to two sites at three separate 
levels as one organ for pleural disease (Fig. 14) 
(Armato and Nowak 2018). Volumetric and 

Fig. 13 Extensive 
pleural tumor 
involvement in a patient 
with malignant pleural 
mesothelioma. Chest CT 
demonstrates enhancing 
irregular pleural 
thickening that encases 
the pleura, with soft 
tissue extension to the 
chest wall on the left 
(asterisk). The pattern of 
pleural-based tumor 
involvement causes a 
difficulty in quantitative 
assessment of the tumor 
burden by RECIST 
guidelines

Fig. 14 Modified 
RECIST measurements 
in malignant pleural 
mesothelioma use short 
axis measurements for 
the pleural tumor 
burden, with 
measurements that are 
perpendicular to the 
chest wall or 
mediastinum (double- 
headed arrow)
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functional approaches are also under investiga-
tion for this relatively rare thoracic malignancy 
with unique pattern of spread (Armato and 
Nowak 2018; Kindler et al. 2018).

4  Conclusions

Remarkable advances are made in the treatment 
approaches for thoracic malignancies, especially 
in the area of precision therapy and immunother-
apy for lung cancer. Treatment monitoring strate-
gies of thoracic tumors heavily relay on imaging, 
and radiographic response assessment methods 
should evolve in parallel with the advances of 
therapy. Attention to the mechanism of action of 
anticancer agents and the specific types and sub-
types of the tumors are important for accurate 
interpretation of the imaging studies for treat-
ment monitoring.
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Abstract

Gastric and colorectal adenocarcinomas are 
common malignancies, and have been one of 
the major causes of cancer related death. 
Although gastrointestinal stromal tumor 
(GIST) is much less common compared to 
gastric or colorectal adenocarcinomas 
accounting for 0.2% of all gastrointestinal 
tumors, GIST is now considered a highly 
treatable tumor with the tyrosine kinase inhib-
itors (TKIs) imatinib mesylate, and became an 
important paradigm of molecular targeted 
therapy in solid tumors. Neoadjuvant and 
adjuvant chemotherapy is standard of care for 
operable gastric and colorectal adenocarcino-
mas, and has shown to improve survival. 
Target therapy and immunotherapy agents 
have shown survival benefit in subset of meta-
static gastric and colorectal adenocarcinomas, 
for example, anti-HER2 trastuzumab for 
Her2-positive gastric cancers, and immune 
checkpoint inhibitors. Accurate assessment of 
treatment response is critical for planning of 
the optimal management. RECIST has been 
used for assessment of treatment response, but 
it can be insufficiently sensitive for evaluating 
response in targeted therapies. MDCT is the 
primary modality to assess treatment response 
of gastric cancer and GIST, and MRI is the 
primary modality to assess treatment response 
of rectal cancer. 18F-FDG PET/CT has gained 
widespread acceptance as a modality for 
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therapy monitoring. Newer techniques includ-
ing diffusion-weighted MRI, dynamic 
contrast- enhanced CT or MRI, and monochro-
matic CT using dual-energy CT potentially 
improve assessment of treatment response. 
Radiomics features extracted from CT, MRI, 
and PET may potentially provide information 
regarding treatment response and improve risk 
stratification.

1  Advances in Therapeutic 
Approaches

1.1  Gastric Cancer

Gastric cancer remains an important cancer 
worldwide and is the fifth most frequently diag-
nosed cancer and the third leading cause of can-
cer death worldwide (Bray et al. 2018). Although 
gastric cancers arising from non-cardia region 
have been steadily declining over the last one- 
half century in most populations, incidence of 
cancers arising from gastric cardia has been 
increasing particularly in high-income countries 
(Bray et al. 2018).

Most gastric cancers are adenocarcinoma. 
Histologically, gastric adenocarcinoma is classi-
fied by Lauren classification (Lauren 1965) and 
WHO classification (2017). By Lauren classifi-
cation, gastric adenocarcinomas are classified 
into two major types, intestinal type (54%) and 
diffuse type (32%), with indeterminate type as 
uncommon variant (15%) (Hu et al. 2012). The 
intestinal type is often associated with intestinal 
metaplasia and Helicobacter pylori infection 
(Hu et  al. 2012), and they are usually nodular, 
polypoid, or fungating (Hallinan and Venkatesh 
2013). The diffuse type is more often seen in 
females and young individuals (Hu et al. 2012), 
and is grossly ill-defined and may have the 
appearance of linitis plastica (Hallinan and 
Venkatesh 2013).

Surgery is the standard treatment for gastric 
cancer (Lee et al. 2014). Complete resection of 
the primary tumor with safe margin and radical 
lymphadenectomy is considered curative 
treatment (Lee et  al. 2014; Lim et  al. 2006), 

although treatments tailored to individual cases 
has become increasingly utilized, such as endo-
scopic mucosal resection for selected mucosal 
cancers without evidence of lymph node involve-
ment (Lee et al. 2014; Lim et al. 2006).

Preoperative or postoperative chemotherapy 
is the standard of care for operable gastric can-
cer (Ilson 2018). A meta-analysis of clinical 
trials showed that adjuvant chemotherapy 
increased the survival duration and that 
fluoropyrimidine- containing therapy lowered 
the risk of death (Lee et  al. 2014; Coccolini 
et  al. 2018). Morbidity and perioperative mor-
tality rate are not influenced by neoadjuvant 
chemotherapy (Coccolini et  al. 2018). In 
patients with advanced stage gastric cancer, 
chemotherapy alone or in combination with 
radiotherapy have been shown to improve sur-
vival (Hallinan and Venkatesh 2013).

For the first line of therapy of advanced gastric 
cancer, Fluoropyrimidine (5-fluorouracil [5-FU], 
S-1 [compounds of tegafur, gimeracil, and oter-
acil potassium], or capecitabine), platinum (cis-
platin or oxaliplatin), taxane (docetaxel or 
paclitaxel), epirubicin, and irinotecan may be 
employed alone or in combination (Park and 
Chun 2013).

Human epithelial growth factor receptor 2 
(HER2), a member of the human epidermal 
growth factor receptor (EGFR) family, is overex-
pressed in 15–25% of gastric adenocarcinoma 
(Hu et al. 2012; Bang et al. 2010), and more often 
noted in intestinal type carcinoma (Hu et  al. 
2012) and in the carcinomas located at proximal 
stomach or cardia and gastroesophageal junction 
(24–35%) (Hu et al. 2012). In ToGA trial, a phase 
3 randomised clinical trial for HER2-positive 
advanced gastric or gastroesphageal (GE) junc-
tion cancer, the addition of trastuzumab 
(Herceptin) to first-line chemotherapy 
(capecitabine or 5-fluorouracil and cisplatin) sig-
nificantly improved response and the median 
overall survival (13.5 versus 11.1 months) (Bang 
et  al. 2010). In 2010, the US Food and Drug 
Administration (FDA) approved trastuzumab 
(Herceptin), a humanized monoclonal antibody 
against HER2 receptor, for the treatment of 
patients with HER2-positive metastatic 
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adenocarcinoma of the stomach and GE junction, 
and trastuzumab in combination with capecitabine 
or 5-FU and cisplatin is now the standard of care 
for HER2-positive gastric cancers (Bang et  al. 
2010).

Other target agents against the epidermal 
growth factor receptor (EGFR), vascular endo-
thelial growth factor (VEGF), and the mamma-
lian target of rapamycin (mTOR) have been 
evaluated for the antitumor efficacy for gastric 
cancer by many clinical trials (Park and Chun 
2013). The VEGF recepter-2 (VEGFR-2) 
inhibitor ramucirumab was shown to confer a 
survival benefit in the second- line setting of 
advanced gastric and GE junction adenocarcino-
mas (Fuchs et al. 2014; Wilke et al. 2014).

HER2 protein expression or gene amplifica-
tion tests are useful in the management of gastric 
cancer patients for selecting proper patients for 
targeted therapy (Lee et al. 2014).

In 2017, the US FDA approved pembroli-
zumab as the first immunotherapy agent for the 
third-line (or higher) treatment of advanced gas-
tric and/or GE junction adenocarcinoma whose 
tumors express programmed cell death ligand 1 
(PD-L1) (Joshi et al. 2018). Pembrolizumab has 
modest benefit in treating refractory metastatic 
esophagogastric adenocarcinoma when used 
either as monotherapy or in combination with 
other agents (Ilson 2018; Joshi et al. 2018). There 
are a number of other monoclonal antibody 
checkpoint inhibitors that are being investigated 
in gastroesophageal adenocarcinoma including 
nivolumab (anti-PD-1), avelumab (anti-PD-L1), 
durvalumab (anti-PD-L1), atezolizumab (anti-
PD-L1), ipilimumab (anti- CTLA- 4), and tremeli-
mumab (anti-CTLA4) (Joshi et al. 2018).

1.2  Colorectal Cancer

Colorectal cancer is the third most common can-
cer worldwide (Bray et al. 2018), affecting 5% of 
the population in the United States and Western 
countries (Ben-Haim and Ell 2009). Of the 
colorectal cancers, 30% will arise in the rectum. 
Colorectal cancer is the second most common 
cause of cancer death worldswide (Bray et  al. 

2018). Although the overall incidence and sur-
vival rate of colorectal cancer is improving, the 
incidence of colorectal cancer in young adults is 
increasing in the United States (Bailey et  al. 
2015; Weinberg and Marshall 2019).

The treatments for colorectal cancer include 
surgery in the early stages, followed by chemo- 
and/or radiotherapy for patients in advanced 
stages (Yaghoubi et al. 2019). For stage T3 or T4 
rectal cancer or disease involving the potential cir-
cumferential resection margin on preoperative 
MRI, chemoradiation therapy results in a 
decreased rate of postoperative local recurrence 
(Sauer et al. 2004; Arnoletti and Bland 2006; Patel 
et al. 2012; Kim et al. 2010) and improved overall 
survival (Roh et al. 2009; Jhaveri and Hosseini-
Nik 2015). Also, preoperative chemoradiation 
therapy may downstage locally advanced disease 
and enable sphincter preserving resection for rec-
tal cancer (Kim et al. 2010; Park et al. 2004).

Commonly used chemotherapeutic options for 
colorectal cancer include 5-FU, irinotecan, and 
oxaliplatin. Capecitabine is also commonly used 
oral chemotherapy drug which is metabolized to 
5-FU.  Development of molecular target agents 
contributes to prolonging survival of patients 
with metastatic colorectal cancer (Ohhara et  al. 
2016). Bevacizumab, targeting VEGF, and cetux-
imab and panitumumab, targeting EGFR, have 
demonstrated significant survival benefits in 
combination with cytotoxic chemotherapy in the 
first-line, second-line, or salvage setting (Ohhara 
et al. 2016).

Recently, immune checkpoint molecules such 
as PD-1 and PD-L1 have been identified as a pos-
sible target for immunotherapy in colorectal can-
cer (Xiao and Freeman 2015). Checkpoint 
inhibitors, nivolumab and pembrolizumab are 
now approved by US FDA for metastatic colorec-
tal cancer after disease progression on oxalipla-
tin- and irinotecan-based regimens (Das et  al. 
2018). Microsatellite instability (MSI) is charac-
terized by mutations in repetitive DNA sequence 
tracts caused by deficiency of mismatch repair 
enzymes, and seen in approximately 15% of 
sporadic colorectal cancer and most familial 
colorectal cancer (Xiao and Freeman 2015). 
Microsatellite instable colorectal cancer is a good 
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candidate for checkpoint immunotherapy (Xiao 
and Freeman 2015). For optimal selection of 
treatment approach for patients with metastatic 
colorectal cancer, assessment of genomic vari-
ables such as HER2, high microsatellite 
instability (MSI-H), and RSA mutation by next-
generation sequencing from tumor tissue is ben-
eficial to individualize treatment based on the 
findings (Das et al. 2018).

1.3  Gastrointestinal Stromal Tumor 
(GIST)

While GIST account for only 0.2% of all gastro-
intestinal tumors, 80% of all gastrointestinal sar-
comas are GISTs (Choi 2008). The most common 
primary site is in the stomach (50–60%), fol-
lowed by the small intestine (20%), colon/rectum 
(5%), and esophagus (5%) (Zhou et  al. 2016). 
Gastric GIST consists of 2–3% of gastric tumors 
(Richman et  al. 2017). GISTs have a complex 
biologic behavior and their malignant potential is 
difficult to predict, and different risk stratification 
methods have been proposed. National Institutes 
of Health (NIH) modified criteria published in 
2008 (Joensuu 2008) have been commonly 
accepted as a risk stratification scheme for 
GIST.  It uses four categories from very low to 
high risk to predict patient prognosis according 
to four risk stratification factors (tumor size, 
mitotic count, primary tumor site, and tumor rup-
ture) (Joensuu 2008).

The vast majority of GISTs harbor unique 
activating mutations in KIT gene or PDGFRA 
gene (Liegl et  al. 2009). Imatinib, a low- 
molecular- weight tyrosine kinase inhibitor that 
blocks the kinase activity of both KIT and 
PDGFRA, was first approved for treatment of 
advanced or metastatic GIST by the US FDA in 
2002. Imatinib have substantially improved sur-
vival in patients with unresectable or metastatic 
GISTs (Joensuu 2008). Sunitinib is the second- 
line treatment for patients demonstrating primary 
or secondary resistance to imatinib (Demetri 
et  al. 2006). Regorafenib can be used to treat 
GIST after failure of imatinib and resistant to 
sunitinib (Demetri et al. 2013).

2  Therapy Response Imaging 
Strategies and Pitfalls

2.1  Therapy Response Imaging 
Strategies

Although responses to treatment can be mea-
sured by multiple parameters, including the clini-
cal and laboratory responses, imaging-based 
response assessment on cross-sectional imaging 
is essential. For locally advanced gastrointestinal 
tumors, assessment of local staging (T-staging) 
as well as N and M staging before and after 
chemoradiation therapy is critical for planning of 
the optimal management.

Traditional objective response evaluation 
criteria for solid tumors using quantitative CT 
data analysis is Response Evaluation Criteria in 
Solid Tumors (RECIST) criteria (Eisenhauer 
et  al. 2009), which is widely considered the 
method of choice for the assessment of tumor 
response to treatment (Hallinan and Venkatesh 
2013).

2.1.1  Gastric Cancer
For staging of gastric adenocarcinoma, endo-
scopic ultrasonography (EUS) can be used to 
evaluate the depth of invasion with a relatively 
good sensitivity and specificity for differentiating 
between T1 to 2 and T3 to 4 lesions (86% and 
91%, respectively), although the sensitivity and 
specificity for detecting lymph node metastases 
were lower (69% and 84%, respectively) (Lee 
et al. 2014; Mocellin et al. 2011).

Multidetector CT (MDCT) is a widely 
accepted imaging modality for staging gastric 
adenocarcinoma that can assess tumor depth, 
local extension or tumor, regional lymph nodes, 
and metastases (Hallinan and Venkatesh 2013; 
Choi et al. 2014). Arterial-phase imaging allows 
easy detection of enhanced mucosal lesions, and 
portal venous-phase imaging provides more 
accurate information including the depth of inva-
sion and the involvement of adjacent organs and 
lymph node metastases (Lee et  al. 2014). 
Ingestion of 800–1000 mL of water or adminis-
tration of aerogenic power before the scan is 
helpful to adequately distend the gastric lumen.
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MRI has not proven to be effective but devel-
opment of high-speed sequences has made MRI a 
feasible tool (Choi et  al. 2014). MRI is widely 
used for the evaluation of liver metastases (Lee 
et al. 2014). PET is useful in some patients for 
detecting and characterizing distant metastases 
(Hallinan and Venkatesh 2013; Lee et al. 2014).

Assessment of treatment response is currently 
performed with MDCT and/or 18F-FDG PET/CT 
(Hallinan and Venkatesh 2013). MDCT has been 
the primary tool in determining response to thera-
peutic effect after anticancer therapy (Fig.  1). 
However, differentiate treatment-induced morpho-
logic changes from tumor may be difficult to dif-
ferentiate on conventional imaging modalities 
including CT and MRI (Lim et al. 2006). Reported 
accuracy of T-staging and N-staging of gastric can-
cer after neoadjuvant chemotherapy on MDCT is 
42.7–57% and 37–44%, respectively (Park et  al. 
2008; Yoshikawa et al. 2014), which are lower than 
that of initially staging of gastric cancer before 
treatment (67.9–90.9% for T staging; median value 
82.1%, and from 56.9% to 86% for N staging; 
median value 69.5%) (Lee et al. 2014).

2.1.2  Colorectal Cancer
In the local staging of rectal cancer, MRI and 
transerectal ultrasound (TRUS) are the modality 
of choice (Kekelidze et  al. 2013). However, at 
higher disease stages, MRI is better than TRUS in 
the assessment of the primary tumor location and 
extension, involvement of mesorectal fascia, sur-
rounding viscera, relationships to the sphincter 
complex, anterior peritoneal reflection and pelvic 
nodes (Kim et al. 2010; Jhaveri and Hosseini-Nik 
2015; Kekelidze et al. 2013; Blazic and Campbell 
2016). MRI is also widely used for the evaluation 
of liver metastases. CT is not suitable for T stag-
ing of rectal cancer because of its lower contrast 
resolution. However, CT is the preferred modality 
for detecting distant metastasis (Fig.  2), espe-
cially when combined with PET (Jhaveri and 
Hosseini-Nik 2015).

For response evaluation, T2-weighted MRI 
has been used as a standard tool for local 
restaging (Kekelidze et al. 2013). Evaluation of 
both the pre- and post-chemoradiation therapy 
for rectal cancer, MRI with side-by-side compar-
ison of tumor location, tumor bulk, and change in 

a b

Fig. 1 A patient with gastric mass found by upper endos-
copy. Biopsy revealed moderate to poorly differentiated 
adenocarcinoma. (a) Axial contrast-enhanced arteria 
phase CT shows an enhancing polypoid mass in the gas-
tric body measuring 4.3  ×  5.8  cm. (b) CT performed 
2  months after chemotherapy with FLOT regimen 

(fluorouracil, leucovorin, oxaliplatin, and docetaxel) 
shows significant interval decrease in size of the gastric 
mass, measuring 2.8  ×  1.5  cm. Surgical specimen after 
partial gastrectomy revealed 0.5  cm tubular (intestinal) 
adenocarcinoma (ypT1aN0)
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tumor signal intensity is essential (Kim et  al. 
2010). After chemoradiation therapy, areas of 
fibrosis have very low signal intensity which is 
similar to that of the muscularis propria (Patel 
et  al. 2012) (Fig.  3). Similarly, low-signal 
intensity desmoplastic reaction can be seen as 
spicules or strands in the perirectal fat radiating 
from the residual tumor (Fig. 4), which does not 
contain tumor, whereas areas of residual 
tumor have intermediate signal-intensity on 

T2-weighted MRI that is similar to that of base-
line tumor (Patel et al. 2012).

The accuracy of posttreatment rectal cancer 
restaging using conventional MRI sequences is 
generally lower than that of initial staging mainly 
due to overstaging of nodal disease, failure to dif-
ferentiate tumor from  desmoplastic reaction or 
radiation fibrosis, and misinterpretation of radia-
tion proctitis as local invasion (Jhaveri and 
Hosseini-Nik 2015; Kekelidze et al. 2013; Blazic 

a

c d

b

Fig. 2 A patient with metastatic colon cancer. (a) Axial 
contrast-enhanced CT shows a large mass measuring 
13.2 cm in longest dimension in right anterior abdomen 
progressed despite  treatment with FOLFOX (leucovorin, 
5-FU and oxaliplatin) regimen. (b) Axial contrast-
enhanced CT 2  months after the initiation of pembroli-

zumab monotherapy shows decreasing size of the mass 
(9.4 cm). (c) Axial contrast- enhanced CT 4 months after 
the initiation of pembrolizumab monotherapy shows fur-
ther decreasing size of the mass (4.5 cm). (d) Axial con-
trast-enhanced CT 2  years after (a) shows complete 
disappearance of the mass
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and Campbell 2016) (Fig. 4). In addition, MRI is 
not reliable for confirming complete response 
because of its inability to detect microscopic foci 

of residual tumor or mucin lakes that can be 
detected at histopathology (Kim et  al. 2010; 
Jhaveri and Hosseini-Nik 2015; Blazic and 

a b

Fig. 3 A patient with rectal squamous cell cancer. (a) 
Initial T2-weighted axial MR image shows a large mass of 
intermediate signal intensity abutting the mesorectal fas-
cia, posterior vaginal wall, and right levator muscle. (b) 
T2-weighted axial MR image performed 3 months after 
chemotherapy (5-FU and mitomycin) and radiation ther-

apy shows no residual soft tissue mass compatible with 
complete radiological resolution. T2-hypointense soft tis-
sue thickening in the area of previous mass is likely 
related to treatment change. Endoscopy and biopsy 
showed scarring, and were negative for residual tumor. 
The patient is followed up by MRI and endoscopy

a b

Fig. 4 A patient with rectal adenocarcinoma. (a) Initial 
T2-weighted axial MR image shows mass in the mid rec-
tum from 4 to 10 o’clock with tumor extends up to 6 mm 
beyond muscularis propria with suspicious lymph nodes, 
with circumferential resection margin of 5 mm. Clinical 
stage T3N2M0. (b) T2-weighted axial MR image 
3 months after radiation and 2 months after FOLFOX che-

motherapy shows good response to therapy, and most 
(>75%) tumor become T2-hypointense dense fibrosis. 
Enlarged lymph nodes are no longer visualized. Although 
tumor extension beyond muscularis propria was suspected 
at 7 o’clock, surgical specimen showed rare small groups 
of invasive cancer cells to musucalis propria, but not 
beyond muscularis propria (ypT2N0)
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Campbell 2016). Reported overall accuracy of 
MRI in predicting the pathologic stage of irradi-
ated rectal cancer is 47–54% for T staging, 
64–68% for N staging, and 66% in predicting cir-
cumferential resection margin involvement, 
which are lower than initial staging (71–91%, 
43–85%, 92–95% respectively) (Kim et al. 2010).

An MRI-based tumor regression grading sys-
tem has been developed based on the extent of 
visible fibrosis on MRI (Patel et al. 2012; Jhaveri 
and Hosseini-Nik 2015). MRI assessment of 
tumor regression grade was a significant inde-
pendent predictor of overall survival and 
 disease- free survival (Patel et al. 2012). A more 
extensive fibrosis in a postsurgical specimen is 
correlated with greater tumor regression and pre-
dicts a higher likelihood of survival (Jhaveri and 
Hosseini-Nik 2015).

For rectal cancer, MRI is the primary imaging 
modality for assessment of treatment response, 
however, CT may also be used to assess chemo-
therapy response to colon cancer. Reported accu-
racy of CT for T and N staging of locally 
advanced colon cancer after neoadjuvant chemo-
therapy was 62% and 87%, respectively, and 
accuracy for TN staging is 77%, with 13.6% of 
patients being understaged, and 9.1% of patients 
overstaged (Arredondo et al. 2014).

2.1.3  Gastrointestinal Stromal Tumor 
(GIST)

Contrast-enhanced CT is the most commonly 
used modality in monitoring GIST patients 
treated with imatinib (Choi 2008). Initial tumor 
response to imatinib treatment is often seen as 
decreased density of the lesion on contrast- 
enhanced CT as early as 1 week with decreased 
SUVmax values and no significant change in the 
bidimensional size at an early posttreatment stage  
on 18F-FDG PET  (Choi 2008; Richman et  al. 
2017). Tumors responding to imatinib also shows 
decreased number of intratumoral vessels, and 
the tumor becomes homogeneous and hypodense 
(Choi 2008) (Fig.  5). Specifically, Choi et  al. 
evaluated 173 GIST tumors on contrast-enhanced 
CT and 18F-FDG PET and found that the tumor 
density decreased by 16.5% and the SUVmax 
decreased by 64.9% (Choi et al. 2004). Size alone 

was not accurate in demonstrating treatment 
response (Choi et  al. 2004). Choi et  al. defined 
that “good response” on 18F-FDG PET as a 
decrease in SUV <70% from baseline or a drop in 
the absolute value of SUVmax <2.5 (Choi 2008), 
and ≥10% decrease in tumor size or a ≥15% 
decrease in tumor density on contrast-enhanced 
CT at 8 weeks of imatinib treatment.

The decrease in attenuation on contrast- 
enhanced CT is also seen in metastatic lesions. 
Additionally, these findings can result in the 
unmasking of isoattenuating liver lesions as 
“new” metastases, which complicates the assess-
ment of treatment response (Richman et  al. 
2017). In some responding tumors, the tumor 
size increases as a result of intratumoral hemor-
rhage, necrosis, or myxoid degeneration (Choi 
2008).

PET is highly sensitive in detecting early 
response, and is useful in predicting long-term 
response to imatinib in patients with metastatic 
GISTs expressing c-Kit receptor tyrosine kinase 
(Choi 2008). MRI may also be useful especially 
in anorectal GISTs (Vernuccio et al. 2016).

2.2  Therapy Response Imaging 
Pitfalls

2.2.1  Nodal Status
Although the extent of nodal disease is important 
for planning preoperative chemoradiation therapy 
and surgery, prediction of the nodal status of gas-
tric and colorectal cancers on conventional imag-
ing studies remains problematic. A malignant 
node typically has morphologic features such as 
small short-to-long axis ratios, irregular outlines 
or mixed internal signal heterogeneity (Patel et al. 
2012; Jhaveri and Hosseini-Nik 2015) and 
increased attenuation on contrast- enhanced 
images. However, it is difficult to differentiate a 
metastatic lymph node and irradiated lymph node 
change with MRI by using morphologic criteria, 
and may result in lymph node overstaging (Kim 
et  al. 2010). Diffusion-weighted MR imaging 
(DW-MRI) has not been found to be helpful in dis-
tinguishing benign from malignant nodes (Blazic 
and Campbell 2016). Although FDG PET/CT 
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may provide additional information for N staging, 
utilization of this modality is limited and cannot 
be applied broadly (Kekelidze et al. 2013).

2.2.2  Mucinous Tumors
Mucinous adenocarcinoma is a histological vari-
ant of gastric and colorectal adenocarcinomas, 
and is characterized by excess mucin production. 

Mucinous gastric carcinoma accounts for 2.6–
6.6% of all gastric cancers, and has worse prog-
nosis than that of nonmucinous tumors as the 
mucinous gastric carcinomas tend to present with 
more advanced tumor stages (Zhao et  al. 2017; 
Isobe et  al. 2015). Mucinous rectal adenocarci-
noma is more aggressive than usual nonvariant 
adenocarcinoma (Kim et  al. 2010), and have 

a

c d

b

Fig. 5 A patient with incidentally diagnosed small bowel 
GIST with peritoneal metastases. (a) On initial axial 
contrast- enhanced CT image, the primary tumor in the 
right lower quadrant measures 8.4  cm in the longest 
dimension, and 92 HU. (b) Axial contrast-enhanced CT 
2  months after the initiation of imatinib. The mass is 
unchanged in size (8.3 cm) but decreased in attenuation to 

42 HU. (c) Axial contrast-enhanced CT 4 months after the 
initiation of imatinib. The mass decreased in size (6.6 cm) 
and attenuation (38 HU). (d) Axial contrast-enhanced CT 
6 months after the initiation of imatinib. The mass further 
decreased in size (4.7  cm) and remains hypodense (38 
HU)
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higher metastatic tendency and often have a 
higher stage at the time of diagnosis (Jhaveri and 
Hosseini-Nik 2015). Mucinous rectal tumors 
comprise pools or lakes of extracellular mucin 
lined by columns of malignant cells, cords, and 
vessels seen as intermediate signal intensity 
within hyperintense mucin on T2-wieghted MR 
images (Patel et al. 2012). On post chemoradia-
tion MRI, mucinous rectal tumors retains high 
signal intensity on T2-weighted images, making 
it difficult to distinguish between a true tumor or 
remaining mucin (Kim et  al. 2010). When 
mucinous rectal tumors containing intermediate- 
signal-intensity components on T2-weighted MR 
images at baseline are unchanged on posttreat-
ment imaging, these findings indicate nonre-
sponse (Patel et al. 2012).

PET is less sensitive in the evaluation of muci-
nous tumors (≈50%), which uptake less tracer 
because of their lower cellular density (Jhaveri 
and Hosseini-Nik 2015). On DW-MRI, because 
mucinous tumors exhibit ADC hyperintensity 
even before treatment, their response to chemora-
dation therapy cannot be assessed using DW-MRI 
(Jhaveri and Hosseini- Nik 2015).

2.2.3  Tumor Size Measurement
Response Evaluation Criteria in Solid Tumors 
(RECIST) is widely considered the method of 
choice for the assessment of tumor response to 
treatment (Hallinan and Venkatesh 2013). 
However, in most studies, this measurement is 
focused on solid organ tumors with limited focus 
on response in gastrointestinal tumors (Hallinan 
and Venkatesh 2013).

One of the pitfalls in gastrointestinal tumor 
response monitoring is difficulty of accurate and 
reproducible measurements of the primary 
lesions owing to the irregular configuration (Kim 
et al. 2010). Cancers which cause diffuse concen-
tric wall thickening such as linitis plastica of gas-
tric cancer may be difficult or impossible to 
measure accurately (Ng et al. 1996).

For gastric cancer, Mazzei et  al. obtained 
maximal tumor diameter (D-max) measured 
using a curved line through 2D multiplanar 
reconstructions in order to obtain the maximum 
tumor extension with D-max reduction rate at CT 

after neoadjuvant chemotherapy, and reported 
that there was a strong correlation between the 
radiological and histological D-max measure-
ments (Mazzei et al. 2018). For rectal cancer, the 
change in maximum tumor length between base-
line and posttreatment sagittal images has been 
investigated as a tool to evaluate tumor response 
(Patel et al. 2012). The EXPERT-C Trial, a phase 
2 randomized clinical trial for rectal cancer, has 
shown good correlation between RECIST assess-
ment and survival outcomes (Patel et  al. 2012; 
Richman et al. 2017). But the CORE trial showed 
that the reproducibility of maximum tumor 
length between two readers measured on sagittal 
MR images was only slight (k  =  0.13) despite 
good correlation between length assessment and 
histopathologic T stage (Patel et  al. 2012; 
Joensuu et al. 2008; Patel and Brown et al. 2012). 
Therefore, length measurements are useful in the 
assessment of tumor response but central review 
may be needed in clinical trials because of the 
lack of interobserver reproducibility (Patel et al. 
2012; Richman et al. 2017).

Tumor volumetry allows a more accurate and 
objective indicator of quantification in tumors 
than one-dimensional measurement in assessing 
changes in tumor size (Graser et  al. 2008). 
Tumor volume may be measured automatically 
or semiautomatically with manual adjustment 
when necessary with the aid of segmentation 
software. Tumor volumetry has been clinically 
applied for assessment of response to treatment 
of GIST (Schramm et  al. 2013), gastric cancer 
(Wang et al. 2017), and colorectal cancer (Kim 
et  al. 2010; Arredondo et  al. 2014; Lambregts 
et al. 2015).

2.2.4  Response Criteria
In contrast to cytotoxic conventional chemother-
apeutics, targeted therapies demonstrate predom-
inantly cytostatic effects, and may cause tumor 
necrosis without a marked decrease in tumor 
size. Therefore, RECIST criteria can be insuffi-
ciently sensitive for evaluating responses in tar-
geted therapies. Choi et al. reported that RECIST 
significantly underestimated tumor response to 
imatinib in advanced GIST (Choi et  al. 2004). 
Choi et al. proposed criteria to evaluate treatment 
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response of GIST to imatinib (Choi criteria) 
(Choi et al. 2007). Choi criteria use tumor attenu-
ation in addition to tumor size. It defines ≥15% 
decrease in tumor density in Hounsfield unit 
(HU) or ≥10% decrease in size is defined as par-
tial response (as opposed to 30% used in 
RECIST). Whereas nonresponder is defined as 
≥10% increase in size and does not meet criteria 
of partial response by tumor density. Choi criteria 
correlated better with disease-specific survival in 
imatinib-treated GIST patients than RECIST 
(Choi 2008; Choi et  al. 2007). Attempts have 
been made to adapt the Choi criteria in the assess-
ment of other tumors (Tirkes et al. 2013).

For patients receiving immunotherapy, con-
ventional and nonconventional responses have 
been reported. For example, patients may show a 
pseudoprogression secondary to inflammatory 
response that can simulate progression of the 
disease or the onset of new lesions subsequently 
followed by tumor shrinkage (Procaccio et  al. 
2017). Radiographic growth in pseudoprogres-
sion is secondary to the infiltration of immune 
cells such as cytotoxic T lymphocytes around 
tumors, edema, and necrosis (Chiou and Burotto 
2015). RECIST criteria might not be adequate to 
assess immune response, and criteria consider-
ing immune-related response such as irRC 
(Wolchok et al. 2009) and irRECIST (Seymour 

et al. 2017) have been introduced. However, they 
are still not universally adopted especially in 
clinical trials on gastrointestinal tumor immuno-
therapy (Procaccio et al. 2017). A new, specific 
approach to evaluate responses to immunother-
apy is needed in order to guide treatment with 
immunotherapy.

In a subset of patients who are treated with 
immunotherapy with PD-1 or PD-L1 blockades, 
an unexpected dramatic tumor surge may occur 
early after the initiation of immunotherapy 
(Fig.  6), known as hyperprogression (Fuentes- 
Antras et  al. 2018; Wang et  al. 2018). Unlike 
pseudoprogression, tumor growth is not prompted 
by increased inflammation but by a plausible 
idiosyncratic effect of immune checkpoint block-
ades as enhancers of tumor progression, and 
patients with hyperprogression present worse 
survival outcomes (Fuentes-Antras et  al. 2018; 
Wang et  al. 2018). Early diagnosis and careful 
monitoring of hyperprogression is necessary. 
Although no consistent definition of hyperpro-
gression is determined, it may be depicted as a 
RECIST progression at the first on-treatment 
scan combined with the analysis of tumor growth 
kinetics, at least a doubling in growth rate (per-
cent variation of tumor volume per time interval) 
when comparing pre- and posttreatment periods 
(Fuentes-Antras et al. 2018).

a b

Fig. 6 A patient with history of metastatic gastric cancer, 
previously treated with FOLFOX. (a) Axial contrast- 
enhanced CT shows primary tumor in the gastric fundus 
with multiple liver metastases and gastrohepatic ligament 
adenopathy. Trace left pleural effusion is present. (b) 
Axial noncontrast CT obtained at emergency department 

due to deterioration of the patient’s condition after recent 
initiation of a clinical trial with ipilimumab and nivolumab 
at outside institution. Increasing liver metastases and new 
small ascites are seen. New and enlarging pulmonary nod-
ules and pleural effusions are also present (not shown), 
concerning for general progression of disease

Therapy Response Imaging in Gastrointestinal Malignancy



110

3  Emerging Approaches/
Challenges for Therapy 
Response Imaging for GI 
Malignancies

3.1  FDG PET/CT

18F-FDG PET/CT has gained widespread accep-
tance as a key to demonstrate early response to 
therapy of cancer (Ben-Haim and Ell 2009). For 
gastric cancer, several reports suggested that effi-
cacy of therapeutic options can be determined by 
FDG PET/CT by evaluating early metabolic 
changes in addition to changes in size (Lim et al. 
2006; Kitajima et  al. 2017) and it may play an 
important role in the treatment algorithm (Ben- 
Haim and Ell 2009). The role of FDG PET/CT in 
management of gastrointestinal tumors will 
likely continue to expand in the future (Lee et al. 
2014).

For colorectal cancer, PET has a high diagnos-
tic performance for the interim assessment of 
response (sensitivity and specificity ≈ 80%) but 
is less specific in post-radiation therapy response 
assessment (≈60%) (Jhaveri and Hosseini-Nik 
2015) because increased 18F-FDG activity after 
radiation may also be due to inflammatory 
changes, and false-positive results may persist 
for 6  month after completion of radiotherapy 
(Ben-Haim and Ell 2009; Kekelidze et al. 2013). 
The role of 18F-FDG PET in the prediction of 
response to therapy at earlier stages in treatment 
between responder and non-responder has been 
assessed by several studies. Large prospective tri-
als are needed to validate the use of 18F- FDG PET 
response criteria for individual patient manage-
ment decisions to maximize tumor response 
before surgical resection (Ben-Haim and Ell 
2009; Kekelidze et al. 2013).

18F-FDG PET/CT is increasingly used in GIST 
for therapy monitoring, and it is generally 
accepted that FDG PET is more sensitive for the 
assessment of early therapy response than mor-
phologic imaging modalities. However, several 
questions remain open, including the appropriate 
time to monitor a therapeutic protocol and the 
appropriate therapy response evaluation criteria 
(Dimitrakopoulou-Strauss et al. 2017).

3.2  Diffuse-Weighted MR Imaging 
(DW-MRI)

DW-MRI measures the mobility of water mole-
cules within tissues. Water diffusion is restricted 
in highly cellular tissues such as tumors, and tis-
sues with higher cellularity result in higher signal 
intensity on DW-MRI.  It has been applied to 
investigate treatment response of the gastric can-
cer (Giganti et al. 2014; De Cobelli et al. 2013), 
colorectal cancer, and GIST (Vernuccio et  al. 
2016), but particularly well assessed in rectal 
cancer. Recent studies reported that DW-MRI 
may help in the assessment of response after 
chemoradiation therapy of colorectal cancer 
(Jhaveri and Hosseini-Nik 2015; Kekelidze et al. 
2013; Lambregts et al. 2015). After chemoradia-
tion therapy, the decrease in cellularity and the 
development of fibrosis or necrosis in responders 
result in an increase in diffusion and decrease in 
the ADC value (Park and Chun 2013; Bang et al. 
2010; Fuchs et al. 2014; Wilke et al. 2014; Joshi 
et al. 2018; Jhaveri and Hosseini-Nik 2015). It is 
also shown to be feasible as early marker of treat-
ment response because cell death and vascular 
alterations typically occur before size changes 
(Kekelidze et al. 2013).

It also has been proved that DW-MRI in addi-
tion to standard MRI significantly improves the 
performance of radiologists to select complete 
therapy responders compared to standard MRI 
only and preventing overstaging with MRI (Kim 
et  al. 2010; Kekelidze et  al. 2013; Blazic and 
Campbell 2016). A meta-analysis study showed 
that DW-MRI is more sensitive than (62–94%) 
and is almost as specific as (74–91%) conven-
tional MRI in restaging rectal tumors after 
chemoradiation therapy (Jhaveri and Hosseini-
Nik 2015; Chen et al. 2017); however nodal stag-
ing remained challenging (Kekelidze et al. 2013; 
Arredondo et al. 2014).

3.3  Dynamic Contrast-Enhanced 
(DCE) CT and MRI

Dynamic contrast-enhanced (DCE) CT and 
MRI with quantitative parameters have been 
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described as potential prognostic biomarkers in 
gastrointestinal tumors, and has been applied to 
assess treatment response of gastric cancer, 
colorectal cancer, and GIST (Consolino et  al. 
2017).

Regression of tumor microcirculation is con-
sidered an important early prognostic factor for 
treatment response, before reductions in tumor 
volume (Kim et al. 2010). The quantification of 
vascular permeability of the tumor tissue is rep-
resented as the Ktrans (volume transfer constant, a 
measure of capillary permeability). Recent stud-
ies with DCE-MRI reported that a large decrease 
in the mean Ktrans after chemoradiation therapy is 
associated with a good response for locally 
advanced rectal cancer, while persistent raised 
values indicate residual active disease (George 
et al. 2001; Kim et al. 2014; Intven et al. 2015). 
DCE-MRI may help in the prediction of 
response to chemoradiation therapy of rectal 
cancer. Rectal cancers with higher Ktrans values 
at presentation appear to respond better to 
chemoradiation therapy than those with lower 
values (George et al. 2001; Tong et al. 2015).

Studies evaluated DCE-CT as a biomarker for 
treatment response of rectal cancer reported sig-
nificant decrease in blood flow and blood volume 
after chemotherapy or chemoradiation therapy 
(Bellomi et al. 2007; Sahani et al. 2005). Bellomi 
et al. also reported that the baseline low perfusion 
values were associated with a poorer response 
(Bellomi et al. 2007). For gastric cancer and GE 
junction cancer, a study by Hanse et al. reported 
CT perfusion has only moderate sensitivity and 
specificity in response assessment of neoadjuvant 
chemotherapy, and as a single diagnostic test, it is 
insufficient for clinical decision purposes 
(Lundsgaard Hansen et al. 2014).

3.4  Monochromatic CT Using 
Dual-Energy CT

Dual-energy (DE) CT allows material decom-
position on the bases of energy-dependent 
attenuation profiles of specific material by using 
two different energies. It allows quantitative 
iodine mapping which has been applied to 

oncologic imaging such as assessment of 
microvessel density of gastric cancers in differ-
ent pathological subgroups (Chen et  al. 2017; 
Liang et al. 2017).

Iodine quantification may also serves as a sur-
rogate biomarker for monitoring effects of the 
tumor treatment (Agrawal et  al. 2014). Several 
studies indicated that tumor iodine concentration 
measured by DE CT may benefit in predicting 
the response to neoadjuvant chemotherapy of 
locally advanced gastric cancer (Gao et al. 2018) 
and in assessment of treatment response to 
tyrosine- kinase inhibitors of GIST (Meyer et al. 
2013; Apfaltrer et  al. 2012). A study reported 
that the changes in iodine concentration of gas-
tric carcinomas at baseline and after standard 
neoadjuvant chemotherapy can help predict 
pathological regression in gastric cancer better 
than that for tumor thickness, with iodine con-
centration on the arterial phase being a better 
predictor than iodine concentration on the venous 
phase (Tang et al. 2015).

3.5  Radiomics Features

Radiomics extract quantitative imaging features 
based on the intensity, shape, size or volume, 
and texture. Radiomics can be performed with 
tomographic images from CT, MRI, and PET, 
and its oncologic application can help in diag-
nosis, assessment of prognosis, and prediction 
of therapy response (Gillies et al. 2016; Lubner 
et al. 2017).

Recently, a growing number of studies are 
evaluating gastrointestinal tumors using 
radiomics features. Ng et al. evaluated colorectal 
tumors in 55 patients by CT texture features with 
5-year overall survival, and reported that it may 
improve prognostication (Ng et al. 2013). Giganti 
et al. evaluated CT radiomics features of gastric 
adenocarcinoma in 56 patients before neoadju-
vant therapy and correlated with tumor regres-
sion grade at the final surgical histology after 
treatment completion and reported promising 
result to potentially provide information regard-
ing treatment response and improve risk 
stratification (Giganti et  al. 2017). Jeng et  al. 
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retrospectively analyzed CT radiomics features 
in 1591 consecutive patients with gastric adeno-
carcinoma to assess survival and chemotherapeu-
tic benefits and reported that the radiomics 
features can effectively predict survival and add 
prognostic value to the TNM staging system 
(Jiang et  al. 2018). These studies suggest that 
radiomics may be a powerful tool to predict 
patient survival and select patients who may have 
benefit from therapy.

4  Conclusions

Treatment response of gastrointestinal tumors is 
primarily assessed by conventional morphologi-
cal parameters using CT or MRI with Response 
Evaluation Criteria in Solid Tumors (RECIST) 
criteria. However, 18F-FDG PET/CT has also 
gained widespread acceptance as a key tool to 
assess early response to treatment. Newer imag-
ing techniques such as diffusion-weighted MRI, 
dynamic contrast-enhanced CT or MRI, mono-
chromatic CT using dual-energy CT system, and 
radiomics analysis of CT, MRI and PET may 
improve assessment and prediction of treatment 
response.
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Abstract
Hepatocellular carcinoma (HCC), cholangio-
carcinoma, and pancreatic ductal adenocarci-
noma (PDAC) are the most common primary 
hepatobiliary and pancreatic cancers and are 
associated with poor survival. With improve-
ments in anticancer therapy during recent 
decades, assessment of treatment response has 
become more significant and different meth-
ods have been utilized in evaluating response 
to therapy. While conventional methods rely 
solely on size reduction, newer techniques 
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focus on changes in tumor functional features 
as a response to treatment. In assessing HCC 
tumors response, WHO and RECIST only 
considered tumor shrinkage as a response to 
treatment. With the introduction of locore-
gional and molecular-targeted therapies in 
HCC treatment, the limitations of size-based 
criteria were addressed by development of 
new criteria that considered functional imag-
ing parameters such as tumor enhancement. 
Functional criteria such as Choi, RECICL, 
EASL criteria, and mRECIST mostly focus on 
the viability/functionality of the tumor and are 
considered more accurate in assessing treat-
ment response. In addition, new advanced 
technologies like CTPI, DWI, IVIM, MRS, 
MR-PWI, FDG-PET/CT, and PET/MRI can 
detect response at molecular level and can 
assess treatment response before any morpho-
logical changes take place. Similar to HCC, 
functional criteria using modalities like FDG- 
PET/CT, PET/MRI, DCE-MRI, and DWI are 
also being utilized in the evaluation of cholan-
giocarcinoma and PDAC in addition to con-
ventional size criteria to detect early changes 
of treatment response.

Hepatocellular carcinoma (HCC), cholangiocar-
cinoma, and pancreatic ductal adenocarcinoma 
(PDAC) are the most common primary hepatobi-
liary and pancreatic cancers and are associated 
with poor survival, with 5-year survival rates of 
31%,15%, 14%, respectively, at the best estimates 
(Liver Cancer Survival Rates n.d.; Pancreatic 
Cancer Survival Rates, by Stage n.d.; Survival 
Rates for Bile Duct Cancer 2018). With improve-
ments in anticancer therapy during recent decades, 
assessment of treatment response has become sig-
nificant. Tumor response was assessed for the first 
time in 1960s when reduction in tumor size was 
defined as a criterion for treatment response in 
several inoperable solid gastrointestinal (GI) 
tumors (Hurley and Ellison 1960). Since then, 
several other approaches have been considered to 
assess treatment response, until 1981 when the 
World Health Organization (WHO) attempted to 

standardize the treatment response criteria. Four 
categories of response were defined based on 
these criteria: complete response (CR), partial 
response (PR), stable disease (SD), and progres-
sive disease (Miller et  al. 1981). In addition to 
time intervals to response (TTR) or progression 
(TTP), many clinical trials have utilized WHO 
categories as the primary end point for treatment 
response assessment. As therapeutic methods 
advanced over time, several shortcomings have 
been recognized in the WHO criteria, leading to 
development of more accurate criteria. These 
include: Response Evaluation Criteria in Solid 
Tumors (RECIST), modified RECIST (mRE-
CIST), RECIST 1.1, and European Association 
for the Study of the Liver (EASL) guidelines 
(Bruix et al. 2001; Therasse et al. 2000; Eisenhauer 
et  al. 2009; Schwartz et  al. 2016). Variation in 
treatment modalities demanded more advanced 
radiologic criteria to accurately assess response. 
For example,  loco- regional therapy (LRT) may 
not necessarily cause any change in tumor size in 
the short term and this prompted the use of 
changes in tumor functional features in assessing 
treatment response (Kamel et al. 2007; Yaghmai 
et al. 2013). Functional imaging is a novel method 
which can evaluate posttreatment changes by 
investigating tissue metabolism, blood flow, or 
texture. Technologies like diffusion-weighted 
imaging (DWI), apparent diffusion coefficient 
(ADC) maps, dynamic contrast enhancement 
(DCE- MRI), perfusion computed tomography 
(pCT), and positron emission tomography CT 
(PET-CT) have been added to conventional mag-
netic resonance imaging (MRI) and computed 
topography (CT). These techniques are capable of 
investigating tissue characteristics on a molecular 
scale and can serve as novel biomarkers in tumor 
response (Minocha and Lewandowski 2015).

1  Hepatocellular Carcinoma

HCC is the most common primary tumor of the 
liver and is among the most common causes of 
cancer-related mortality worldwide (Di Bisceglie 
1997). Liver transplantation is the only curative 
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option in treating HCC, but in many cases, the 
disease is already in an advanced stage and sur-
gery or transplantation may not be applicable. 
The Milan criteria are usually used to select can-
didates with HCC for liver transplantation. Based 
on these criteria patient should have a single 
HCC lesion smaller than 5 cm or 3 lesions smaller 
than 3  cm without any vascular invasion or 
metastasis (Iwatsuki et  al. 1985). Nonsurgical 
tumor ablative methods like trans-arterial chemo-
embolization (TACE), which locally delivers 
high concentration of chemotherapeutic agents to 
the targeted lesion, have shown improvement 
in survival of patients with unresectable 
HCC. Assessing tumor response to treatment is 
important as these therapies are used to down-
stage patients who are not candidates for liver 
transplantation due to the disease burden with 
tumor sizes beyond the Milan criteria. With 
increasing acceptance of loco-regional therapies 
(LRT), evaluation of early treatment response is 
becoming more important for predicting the suc-
cess of treatment and planning for the next step in 
patient management (Kamel et al. 2006).

Overall, HCC is one of the most studied tumors 
in the field of functional imaging. Assessing 
response to treatment based on tumor size has been 
used routinely in clinical trials. On size-based crite-
ria, only tumor shrinkage is considered as a favor-
able response. WHO, RESCIST 1.0, and RECIST 
1.1 are three main size based. Contrast-enhanced 
CT (CECT) imaging has low accuracy in detecting 
viable residual tumor after chemoembolization as 
compared to contrast- enhanced MRI (CEMRI), 
due to its high sensitivity for the hyper-dense lipi-
odol deposition within the lesion after treatment 
which obscures the assessment of tumor enhance-
ment (Hunt et al. 2009). Volumetric measurements 
have shown better association with tumor histopa-
thology and these measurements can better address 
irregularities in tumor shape and response to treat-
ment compared with axial measurements 
(Bonekamp et  al. 2013). The best results can be 
achieved by combining these volumetric measure-
ments with MRI functional imaging biomarkers 
like enhancement and diffusion-weighted 
sequences (Chapiro et al. 2014).

1.1  WHO Criteria

WHO criteria, defined in 1979, assesses tumor 
response to treatment using bidimensional mea-
surement of tumor size. Tumor size can be mea-
sured by multiplying the longest diameter (LD) 
of tumor by its greatest perpendicular diameter. 
In case of multiple target lesions, the products of 
LDs and longest perpendicular diameters are 
added (Sylvester 1980). Based on WHO criteria 
tumor response can be categorized into four 
groups and shown in Table 1.

There are limitations to these criteria includ-
ing: (1) measurements may not be reproducible, 
(2) criteria are based on tumor size only as the 
metric and does not take into account other types 
of response like tumor necrosis, (3) no standard 
method regarding the minimum or maximum 
number of measurable lesions, and (4) no stan-
dard method for minimum and maximum size of 
measurable tumors (Therasse et  al. 2000). 
Moreover, the difference in contrast timing can 
alter the appearance of the tumor in the liver and 
thus result in inconsistency in measurements 
(Hayano et al. 2015).

1.2  Response Evaluation Criteria 
in Solid Tumors (RECIST) 1.0

RECIST 1.0 was established in 2000 to address 
some of the limitations of WHO. Based on these 
criteria lesions must be at least 2 cm with conven-
tional methods such as radiography or 1 cm with 

Table 1 Response categories based on WHO criteria

Response category Criteria
Complete response 
(CR)

Complete disappearance of 
the target tumor 4 weeks 
after treatment

Partial response (PR) ≥50% decrease in tumor size 
within 4 weeks of treatment

Stable disease (SD) Neither partial response nor 
progressive disease

Progressive disease 
(PD)

≥25% increase in size of one 
or more lesions
Alternatively, the appearance 
of new lesions
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spiral computed tomography (CT) scan to be 
considered as measurable, and up to 5 lesions per 
organ and 10 lesions in total can be measured. 
RECIST 1.0 is a one-dimensional measurement 
which calculates the sum of the LDs of all target 
lesions. CR and SD based on RECIST criteria are 
similar to WHO criteria; PR is defined as ≥30% 
decrease in sum of LDs after 4 weeks, and PD is 
defined as ≥20% increase in the sum of LDs 
(Therasse et al. 2000).

RECIST criteria has several advantages over 
WHO criteria; however, it still has some limita-
tions including: (1) all measurements are bound 
to subjectivity and therefore hard to reproduce, 
(2) this method is unable to differentiate viable 
tumor from necrosis, (3) infiltrative tumor cannot 
be measured accurately because of ill-defined 
margins, (4) maximum number of 10 target lesion 
seems to be arbitrary, and (5) no well-defined 
method for lymph node evaluation (Gonzalez- 
Guindalini et al. 2013).

In some studies, WHO criteria were superior 
to RECIST 1.0 because WHO better addressed 
the nonspherical nature of HCC tumor. However, 
both criteria perform similar in assessing 
response to LRTs. WHO and RECIST 1.0 criteria 
can detect response to treatment as early as 
7.7  months. This relatively long interval might 
not be suitable for patients listed for transplanta-
tion. However, these criteria can serve as reliable 
predictors for overall survival (Riaz et al. 2010).

1.3  Response Evaluation Criteria 
in Solid Tumors (RECIST) 1.1

A revised version of RECIST was released in 
2009. Changes in the new guideline were as fol-
low: (1) the total number of assessed lesions is 
2 in the liver and a total of 5 in each patient, (2) 
lymph nodes with short axis greater than or equal 
to 15 mm were considered as target lesion, (3) for 
PD, in addition to ≥20% increase in the sum of 
LDs it requires at least a 5 mm absolute increase 
in the sum of LDs, (4) for CR, all lesions should 
disappear completely and all pathological lymph 

nodes must shrink to less than 10  mm in their 
short axis, and (5) revised RECIST also includes 
new guideline to use 18F-fluorodeoxyglucose 
(FDG) positron emission tomography (PET) for 
detecting new lesions (Eisenhauer et al. 2009).

Limitations of these criteria include: (1) 
RECIST 1.1 also provides unidimensional mea-
surement and assumes all tumors as spherical, (2) 
as all previous guidelines, RECIST 1.1 considers 
the largest lesion as target lesion which may be 
affected by subjectivity. Different lesions can be 
targeted by LRT for treatment at different time 
points and based on their accessibility, (3) tumor 
necrosis is not still addressed as part of response 
criteria, (4) it does not specify the appropriate 
phase after intravenous contrast agent injection to 
measure lesion (Gonzalez-Guindalini et  al. 
2013).

With the introduction of locoregional and 
molecular-targeted therapies in HCC treatment, 
the limitations of size-based criteria became 
more apparent, since these treatments might not 
reduce the size of the tumor but induce necrosis 
instead and may even increase tumor size due to 
hemorrhage or inflammation (Atassi et al. 2008). 
Therefore, to address the shortcomings of previ-
ous methods new criteria were developed, which 
in addition to size, considered functional imaging 
parameters such as tumor enhancement. Using 
these imaging modalities, functional criteria such 
as Choi, Response Evaluation Criteria in Cancer 
of the Liver (RECICL), European Association for 
Study of the Liver Criteria (EASL criteria), and 
Modified RECIST (mRECIST) mostly focus on 
the viability/functionality of the tumor rather 
than just the size.

1.4  Modified CT Response 
Evaluation Criteria (Choi 
Criteria)

Choi criteria were developed in 2007 to assess 
GIST response to imatinib treatment. Imatinib 
is a tyrosine kinase inhibitor, which has a cyto-
static effect without causing cytotoxic effects. 
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Since its introduction for treatment of gastroin-
testinal stromal tumor (GIST), the use of size-
based tumor response methods has been 
questioned (Choi et al. 2007). In Choi criteria, 
CT attenuation coefficient is measured by region 
of interest (ROI) placement on lesions during 
the portal venous phase. Based on these criteria, 
CR and SD are the same as the previous criteria 
(WHO, RECISTs). However, PR is described as 
>10% decrease in LD and >15% decrease in 
tumor enhancement after treatment. Definition 
for PD is either a >10% increase in tumor diam-
eter or the appearance of new lesions (Gonzalez-
Guindalini et al. 2013). Although Choi criteria 
were intended for GIST treatment evaluation, it 
has been used in other hypervascular tumors 
like HCC (Boninsegna et  al. 2017). Several 
studies showed superiority of Choi criteria to 
WHO and RECIST in predicting overall sur-
vival in HCC patients treated by sorafenib and 
transarterial radioembolization (TARE) (Ronot 
et al. 2014; Weng et al. 2013). Reproducibility is 
a limitation due to operator dependence. Three-
dimensional (3D) semiautomated volumetric 
measurement can address this shortcoming and 
increase reproducibility of tumor measurements 
(Chalian et al. 2012).

1.5  Response Evaluation Criteria 
in Cancer of the Liver (RECICL)

RECICL evaluate HCC response to LRT.  In 
contrast to previous methods, RECICL measure 
changes in necrotic parts of the tumor for assess-
ing treatment efficacy. In addition, these criteria 
take into account the type of treatment in timing 
of follow-up evaluation. Posttreatment assess-
ment by imaging is recommended 1 month after 
TACE and 6 months after TARE (Kudo et  al. 
2010). RECICL quantifies the necrotic parts 
using bidimensional measurements like 
WHO. This method is still in the experimental 
phase and its potential benefits are yet to be 
determined (Kudo et  al. 2010). However, pre-
liminary data suggests that in sorafenib-treated 

HCC patients, RECICL had good reproducibil-
ity and better performance in predicting overall 
survival compared to RECICT 1.1 or Modified 
RECIST (see below) (Arizumi et  al. 2014; 
Tovoli et al. 2018).

1.6  European Association for Study 
of the Liver Criteria (EASL 
Criteria)

The European Association for Study of the Liver 
proposed new criteria (EASL criteria) in 2000 to 
address the limitations of size-based criteria in 
assessing tumor response to LRT. EASL criteria 
utilized the same method as WHO, but instead of 
applying the bidimensional measurements on the 
whole tumor it only focused on viable tumor tis-
sue, which can be identified as the sum of arteri-
ally enhancing part of hepatocellular carcinoma. 
EASL criteria assess the development of necrosis 
after treatment based on percentage change in the 
enhancing tissue on cross-sectional images. 
Response grouping was also the same as WHO 
guideline (Bruix et  al. 2001). EASL can detect 
tumor response as early as 1.6 months after ther-
apy and is an independent predictor of survival in 
patients with HCC (Riaz et  al. 2010; Gillmore 
et al. 2011).

1.7  Modified RECIST (mRECIST)

Although EASL criteria considered the func-
tional aspect of HCC on imaging and focused on 
change in viable part of the tumor rather than 
entire tumor size, it still had some limitations 
including the complexity of bidimensional 
 measurements and lack of comprehensive 
guideline for new lesions or nontarget lesions 
assessment. To address these limitations, the 
American Association for the Study of Liver 
Disease published a new guideline in 2010. 
They combined some features of EASL criteria 
with RECIST criteria and designed new guide-
line as modified RECIST (mRECIST). Based on 
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mRECIST, the LD of the enhancing part of the 
tumor in arterial phase CT or MRI should be 
calculated without taking into account the 
necrotic part of the tumor. Poorly enhancing 
HCC and tumor with atypical enhancement can-
not be selected as target lesions (Lencioni and 
Llovet 2010). Other aspects of mRECIST are as 
same as RECIST 1.1 criteria.

mRECIST and EASL perform almost identi-
cal in assessing tumor response by detecting 
changes as early as 2 months. In addition, both 
criteria can predict overall survival between 2 
and 3 months after TACE (Gillmore et al. 2011; 
Lencioni et al. 2017).

The limitations include: (1) it assumes the 
viable part of tumor as a sphere, (2) there is no 
defined guideline to choose the target lesion, (3) 
with LRT, lesions can be treated at different time 
points so each lesion can be served as a targeted 
or nontargeted lesion.

Figure 1 shows the evolution of conventional 
methods through time. A summary of all conven-
tional methods of assessing tumor response is 
shown in Table 2.

2  Advanced Methods of Assessing 
Tumor Response

2.1  Computed Tomography 
Perfusion Imaging (CTPI)

CTPI is a technique that uses dynamic CT to 
measure tissue perfusion and presents the results 
as a colored map (Fig. 2). CTPI can be acquired 
by performing rapid sequential imaging follow-
ing an intravenous injection of iodinated con-
trast agent. The changes in contrast density over 
time is shown as a time-density curve (TDC), 
and then different mathematical methods are 
used to obtain different perfusion parameters. 
CTPI can measure hepatic arterial perfusion, 
hepatic portal perfusion, blood volume, and 
mean transit time (Yang et al. 2016a) and serve 
as an estimate of tumor angiogenesis to predict 
response to treatment and patients’ overall sur-
vival (Chen et al. 2008). There has been signifi-
cant progress in CT hardware and software for 
perfusion imaging. New multislice spiral CT 
scanners reconstruct liver perfusion map with 

Tumor
Size

Reduction

Enhanced 
part of
the tumor

Malignant tumor

WHO

RECIST 1.0

RECIST 1.1

mRECIST

EASL

Choi

1960s 1979 2000 2007 2009 2010

+

Fig. 1 Conventional criteria in assessing tumor response to treatment
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an enhanced resolution and provide more 
detailed information about tumor hemodynam-
ics in a single scan (Yang et  al. 2016a). The 
most recent advanced form of CTPI is C-arm 
CT technology, which assesses tumor blood vol-
ume and changes in perfusion. It can be utilized 
for detecting the tumor and identifying its blood 
supply, as well as assessing response to TACE 
(Syha et al. 2016).

Limitations include higher exposure to radia-
tion, misregistration due to patient movement 
and variations due to flow changes induced by 
different contrast agents (Yang et  al. 2016a; 
Miles et al. 1991).

2.2  Diffusion-Weighted Imaging 
(DWI)

DWI relies on random movement of water mol-
ecules, known as a Brownian movement, to dif-
ferentiate types of tissues. Water diffusion can 
be altered based on tissue properties. Spin echo- 
echo planar imaging (SE-EPI) is the most 
 commonly used technique to acquire this 
sequence. DWI can detect the slightest amount 
of diffusion and its sensitivity is influenced by 
the choice of b-value. Results are reported as a 
diffusion coefficient, shown as a map of appar-
ent diffusion coefficient (ADC) over the region 

a

c d

b

Fig. 2 70-year-old man with hepatocellular carcinoma. 
(a) Image of hepatic arterial perfusion; (b) image of 
hepatic portal perfusion; (c) image of total liver perfusion; 
(d) image of hepatic arterial perfusion index. Axial perfu-
sion images of the tumor before transarterial chemoembo-
lization were created by maximum slope method. The 
tumor (arrows) showed an increased hepatic arterial perfu-

sion and decreased hepatic portal perfusion compared with 
the normal parenchyma. The values of hepatic arterial per-
fusion, hepatic portal perfusion, total liver perfusion, and 
hepatic arterial perfusion index were 0.512 mL/min mL, 
0.226 mL/min mL, 0.738 mL/min mL, and 69.4%, respec-
tively. (Reprinted with permission from World Journal of 
Gastroenterology 2016;22(20):4835–4847)
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of interest. Cellularity and density of the tissue 
can be quantitatively calculated from the ADC 
map. As water diffusion becomes more 
restricted, such as in highly cellular tumors, the 
ADC value decreases. This feature makes ADC 
an excellent tool for the initial detection of HCC 
and for follow-up after LRT. HCCs have higher 
cellularity as compared to their surrounding 
liver parenchyma; therefore, the tumor ADC is 
lower compared to that of normal liver tissue. 
On the other hand, LRT can induce necrosis 
within the tumor and freely moving water within 
a necrotic tumor results in an increased ADC 
(Fig.  3). The ADC does not change in the 
absence of response to therapy, in the presence 
of residual tumor, or due to recurrence (Yang 
et al. 2016a).

Different studies reported different values 
for ADC in HCC tumors ranging from 0.95 to 
3.84  ×  10−3  mm2/s. These discrepancies in 

results is due to the use of different scanners 
and b- values used to acquire DWI sequences 
(Kamel et al. 2006; Ichikawa et al. 1998; Sun 
et al. 2005).

A decrease in enhancement can be detected 
immediately after TACE.  Additionally, ADC 
increases significantly in 1–2  weeks after 
TACE.  These findings precede changes in 
RECIST which becomes apparent 6 months after 
TACE (Bonekamp et  al. 2011a; Kamel et  al. 
2009). Similar changes in ADC can be detected 
in patients treated with Y-90 radioembolization, 1 
month after treatment (Rhee et al. 2008).

There are limitations to this technique, includ-
ing low signal-to-noise ratio, low imaging quality 
due to SE-EPI sequence associated artifacts, 
ADC overlap between benign and malignant 
lesions, ADC variability based on scanner type 
and b-value. Furthermore, ROI placement in this 
technique could be affected by readers’ error 

Treatment

Treatment

Apoptosis

NecrosisCells swelling

Tumor

Normal

- ADC +

Fig. 3 Successful treatment causes necrosis/apoptosis in HCC tumor, makes water diffuse more freely and therefore 
increased ADC (modified from AJR 2007;188:1622–1635)
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(Yang et al. 2016a; Kele and van der Jagt 2010). 
The latter has been addressed by the development 
of novel semiautomated volumetric techniques 
for ADC measurement, which increase the reli-
ability and reproducibility of ADC measurements 
by 3D evaluation of the entire tumor (Bonekamp 
et al. 2014).

2.3  Intravoxel Incoherent Motion 
MRI (IVIM)

The quality of the ADC map is highly dependent 
on the b-value of the DWI. A higher b-value in 
DWI provides more accurate information on 
water diffusion within tissue by omitting signals 
from blood flow. However, this is associated with 
lower image quality. On the other hand, by 
decreasing b-value, DWI signal will be affected 
by blood perfusion in addition to water diffusion 
(Yang et al. 2016a).

IVIM calculates the micro translations 
occurring in each voxel. By combining low and 
high b-value, IVIM can distinguish water dif-
fusion from blood perfusion. Several parame-
ters can be obtained from IVIM, including true 
diffusion coefficient, perfusion-related diffu-
sion coefficient, and perfusion fraction (Fig. 4). 
Thereby IVIM can better approximate true 
water diffusion in lesions, as compared to 
DWI, and is a better representative of tissue 
characteristics with higher accuracy in distin-
guishing benign from malignant liver lesions 
(Watanabe et al. 2014; Woo et al. 2014). It has 
also been used in assessing HCC response to 
antiangiogenesis and radiofrequency ablation 
therapies. The results in several animal study 
have shown that IVIM has the ability to detect 
tumor response immediately after treatment 
(Guo et al. 2015; Joo et al. 2014). Also Shirota 
et al. showed that IVIM at baseline can predict 
the response to treatment in HCC patients 
treated with sorafenib as the baseline diffusion 
coefficient (DC) value was higher in respond-
ers as compared to nonresponders group 
(Shirota et al. 2016).

2.4  Magnetic Resonance 
Spectroscopy (MRS)

MRS distinguishes different metabolites and 
their concentration in vivo by using a magnetic 
field to induce radiofrequency signals. Proton 
magnetic resonance spectroscopy (HMRS) 
detects choline concentration, which is part of the 
cell wall and can indirectly show cellular prolif-
eration rate (Martín Noguerol et  al. 2016). 
Several studies used this feature to assess HCC 
response to TACE as early as 2–5 days after treat-
ment, in order to find any viable residual tissue in 
case of treatment failure (Chen et al. 2006; Kuo 
et  al. 2004). A decrease in choline level after 
TACE correlates with size reduction few months 
later detected by RECIST. These early changes in 
MRS signals are also associated with increase in 
ADC.  Combining MRS and DWI may help 
achieve better assessment of response to treat-
ment (Bonekamp et  al. 2011b). An important 
shortcoming of MRS is the effect of movements 
such as respiration and cardiac motility on image 
quality (ter Voert et al. 2011) and low resolution 
of spectra in small lesions, because of unfavor-
able voxel size and signal-to-noise ratio (Yang 
et al. 2016b).

2.5  Magnetic Resonance Perfusion-
Weighted Imaging (MR-PWI)

Similar to CTPI, MR-PWI studies the blood sup-
ply within a tumor. It identifies micro-vessels by 
analyzing changes in signal intensity of intrave-
nous contrast agent at different time intervals. 
The results are shown as time-intensity curve 
(TIC). Parameters such as initial enhancement 
rate and maximal enhancement are calculated. 
These parameters show changes in blood flow 
and vascular permeability, and indirectly repre-
sent tumor vasculature making it useful in deter-
mining tumor response to antiangiogenic 
treatments. Different sequences are used in 
MR-PWI technology for the assessment of HCC 
treatment response, most common being 
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a b

c d

e f

Fig. 4 53-year-old woman with hepatocellular carci-
noma in the right lobe of the liver. (a) Axial T1-weighted 
image shows a hypointense mass in the posterior right 
lobe of the liver; (b) axial T2-weighted image shows a 
hyperintense mass; (c) contrast-enhanced MRI during the 
arterial phase showing lesion enhancement; (d) mapping 
of the estimated value of the true molecular-diffusion 
coefficient (D parameter). The average value in the lesion 

region of interest (ROI) was D = 1.22 × 10–3 mm2/s; (e) 
mapping of the estimated value of the perfusion-related 
diffusion coefficient (D∗ parameter). The average value in 
the lesion ROI was D∗ = 20.6 × 10–3 mm2/s; (f) mapping 
of the perfusion fraction (f) with a value of 19.6%. 
(Reprinted with permission from World journal of gastro-
enterology 2016;22(20):4835–4847)
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T1-weighted dynamic contrast-enhanced 
sequence (Yang et al. 2016a).

Several studies showed the additive value of 
MR-PWI in combination with DWI.  As ADC 
increases after TACE due to tumor necrosis, 
MTD, Ktrans, and Kep decreases (Lin et al. 2016; 
Braren et al. 2011).

Although MR-PWI has some advantages over 
CTPI like higher resolution and lack of radiation 
exposure, its limitations include the need for a 
more customized scanner, longer scan times, and 
complex post-processing analysis, which makes 
it less suitable for clinical use (Yang et al. 2016a).

2.6  FDG-PET/CT and PET/MRI

FDG-PET/CT evaluates glucose metabolism, 
which indirectly estimates tumor activity. 
Although it has limited usefulness in the detec-
tion of HCC due to the increased background 
liver uptake, it can assess treatment failure ear-
lier by detecting residual metabolism within a 
tumor following TACE before any structural 
changes occur by measuring the standardized 
uptake value (SUV) change in the lesion at base-
line and after TACE treatment (Yang et  al. 
2016a). In a study by Kim et al., SUV ratio of 
tumor to normal liver was obtained on prether-
apy PET/CT, and tumors with SUV ratio higher 
than 2.5 were associated with better response to 
radiotherapy (Kim et  al. 2012a). Other studies 
have used high tumor- to- liver SUV ratio as a 
marker for aggressive disease and poor survival 
(Sung et al. 2018; Song et al. 2015). FDG-PET/
CT should be performed at least 1 month after 
TACE to avoid false positive results due to treat-
ment-induced inflammation. One study sug-
gested tumor-to-liver SUV ratio lower than 1.9 
after treatment as a predictor of good response 
(Ortega Lopez 2015).

Despite high accuracy of FDG-PET/CT in 
detecting metastasis, residual tumor, and dis-
ease recurrence, its use may be limited in 
patients requiring multiple follow-ups due to 
higher radiation exposure. Development of 
PET/MRI has resolved this limitation. In addi-
tion, PET/MRI provides improved soft tissue 

resolution and has the ability of combining 
functional data using DWI to serve as a good 
modality for assessing HCC response to treat-
ment (Yang et al. 2016a).

3  Intrahepatic 
Cholangiocarcinoma (ICCA)

ICCA is the second most common primary 
tumor in the liver with increasing incidence 
likely attributed to improved molecular diagnos-
tics (Saha et al. 2016). The only potentially cura-
tive treatment for ICCA is surgical resection. 
Since only patients with sufficient liver remnant 
after complete excision of margin-negative 
tumor, without extrahepatic disease or lymph 
node involvement, are considered for surgery, 
only a small fraction of patients are surgical can-
didates (Weber et al. 2015). However, systemic 
chemotherapy has shown minimal advantage in 
treatment (Fig.  5). The overall survival in this 
group remains between 3 and 6  months. 
However, new LRTs like TACE have shown 
improved survival up to 12–16  months 
(Seidensticker et  al. 2016). Thus, assessing 
tumor response to treatment is of great impor-
tance for treatment planning (Vossen et al. 2006). 
Conventionally, size-based criteria like WHO, 
RECIST, mRECIST, and EASL have been used 
for this purpose (Fig.  6). However, they have 
several shortcomings like variability in measur-
ing methods, low reproducibility, and reliance 
on the slow developing morphological changes 
as response indicators (Therasse et al. 2000). By 
contrast, new functional modalities like DWI 
can detect treatment response earlier by reveal-
ing changes in tumors microstructures (Corona-
Villalobos and Kamel 2014). Several studies 
have shown that an increase in ADC 3–4 weeks 
after TACE can be an early indicator of success-
ful therapy (Halappa et  al. 2012; Pandey et  al. 
2018). In addition to ADC, changes in delayed 
phase enhancement (180 s after injection of con-
trast agent) can be considered another parameter 
in assessing treatment response, as ICCA is best 
detected on this phase (Camacho et  al. 2014). 
Another approach for evaluating treatment 
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response is using DCE-MRI, which noninva-
sively estimates tumor microvasculature and 
perfusion. This approach relies on the fact that a 
decrease in tumor perfusion after treatment can 
be an indirect indicator of treatment success 
(Camacho et al. 2014).

4  Pancreatic Ductal 
Adenocarcinoma (PDAC)

PDAC is among the deadliest cancers worldwide 
with a very poor prognosis (Pancreatic Cancer 
Survival Rates, by Stage n.d.). It usually becomes 

a b

Fig. 5 Cholangiocarcinoma at baseline (arrows) (a) and 2  months after chemotherapy (b) on CT shows minimal 
change in tumor size and enhancement in response to chemotherapy

a b

Fig. 6 Cholangiocarcinoma at baseline (red circle) (a) and 1 month after TACE (b) on MRI shows minimal change in 
tumor size but considerable decrease in enhancement in response to TACE
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symptomatic in late stages of disease, and there-
fore distant metastasis and local invasion are 
often evident at the time of diagnosis (Li et  al. 
2004). The only curative treatment is resection of 
the primary tumor (Wray et al. 2005). However, 
new advances preoperative neoadjuvant therapy 
(combined chemo and radiation) have led to 
downstaging disease in up to 30% patients poten-
tially increasing the pool of surgical candidates 
(Gillen et al. 2010).

CT and MRI are the most commonly used 
methods in response evaluation. Although multi- 
detector row computed tomography (MDCT) is 
considered the best imaging modality in PDAC, 
its accuracy in assessing treatment response has 
been challenged due to the complex structure of 
the tumor and the presence of fibrosis (Trajkovic- 
Arsic et al. 2017). Different approaches for treat-
ment evaluation are listed below.

4.1  Multi-detector Row Computed 
Tomography (MDCT)

MDCT is the most commonly used imaging 
modality early in the diagnosis of PDAC, because 
of its high spatial resolution. It also has a high 
accuracy in detecting vascular involvement, 
which helps decide the operability of tumor (Li 
et  al. 2006). Thereby, MDCT is the preferred 
method to follow the tumor response after treat-
ment. New MDT scanner have resolved the prior 
limitation of detecting lesions smaller than 2 cm. 
However, MDCT has decreased specificity in dif-
ferentiating posttreatment fibrosis from residual 
tumor as size and attenuation after treatment do 
not serve as reliable markers for response to ther-
apy (Katz et al. 2012).

4.2  Response Evaluation Criteria 
in Solid Tumors 1.1

Similar to HCC and other solid tumors, RECIST 
1.1 criteria can be used to follow treatment 
response in PDAC, especially to assess response 
in the hepatic metastasis. However, its use is lim-
ited for the assessment of the primary tumor due 

to ill-defined and unclear borders and the absence 
of size change in many cases even after favorable 
response to therapy (Katz et  al. 2012). On the 
other hand, decrease in tumor-vessel circumfer-
ential contact assessed on MDCT has been found 
to be associated with a negative resection margin 
with a specificity of 86%, sensitivity of 61%, 
positive predictive value of 91%, and negative 
predictive value of 48% (Cassinotto et al. 2014).

Additionally, RECIST 1.1 criteria assume all 
the tumors as spherical, which is not true in most 
cases of PDAC (Boninsegna et al. 2017).

4.3  Choi Criteria

As explained above, Choi criteria was defined 
based on enhancement attenuation. Although it is 
not a good choice for assessing response in 
PDAC because of its failure in differentiating 
residual tumor from fibro-inflammatory response 
to treatment, it has been shown to be better than 
RECIST in predicting response to treatment and 
overall survival (Cassinotto et  al. 2014; 
Vecchiarelli et al. 2013). Vecchiarelli showed that 
Choi criteria can better stratify responders 
3  months after treatment as compared to 
RECIST. Statistically significant difference was 
demonstrated in the overall survival of patients 
with PR, SD, and PD using the Choi criteria as 
compared to the RECIST criteria (Vecchiarelli 
et al. 2013).

4.4  FDG-PET/CT

FDG-PET/CT is a promising complementary 
modality to CT scan in assessing response to 
treatment or recurrence after chemotherapy/ sur-
gery. It can detect recurrence after surgery earlier 
than CT, with the sensitivity as high as 96%. It 
can also detect decreased metabolism in respond-
ers before any morphological changes occur 
(Sahani et  al. 2012). FDG-PET/CT can also be 
used to predict the prognosis and overall survival 
in PDAC patients (Epelbaum et  al. 2013). The 
study is expensive and requires many adjust-
ments for standardizing the protocol in assessing 
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tumor response. Despite these limitations, it is 
gaining more advantage over other methods and 
becoming the gold standard in treatment response 
assessment in PDAC (Boninsegna et al. 2017).

4.5  PET Response Criteria in Solid 
Tumors (PERCIST)

PERCIST is defined based on FDG-PET/CT 
scan. New chemotherapeutic agents mostly arrest 
cell growth rather than inducing cell necrosis; 
therefore, some tumors might show response to 
treatment by decreased metabolism rather than 
shrinkage. With PERCIST criteria, response to 
treatment can be assessed based on changes in 
the maximum accumulation of tracer in body or 
SUL (SUV adjusted for lean body mass) (Wahl 
et al. 2009). Response to treatment is categorized 
in four groups described in Table 3.

Two studies demonstrated the correlation of 
tumor response with SUV change. A drop in 
SUV after treatment from 5.7 to 1.6 and 7.2 to 4.5 
were both associated with favorable tumor 
response and an improvement in CA 19.9 level 
(Patel et al. 2011; Alvarez et al. 2013).

4.6  PET/MR

Several studies have shown the advantages of 
PET/MR over FDG-PET/CT in detecting and 
staging pancreatic neoplasm and also predicting 
patient survival after resection (Chen et al. 2016; 
Nagamachi et  al. 2013). Results show higher 
accuracy for PET/MRI (97.7% vs. 85.2%) and 
specificity (92.9% vs. 21.4%) in detecting pan-
creatic tumor of all size, as compared to FDG- 

PET/CT.  In a study, combination of PET/MRI 
and DWI had shown to be the most powerful bio-
marker in predicting patient’s survival. An 
increase in metabolic tumor volume (MTV), 
derived from PET, and decrease in ADC, 1 month 
after treatment, were associated with low 
progression- free survival in PDAC patients 
(Chen et al. 2016).

4.7  Dynamic Contrast-Enhanced 
MRI (DCE-MRI)

DCE-MRI is a functional modality, and can 
assess tumor micro-structure. It can be a useful 
tool in differentiating PDAC from other patholo-
gies. The slow gradual enhancement pattern of 
pancreatic cancer is quite different from the nor-
mal parenchyma, chronic pancreatitis, and pan-
creatic neuroendocrine tumors. While pancreatic 
cancer demonstrates slow gradual enhancement, 
chronic pancreatitis has gradual increase fol-
lowed by decreasing enhancement. Pancreatic 
neuroendocrine tumors show rapidly increasing 
enhancement followed by a gradual decline (Kim 
et al. 2013).

DCE-MRI can be used to assess PDAC micro-
vasculature, which makes it an excellent tool for 
evaluating response to chemotherapeutic agents 
targeting angiogenesis. Besides, DCE-MRI can 
quantitatively calculate PDAC fibrosis, which 
has been shown to be involved in tumor growth 
and resistance to therapy (Bali et  al. 2011) and 
has the potential to both to predict and assess 
response to therapy. A reduction in Ktrans and Ve 
was detected in responders 28 days after antian-
giogenic therapy. Additionally, Ktrans and Kep 
higher than 0.78 mL/mL min and 1.43 min–1 pre-
treatment were associated with higher rate of 
response (Akisik et al. 2010).

4.8  DWI

Neoadjuvant therapy is frequently provided to 
patients with borderline resectable disease to 
increase the potential of downsizing the tumor 
grade for tumor negative surgery. It may cause 

Table 3 Response categories based on PERCIST 
criteria

Response category Description
Complete response 
(CR)

No metabolism in 
previously active lesions

Partial response (PR) >30% decrease in SUL peak
Progressive disease 
(PD)

>30% increase in SUL peak 
or new lesion formation

Stable disease (SD) Neither PR nor PD
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minimal structural changes, which can remain 
undetectable by anatomic imaging. This limita-
tion highlights the significance of functional 
imaging protocols such as DWI or FDG-PET/
CT. Generally, in malignant tumors with high cel-
lularity (e.g., PDAC) diffusion coefficients will 
be lower than its background parenchyma. 
Several studies confirmed these hypotheses by 
detecting lower ADC in PDAC as compared to 
normal parenchyma (Fattahi et al. 2009; Lee et al. 
2008). Recent studies have shown that cellular 
density in PDAC could contribute to tumors prog-
nosis, and potentially be useful in treatment eval-
uation (Kim et  al. 2012b). They suggested that 
high pretreatment ADC is significantly associated 
with better response to treatment with a mean 
ADC of 1.61  ×  10–3  mm2/s in responders vs. 
1.25 × 10–3 mm2/s in nonresponders (Cuneo et al. 
2014). Additionally, patient with early progres-
sion after treatment had lower ADC before receiv-
ing gemcitabine as a treatment (Niwa et al. 2009).

DWI can be used to detect tumor remnants 
after chemotherapy or surgery (Choi et al. 2004). 
However, there are some limitations in using this 
modality. Several confounders can alter ADC 
results like the type of scanner and coil, tumor 
vasculature, and room temperature (Boninsegna 
et al. 2017).

4.9  Texture Analysis

Texture analysis includes a variety of image anal-
ysis techniques that assess variation in lesion 
characteristics that are imperceptible to the 
human eye using a variety of imaging techniques 
including CT, MRI, and PET. These features are 
calculated based on the shape of histogram after 
a region of interest analysis. Post-processing 
analysis can quantitatively determine tumor het-
erogeneity, and as a result predict the tumor 
appearance. CT texture analysis may have added 
value in downstaging patients after chemother-
apy who otherwise show no evidence of down-
staging on conventional CT interpretation 
(Ciaravino et  al. 2018). In another study on 
assessing response to chemoradiation therapy in 
PDAC patients, several radiomics features of CT 

histogram distinguished responders from nonre-
sponders. The change of mean CT number, 
decrease in volume and kurtosis, and increase in 
skewness could predict the good tumor response 
as early as 2 weeks after treatment (Chen et al. 
2017). It has been shown that in PDAC patient, 
changes in mean, variance density values, and 
kurtosis of different MRI biomarkers are associ-
ated with response to FOLFIRINOX treatment. 
Textural feature of entropy on T2-weighted imag-
ing has also shown to be significantly associated 
with overall survival in patients with PDAC 
(Choi et al. 2018). However, large sample studies 
are still needed. Yue et  al. also showed that in 
PDAC patients who underwent FDG-PET/CT 
6  weeks after radiotherapy, tumors were more 
homogeneous after likely due to decreased meta-
bolic activity after treatment (Yue et  al. 2017). 
Texture analysis is inexpensive and can be done 
on already available imaging, which makes it a 
valuable tool in assessing tumor response to 
treatment (Boninsegna et al. 2017).

5  Conclusion

In conclusion, in patients with hepatobiliary and 
pancreatic malignancy, early treatment response 
is becoming more important for predicting the 
success of treatment and planning for the next 
step in patient management and functional crite-
ria have shown superiority over the conventional 
size-based criteria for such evaluations.
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Abstract

Renal cell carcinoma, bladder cancer, and 
prostate cancer are each among the top ten 
causes of cancer death in men in the United 
States (American Cancer Society, Cancer Facts 
& Figures  2018, Atlanta: American Cancer 
Society, 2018). Fortunately, there are multiple 
therapies approved by the U.S. Food and Drug 
Administration (FDA) for each of these com-
mon cancers, several of which have been 
approved recently. In this context, imaging 
assessment of response to treatment will 
become increasingly important, as multiple 
options are available for patients who do not 
show evidence of response or benefit from a 
particular agent. Substantial efforts to optimize 
imaging response assessment in treatment- 
specific settings have been published in each of 
these genitourinary malignancies.

In this chapter, imaging response assessment 
methods in renal cell carcinoma, bladder cancer, 
and prostate cancer will be reviewed, including 
a discussion of current therapeutic approaches 
in each disease, response criteria and associated 
pitfalls, and emerging challenges.
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1  Renal Cell Carcinoma Treatment 
Landscape

Currently approved agents for the treatment of 
advanced or metastatic renal cell carcinoma 
(mRCC) largely target either neoangiogenesis or 
immune surveillance escape, two drivers of this 
disease (Calvo et al. 2018; Mosillo et al. 2018). 
Vascular endothelial growth factor (VEGF) 
inhibitors, such as pazopanib or sunitinib, have 
been commonly used in the first-line treatment of 
metastatic clear cell RCC, though the recently 
approved immune checkpoint blocker (ICB) 
combination of nivolumab and ipilimumab has 
become the standard of care in patients with 
intermediate or poor risk disease (Motzer et  al. 
2018; Powles et  al. 2017a, Fig.  1). Therapies 
combining immune checkpoint inhibition and 
multi-tyrosine kinase inhibitors are also recently 

approved, such as avelumab plus axitinib (Motzer 
et al. 2019). Since the treatment landscape in 
mRCC is rapidly evolving to include molecularly 
targeted agents, ICB and combination therapies, 
several new questions have arisen, including: (a) 
what is the optimal drug selection and sequenc-
ing for individual patients? (b) what are the rele-
vant clinical, imaging, and/ or molecular 
biomarkers in drug selection and follow-up? and 
(c) what are the optimal treatment response 
assessment methods by imaging?

Additionally, other types of novel therapeu-
tics remain under investigation, which have the 
potential to further complicate treatment algo-
rithms and associated imaging response assess-
ment. For example, radium-223 dichloride has 
been investigated in combination with 
VEGF- targeted therapy in mRCC patients with 
bone metastases (McKay et  al. 2018a). Bone 

a b

Fig. 1 68-year-old woman with poor risk, metastatic 
renal cell carcinoma treated with nivolumab and ipilim-
umab. Baseline contrast-enhanced CT (a) shows a right 
renal mass with calcification representing the primary 
tumor, retrocaval adenopathy, and multiple liver metasta-
ses. Follow-up contrast-enhanced CT after 12  weeks of 

treatment (b) demonstrates significantly decreased size of 
multiple liver metastases. The right renal mass is not sig-
nificantly changed, while the retrocaval adenopathy is 
increased. Therapy was continued in this patient with par-
tial response
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metastases are associated with shorter survival 
in mRCC, with potential therapeutic implica-
tions (McKay et al. 2014). Computed tomogra-
phy (CT) and [99mTc]-Technetium methylene 
diphosphate bone scans (BS) are usual means of 
bone  metastasis assessment in mRCC, and 
overall response rate according to Response 
Evaluation Criteria in Solid Tumors (RECIST) 
version 1.1 and response according to 
M.D. Anderson Criteria (Fig. 2) were reported 
in this study (Eisenhauer et al. 2009a; Hamaoka 
et al. 2004). Another metabolic response assess-
ment method, Positron Emission Tomography 
(PET) Response Criteria in Solid Tumors 
(PERCIST 1.0), has also been explored in this 
setting (Dibble et al. 2018), to overcome known 
limitations in bone metastasis response assess-

ment using conventional methods (Padhani 
et al. 2017).

Adding further complexity, the advanced RCC 
treatment armamentarium also includes local 
treatments such as metastasectomy, thermal 
ablation, and radiotherapy in selected cases. 
Metastasectomy is feasible in patients with lim-
ited tumor burden and can afford patients with 
significant time off therapy (Karam et al. 2011). 
Radiotherapy of various types, including whole 
brain radiotherapy, stereotactic radiosurgery, and 
conventional and stereotactic body radiation may 
also be treatment options for patients with non- 
operable primary tumor or in selected cases of 
metastatic disease (Dabestani et al. 2014, Fig. 3). 
The potential synergistic effects of SBRT and 
ICB therapy are under active study (Francolini 

a

c d

b

Fig. 2 68-year-old woman with metastatic renal cell car-
cinoma treated with nivolumab and ipilimumab, and 
denosumab. Baseline CT in soft tissue (a) and bone (c) 
windows demonstrates a lytic lesion in the left pubic bone 
with peripheral rim soft tissue. Follow-up CT in soft tissue 
(b) and bone (d) windows demonstrates peripheral rim 
sclerosis of this lesion, representing partial response 

according to M.D. Anderson bone criteria in this lesion. 
Partial response in this criteria is indicated by the develop-
ment of a sclerotic rim around a previously lytic lesion, 
sclerosis of a previously undetected lesion, partial fill-in 
or sclerosis of a lytic lesion, or regression of a measurable 
lesion

Therapy Response Imaging in Genitourinary Malignancies



142

a

c d

b

Fig. 3 68-year-old woman with metastatic renal cell car-
cinoma and neck pain. Baseline cervical spine CT (a) 
shows a large lytic metastasis destroying most of the C5 
vertebral body. Baseline cervical spine short tau inversion 
recovery (STIR) MR image (b) shows the metastasis 
occupying the entire C5 vertebral body, extending superi-
orly to C4 and posteriorly into the left epidural space. On 
images not shown, the mass effaced the C4-C5 and C5-C6 

left lateral recesses, narrowed neural foramina, and 
encased approximately 180 degrees of bilateral vertebral 
arteries. The patient was treated with C4 and C5 corpec-
tomy and anterior fusion from C3 to C7 with cage recon-
struction, as well as radiation to C3-C6. Follow-up 
radiograph (c) and STIR MR image (d) demonstrates the 
expected posttreatment changes
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et al. 2018). It is important for radiologists to be 
aware of both local and systemic treatments, to 
best characterize response to each of these.

2  RCC Imaging Response 
Assessment

In clinical trials of patients with mRCC, imaging 
response to treatment has conventionally been 
assessed using the Response Evaluation Criteria 
In Solid Tumors (RECIST) criteria. RECIST is a 
common language to describe objective changes 
in tumor size and is widely applied across tumor 
and therapy types. RECIST version 1.1 has been 
employed in the most recent mRCC trials, 
though response assessments according to the 
original RECIST 1.0 and RECIST 1.1 have been 
shown to be highly concordant in RCC, when 
using the same target lesions or a subset by 
RECIST 1.1 (Krajewski et al. 2015). An impor-
tant difference between RECIST 1.0 and 1.1 is 
the maximum number of reportable target 
lesions, with ten maximum and five per organ by 
RECIST 1.0 and five maximum and two per 
organ by RECIST 1.1 (Eisenhauer et al. 2009b). 
Interestingly, recent literature has shown that 
variation in target lesion selection using RECIST 
1.1 may yield inconsistent or even conflicting 
response assessments in patients with metastatic 
cancer; thus, fewer target lesions according to 
RECIST 1.1 may not reflect overall tumor load 
and response (Kuhl et al. 2019).

In RECIST 1.0 and 1.1, partial response (PR) 
is indicated by 30% decrease in the sum diameter 
of target lesions compared to baseline, while pro-
gression of disease (PD) is indicated by new 
lesions or 20% increase in the sum diameter of 
target lesions compared to the nadir (Eisenhauer 
et  al. 2009b). The stable disease designation 
includes patients not meeting criteria for partial 
response or progressive disease. Less than half of 
mRCC patients treated with modern therapies 
achieve partial response by RECIST 1.0/1.1, in 
the range of 10–40% of patients treated with 
VEGF-targeted therapies, <10% treated with 
mTOR inhibitors, and 25% treated with 
nivolumab (Motzer et  al. 2008, 2013, 2015). 

Patients with a best response of stable disease on 
treatment are a heterogeneous group, including 
those with prolonged “clinical benefit” and pro-
longed time on treatment, and others who prog-
ress in the near term.

The arbitrary number of reportable target 
lesions, thresholds for partial response and pro-
gressive disease, and the lack of incorporated 
early response indicators are recognized limita-
tions in RECIST response assessment in 
mRCC.  In VEGF-targeted treatment, several 
class-specific alternative response criteria have 
been developed and evaluated in efforts to better 
separate responders and nonresponders to ther-
apy. Some schemas have incorporated both size 
and density changes into the criteria (as in Choi 
or Morphology, Attenuation, Size and Structure 
{MASS} criteria), because changes in tumor vas-
cularity/ enhancement are observed in patients 
treated with VEGF-targeted therapy (van der 
Veldt et  al. 2010; Smith et  al. 2010, Fig.  4). 
Clinical factors (such as Memorial Sloan 
Kettering Cancer Center Risk Factors and the 
International Metastatic Renal Cell Carcinoma 
Database Consortium model) have been com-
bined with response assessments by RECIST and 
MASS to identify patients with progression-free 
survival of less than or greater than/equal to 
1  year (Smith et  al. 2013). Early modest size 
changes, including 10% tumor shrinkage on first 
follow-up imaging, have been associated with 
improved progression-free and overall survival 
outcomes (Thiam et  al. 2010; Krajewski et  al. 
2011, 2014). While alternative criteria have 
shown utility in identifying patients with pro-
longed time to treatment failure and better out-
comes, they have been less useful in optimizing 
progressive disease designations, thereby treat-
ment changes.

With regard to ICB treatments in mRCC, 
numerous clinical trials have used and are using 
RECIST 1.1 to determine overall response rate 
and to characterize progressive disease. In the 
phase III study comparing nivolumab to 
everolimus, secondary endpoints of investigator-
assessed overall response rate and progression-
free survival were determined using RECIST 1.1 
(Motzer et  al. 2015). Of interest, patients were 
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allowed to continue on treatment beyond RECIST 
PD if clinical benefit was assessed by the investi-
gator and side effects were acceptable. Ongoing 
multicenter trials of ICBs combined with another 
ICB or another agent typically use RECIST 1.1 
to characterize overall response rate and 
determine progression of disease on imaging. 
However, heterogeneous changes in tumor bur-
den have been described in RCC patients treated 
with ICBs, and radiologic assessment of response 
in this treatment setting remains challenging 
(de Velasco et  al. 2016). Atypical patterns have 
encountered, including increased before 
decreased tumor burden on treatment termed 
“pseudoprogression,” mixed changes with new 
lesions, and even possible “hyperprogressive” 
disease (Champiat et al. 2018a). Given the unique 
mechanism of action of these agents which block 
inhibitory signals of the immune system to boost 
T-cell response to cancer cells, it is not surprising 
that differences in the underlying biology yield 
distinct radiologic changes and toxicities in 
treated patients.

The differing spectrum of patterns of response 
and progressive disease in patients with various 

malignancies treated with ICB as opposed to 
tyrosine kinase inhibitors has been known for 
greater than a decade, and modified ICB class- 
specific imaging response criteria have been 
developed. The first such criteria were termed the 
“immune-related response criteria” (irRC), pub-
lished in 2009, which aimed to capture additional 
response patterns in melanoma treated with ipili-
mumab (Wolchok et  al. 2009). These criteria 
employ bidirectional tumor measurements and 
the sum product diameters of the target lesions to 
quantify changes in tumor burden, with thresh-
olds of partial response and progressive disease 
used in the WHO criteria, specifically ≥50% 
decrease in tumor burden from baseline 
and  ≥25% increase in tumor burden from the 
nadir, respectively. Importantly, these criteria 
permitted new lesions to be incorporated into the 
sum product diameters of the targets rather than 
deeming patients with new lesions as having pro-
gressive disease. Furthermore, confirmatory 
scans at least 4 weeks after initial response 
assessment scans were advised to confirm com-
plete response, PR and PD designations, the 
latter in the absence of rapid clinical 

a b

Fig. 4 72-year-old man with clear cell renal cell carci-
noma, on pazopanib. Baseline coronal contrast-enhanced 
CT (a) demonstrates a large right renal mass with tumor 
thrombus extension to the renal vein and enlarged, heter-
ogenous perinephric adenopathy which have moderately 

decreased in density (though little changed in size) on 
follow-up contrast-enhanced CT (b), representing 
response to treatment according to Choi criteria and favor-
able response according to MASS criteria
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deterioration. Subsequently, immune-related 
RECIST (irRECIST) was developed, an adapta-
tion using unidirectional measurements and PR/
PD thresholds as in RECIST while maintaining 
elements of irRC pertaining to new lesions and 
confirmatory scans (Nishino et  al. 2013). 
Subsequent iterations include immune RECIST 
(iRECIST) published by the RECIST working 
group and immune- modified RECIST (imRE-
CIST) (Seymour et al. 2017; Hodi et al. 2018).

For the most part, despite the development of 
various immune-related criteria, primary end-
points in clinical trials of ICB continue to employ 
RECIST 1.1, including in RCC (Seymour et al. 
2017). Alternative/adjunct immune-related crite-
ria have been employed as secondary or explor-
atory endpoints in ongoing RCC trials at the 
author’s institution and others. According to the 
RECIST working group, RECIST 1.1 should 
continue to be used as the primary criteria for 
response-based endpoints, at least while iRE-
CIST is formally evaluated and validated 
(Seymour et al. 2017). Furthermore, use of iRE-
CIST is recommended in the context of clinical 
trials rather than routine care, whereby treatment 
beyond RECIST 1.1- progression occurs in care-
fully selected instances.

3  Challenges and Emerging 
Approaches in RCC Response 
Assessment

Combination regimens, including two ICBs as 
well as ICB combined with VEGF-targeted 
agents, are being evaluated for RCC treatment in 
clinical trials. Five phase III trials of different 
combinations of ICB and VEGF-targeted agents 
are ongoing, most using progression-free sur-
vival as the primary study endpoint (McKay et al. 
2018b). Assessing response to therapy in patients 
treated with combination regimens may certainly 
be achieved using RECIST, though it remains to 
be seen whether alternative immune-based 
response criteria better classify responders to 
treatment or predict outcomes, which remain 
questions in studies of single agent 

ICB.  Interestingly, in a study of patients with 
metastatic melanoma treated with combined ipi-
limumab and bevacizumab, multiple imaging 
response assessments were studied, including 
size change and density change thresholds, and 
response according to RECIST, MASS, and Choi 
criteria; none of the investigated changes corre-
lated with survival (Nishino et al. 2014). It seems 
useful to further study and compare RECIST and 
other alternative immune response assessments 
in mRCC treated with ICB and combination 
 regimens, to determine whether response accord-
ing to any of these correlates with outcomes. 
Ultimately, to help select the best candidates for 
ICB treatment, functional imaging with novel 
tracers such as zirconium-89-labeled atezoli-
zumab (anti-PD-L1) may prove useful to predict 
and assess response. Future treatment algorithms 
may incorporate clinical, imaging-based, histo-
logic, and genomic biomarkers at baseline, as 
well as changes in each of these over the course 
of treatment for personalized management of 
individual mRCC patients (Bensch et al. 2018).

Another opportunity for further refinement in 
RCC response assessment pertains to the optimal 
timing of treatment changes and “progressive 
disease” designations. With a number of thera-
pies FDA-approved for mRCC, patients have 
many options for treatment. As such, it makes 
sense to better define whether patients are 
achieving treatment benefit early in the course of 
therapy, and also to more precisely determine 
whether a drug is still exerting a treatment effect 
at the time of RECIST defined progression. 
Measurement of tumor growth rate (TGR) has 
been advocated to achieve these goals (Ferté 
et al. 2014). In a study of mRCC patients enrolled 
in one of two phase III studies (sorafenib v. pla-
cebo, everolimus v. placebo), TGR was examined 
at four timepoints: before treatment introduction 
(wash-out), under (first cycle), progression (last 
cycle), and after treatment discontinuation (wash-
out). TGR was associated with progression- free 
and overall survival, allowed for quantitative 
characterization of drug activity at the first evalu-
ation, and TGR suggested that sorafenib still 
exerted antitumoral activity in patients at the time 
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of progression. Decreased TGR at the time of 
RECIST progression could provide a rationale 
for continuing a treatment, be it targeted therapy 
or an ICB.

TGR measurement may also be useful in fur-
ther exploring the phenomenon termed hyper-
progressive disease, or an apparent acceleration 
of disease pace postulated to occur in some 
patients treated with ICB (Champiat et  al. 
2018b). Multiple definitions of hyperprogression 
exist, including time-to-treatment failure (TTF) 
<2  months, >50% increase in tumor burden 
compared with pre-immunotherapy imaging, 
and >2-fold increase in progression pace; or dis-
ease progression at the first evaluation with a 
minimum increase in TGR of >50% (Kato et al. 
2017; Champiat et al. 2017; Ferrara et al. 2018). 
It remains undetermined whether hyperprogres-
sion represents unresponsive, aggressive disease 
versus disease worsening related to the treat-
ment, and furthermore it is challenging to differ-
entiate pseudoprogression from true or 
hyperprogression on imaging (Elias et al. 2018). 
Additionally, the significance of new lesions has 
not been fully characterized, since tumor burden 
measurements for hyperprogression typically use 
target lesions according to RECIST 1.1, wherein 
new lesions are not added to the target lesions 
measurements. New lesions which develop on 
treatment are treated differently in the various 
immune response criteria; for example, added to 
the sum diameters in irRC, and measured and 
recorded separately in iRECIST.  New lesions 
may impact survival outcomes differently than 
growth of existing target lesions, which may 
have implications for optimized response criteria 
(Hodi et al. 2018).

Much work remains in refining RCC response 
assessment, particularly in this era of immune- 
oncology. Consensus must be reached as to the 
optimal response criteria to employ for particular 
treatment settings. It will be helpful to further 
study the typical and atypical patterns of response 
to treatment and progression, to correlate these 
patterns with survival outcomes and to identify 
biomarkers predictive of early response, durable 
treatment benefit, pseudoprogression, and 
hyperprogression.

4  Urothelial Carcinoma 
of the Bladder Response 
Assessment

Urothelial carcinoma of the bladder is another 
common genitourinary malignancy in which 
imaging plays an important role in assessing 
response to treatment and guiding treatment deci-
sions (American Cancer Society 2018). While 
most bladder cancer is non-muscle invasive and 
primarily diagnosed using a  combination of cys-
toscopy and tissue sampling, patients with mus-
cle-invasive and metastatic disease are commonly 
staged and followed-up with imaging. MRI is 
most frequently employed in staging muscle-
invasive disease due to its superior soft tissue 
contrast, and MRI response to neoadjuvant treat-
ment has been described in the literature, though 
post-neoadjuvant MRI prior to cystectomy may 
not be performed routinely (Barentsz et al. 1998; 
Schrier et al. 2006; Choueiri et al. 2014).

In a phase II study of dose-dense methotrex-
ate, vinblastine, adriamycin, and cisplatin 
(MVAC) in muscle-invasive bladder cancer, 
radiologic response was assessed with pre- and 
post-neoadjuvant treatment MRI, and radiologic 
response correlated with disease-free survival 
(Choueiri et  al. 2014). Radiologic response in 
this circumstance, indicated by >50% decrease in 
the product of the longest perpendicular diame-
ters, delayed enhancement of residual tumor, and 
normalization of node size if enlarged nodes 
were present was felt to offer complimentary 
prognostic information to pathologic response, 
though the need for prospective validation was 
acknowledged (Fig.  5). Other MRI parameters 
have been explored as biomarkers of response in 
the neoadjuvant setting, including relative 
enhancement at venous phase imaging which 
was significantly different among pathologic 
responder types (Chakiba et al. 2015) and median 
plasma perfusion, which differed in patients with 
residual tumor versus areas of treatment effect 
(Donaldson et  al. 2013). MRI predictors of 
response on pretreatment MRI have also been 
explored, including apparent diffusion coeffi-
cient values at diffusion-weighted imaging 
(Yoshida et  al. 2012). The role of imaging in 
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patient selection for bladder conserving therapies 
has not yet been defined.

In terms of recurrent/metastatic disease, few 
bladder cancer patients present with metastatic 
disease, though one third of patients with muscle- 
invasive disease treated with cystectomy relapse 
(Moschini et al. 2016). Metastasectomy may be 
useful for selected patients, but those with dis-
seminated disease are generally treated with sys-
temic therapy (National Comprehensive Cancer 
Network 2018a). Chemotherapy options depend 
on patient comorbidities, but combination regi-
mens include gemcitabine and cisplatin, and 
dose-dense MVAC with growth factor support. 
For patients who are cisplatin ineligible, 
options include gemcitabine and carboplatin, 
atezolizumab or pembrolizumab (National 
Comprehensive Cancer Network 2018a). 
Atezolizumab and pembrolizumab are first-line 
considerations in patients whose tumors express 
PD-L1 or for patients not eligible for any 
platinum- containing chemotherapy (Balar et  al. 
2017a, b). For patients who have locally advanced 
or metastatic urothelial carcinoma that has 
progressed during or after platinum-based 
chemotherapy or that has progressed within 
12  months of neoadjuvant/adjuvant therapy, 
several PD-1/PD-L1 inhibitors have been FDA 

approved, including pembrolizumab, nivolumab, 
atezolizumab, durvalumab, and avelumab 
(Rosenberg et  al. 2016; Sharma et  al. 2017; 
Powles et al. 2017b; Patel et al. 2018).

Response assessment in phase II clinical trials 
of these ICB in  locally advanced and/ or meta-
static urothelial carcinoma has largely been 
according to RECIST 1.1, with overall response 
rates in the range of 17–24%, including some 
complete and durable responses in the studies 
(Chakiba et  al. 2015; Donaldson et  al. 2013; 
Yoshida et  al. 2012; Moschini et  al. 2016; 
National Comprehensive Cancer Network 2018a; 
Balar et  al. 2017a). Interestingly, co-primary 
endpoints in one report included independent 
review facility-assessed objective response rate 
according to RECIST 1.1 and investigator-
assessed objective response rate according to 
irRECIST, analyzed by intention to treat; 
response rates were similar using the two criteria 
(Rosenberg et al. 2016; Nishino et al. 2015). In 
this study, patients were permitted to continue 
atezolizumab beyond RECIST progression if 
they met criteria for clinical benefit, and 20 
(17%) of 121 patients treated beyond progression 
showed subsequent partial response. These data 
highlight the necessity of confirming suspected 
progression on two consecutive follow-up imag-

a b

Fig. 5 60-year-old man with muscle-invasive bladder 
cancer treated with neoadjuvant, dose dense 
MVAC. Baseline fat-saturated T1W post contrast MRI of 
the pelvis (a) demonstrates a mass at the right vesicoure-
teral junction extending through the wall of the bladder 
and into the perivesical fat (T3b). Right hydroureterone-

phrosis was present (not shown). After neoadjuvant treat-
ment with ddMVAC, 10 week follow-up fat-saturated 
T1W post contrast MRI of the pelvis follow-up MRI (b) 
significant decrease in size of the bladder mass with a 
residual small enhancing nodule. No residual carcinoma 
was identified at cystoprostatectomy
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ing studies performed at least 4 weeks apart, to 
capture potential pseudoprogression and permit 
patients the opportunity to continue effective 
treatment in this setting (Fig. 6).

5  Prostate Adenocarcinoma 
Response Assessment

Imaging response assessment in prostate cancer 
is challenging for several reasons (Hope et  al. 
2018). First, after definitive treatment with either 
surgery or radiation, patients may experience 
biochemical recurrence without imaging 
evidence of metastatic disease using traditional 

modalities (CT, MRI, and 99mTc-methyl- 
diphosphonate (MDP) bone scintigraphy). After 
prostatectomy, biochemical recurrence is evi-
denced by two consecutive prostate-specific anti-
gen (PSA) levels greater than 0.2  ng/mL 
6–8 weeks after surgery (Cookson et  al. 2007), 
and after radiation, this is indicated by greater 
than 2.0-ng/mL increase in PSA level over the 
posttreatment nadir (Roach 3rd et  al. 2006). 
Additionally, when metastases are identified they 
may be bone only, often sclerotic and without 
measurable soft tissue components necessary for 
measurable targets according to RECIST 1.1. 
Involved lymph nodes may also be small/ not 
measurable according to RECIST criteria. Thus, 

a b

c d

Fig. 6 81-year-old man with history of metastatic urothe-
lial carcinoma of a solitary left kidney, treated with pem-
brolizumab. Pretreatment fused FDG PET-CT (a) and 
non-contrast CT of the lungs (c) show a large, FDG-avid 
right upper lobe mass and right paratracheal adenopathy. 
After 8 weeks of treatment, follow-up fused FDG PET-CT 
(b) and non-contrast CT of the lungs (d) show interval 

decrease in size and uptake of the dominant right upper 
lobe mass and decreased disease elsewhere (not shown), 
however with increased size and uptake of right paratra-
cheal adenopathy, possibly sarcoid-like reaction given 
improvement of other sites, or less likely increased dis-
ease at this site. Short-term follow-up imaging was 
advised
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utility of anatomic modalities and RECIST is 
limited in patients with bone-only and/or low 
volume metastatic prostate cancer, representing a 
substantial number of patients (Scher et al. 2008).

Nuclear imaging contributes significantly to 
response assessment in metastatic prostate can-
cer. Bone scintigraphy is routinely used to assess 

response to treatment/ progression in osseous 
metastatic disease, though flare phenomenon 
may create confusion, in which apparent 
increased uptake and/ or new lesions are detected 
soon after starting treatment due to healing and 
osteoblastic response in the lesions (Pollen et al. 
1984, Fig. 7). The “2 + 2 rule” is aimed at better 

Fig. 7 63-year-old man with metastatic castrate-resistant 
prostate cancer, recently treated with enzalutamide 
and radiotherapy to the sacrum. Declining 
PSA.  Tc-99  m- methylene diphosphonate (MDP) bone 
scan pre (a) and post (b) radiotherapy demonstrate new 
foci of uptake in the right lateral sixth rib, left fifth rib, left 

11th rib, and increased extent of uptake in the left 
posterior iliac bone and sacrum. Given the context and 
decreasing PSA level, the findings were noted to be 
potentially related to osteoblastic response to therapy 
(flare) rather than progression, and follow-up was advised

Left

a
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defining progressive osseous metastatic disease, 
whereby patients with new lesions/ possible 
flare phenomenon on initial posttreatment bone 
scan are further evaluated on a second bone scan 
≥6 weeks later, deemed as having progressed if 
the second scan demonstrates ≥two additional 
new lesions (for a total of ≥four new lesions 
from baseline) (Scher et al. 2008; Morris et al. 

2015). If the initial posttreatment bone scan is 
performed beyond the flare window of 12 weeks 
and 2 new bone lesions are detected, a confirma-
tory scan ≥6 weeks later should be performed to 
verify continued presence of the new lesions 
though no additional new lesions are required. 
Radiographic progression-free survival, 
assessed according to this definition for bone 

Left

b

Fig. 9.7 (continued)
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disease and according to RECIST for soft tissue 
disease, has been correlated to overall survival 
in the context of clinical trials (Morris et  al. 
2015; Rathkopf et al. 2018).

Fluoro-[18F]-deoxy-2-d-glucose (FDG-
PET/CT) is a modality which has limited utility 
in biochemically recurrent prostate cancer since 
disease may or may not be FDG-avid, though it 
has the potential to demonstrate bone and soft 
tissue metastases (Jadvar et  al. 2012; Jadvar 
2016). FDG-avidity has been correlated with 
biologically aggressive disease. Some studies 
have reported utility of FDG-PET/CT in assess-
ing response to systemic treatments for meta-
static prostate cancer, via changes in average 
SUVmax and other criteria (Morris et al. 2005; 
Zukotynski et al. 2014). Other “next-generation 
imaging” tracers may be sensitive and 
specific in biochemical recurrence, including 
[18F]-fluciclovine and bone metastasis-specific 
[18F]-sodium fluoride, both of which are FDA 
approved, and [68Ga]-prostate specific mem-
brane antigen (PSMA) which is currently inves-
tigational in the United States (Crawford et al. 
2018, Fig.  8). While low volume/oligometa-
static disease detection using these techniques 
may make patients eligible for local treatments 
(e.g., metastasectomy, radiation) and systemic 
treatments requiring imaging evidence of meta-
static disease, the role of next- generation imag-
ing tracers in more disseminated disease and 
treatment response assessment is not yet 
defined.

A variety of treatment options exist for 
patients with recurrent and metastatic prostate 
cancer. Androgen deprivation therapy (ADT) is 
an option for patients with rising PSA without 
imaging evidence of metastases, and it is the 
gold standard for patients with metastatic disease 
(National Comprehensive Cancer Network 
2018b). When patients develop resistance to ini-
tial ADT, this is termed castrate-resistant pros-
tate cancer (CRPC). Onset of CRPC may be 
indicated by a PSA >2.0 ng/mL that rises >0.2 on 
two subsequent readings, any doubling of the 
PSA, progression in existing metastases or new 
lesions. Therapeutic options for CRPC depend 

on the presence or absence of metastatic disease 
on imaging and symptoms, and include 
secondary hormonal therapy (several, including 
but not limited to apalutamide, enzalutamide, 
abiraterone with prednisone), chemotherapy 
(docetaxel or cabazitaxel with steroids), and 
immunotherapy (sipuleucel-T, pembrolizumab) 
with various specific indications for each of 
these agents (National Comprehensive Cancer 
Network 2018b). In recent years, primary clini-
cal trial endpoints have shifted from overall sur-
vival toward other clinically meaningful outcome 
measures including time to symptomatic skeletal 
event, time to first metastasis, and time to pro-
gression, to permit drug evaluation in patients 
with a variety of disease states, including those 
earlier in the disease continuum without measur-
able disease and/ or with low volume disease at 
baseline (Scher et al. 2016).

For predominantly bone metastases without 
visceral metastases, the alpha emitter radiophar-
maceutical radium-223 dichloride is also a 
 treatment option. Radium-223 dichloride binds 
to areas of increased bone turnover and thus tar-
gets osteoblastic metastases, acting over a short 
tissue range of <100 μm (Bruland et al. 2006). 
Radium-223 dichloride has been shown to 
improve overall survival and prolong the time to 
first symptomatic skeletal event (including radi-
ation for bone pain palliation, new pathological 
fracture, spinal cord compression or tumor- 
related orthopedic surgery) in castrate-resistant 
prostate cancer patients with bone metastases 
(Parker et al. 2013; Sartor et al. 2014, Fig. 9). Of 
note, time to first symptomatic skeletal event 
was clinically assessed during the phase III trial 
study period and follow-up periods, did not 
include asymptomatic fractures detected radio-
graphically, and radiographic response in bone 
lesions was not reported (Parker et  al. 2013). 
Particularly in patients with osseous metastatic 
disease, clinical and imaging follow-up is often 
aimed at detecting progressive disease, as 
opposed to response. It remains undetermined 
whether nuclear techniques using novel tracers 
will be helpful to assess response in this 
setting.
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a

b c

Fig. 8 76-year-old male with biochemically recurrent 
prostate cancer (PSA 0.4) after radical prostatectomy. 
Fluciclovine PET-CT maximum intensity projection 
(MIP) image (a), fused PET-CT (b) and non-contrast CT 

(c) images show a 10 × 8 mm radiotracer avid left internal 
iliac node with SUVmax of 9.5, representing the site of 
recurrent disease
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a

c

b

Fig. 9 79-year-old man with metastatic, castration- 
resistant prostate cancer. Baseline sagittal CT (a) demon-
strates a lytic metastasis with surrounding sclerosis in L3 
and moderate compression deformity of T12. Follow-up 
sagittal CT (b) 4 months after initiating treatment with 
Radium-223 demonstrates no significant change in the L3 

lesion but new mild sclerosis, fragmentation, and mild 
height loss at L1, representing a new compression defor-
mity which was symptomatic (symptomatic skeletal 
event). The patient also developed new multistation 
lymphadenopathy (axial CT, c), indicating the need for a 
change in treatment
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6  Conclusion

In conclusion, there are a variety of anatomic and 
functional imaging modalities employed in 
assessing response to treatment in renal cell carci-
noma, bladder cancer, and prostate cancer, includ-
ing investigational techniques. Current themes in 
response assessment include the development 
of disease-specific and/ or treatment- specific 
approaches to guide treatment continuation and 
change decisions, taking into account the mecha-
nisms of action of therapeutic agents, disease 
biology, and behavior. Multidisciplinary collabo-
ration is necessary to refine imaging best prac-
tices, to further develop imaging techniques to 
predict and measure response, and to incorporate 
rational exploratory response assessment meth-
ods into prospective trials.
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Abstract

The three most common malignancies in 
gynecological oncology are cervical cancer, 
endometrial cancer, and ovarian cancer. 
Studies related to treatment response and 
prognosis of these cancers have mainly exam-
ined magnetic resonance (MR) imaging fac-
tors, which include tumor size, 
diffusion-weighted image (DWI), and perfu-
sion image, followed by positron emission 
tomography/computed tomography (PET/CT) 
and CT images. To study cervical cancer, 
imaging modalities and factors have been 
combined variously with clinical factors, and 
DWI and derived apparent diffusion coeffi-
cient (ADC) values playing important roles. 
Because endometrial cancer diagnosed at an 
early stage exhibits favorable overall survival, 
many studies have specifically examined rela-
tions with clinical factors such as stage, histol-
ogy, depth of myometrial invasion, 
lymphovascular invasion, and lymph node 
(LN) metastasis. Ovarian cancer is diagnosed 
at a high stage with tumor spread in the abdo-
men and thoracic cavity. Then PET/CT is 
more emphasized than MRI for the evaluation 
of treatment response. The latest analytic 
methods using radiogenomics and texture 
analysis are also applied to evaluate cervical 
cancer and ovarian cancer.
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1  Introduction

The International Federation of Gynecology and 
Obstetrics (FIGO) staging system provides fun-
damental and important criteria for developing 
treatment strategies and for estimating the prog-
noses of gynecological cancers. However, FIGO 
staging alone might not be satisfactory for accu-
rately providing prognostic evaluation. Clinical 
need exists for noninvasive prognostic biomark-
ers to provide more detailed tumor characteriza-
tion at the baseline and/or during early therapy, 
which might permit personalized treatment and 
which might support improved outcomes 
because traditional clinical and morphological 
predictors include tumor volume, histology, per-
formance status, and nodal status (Barwick 
et  al. 2013; Katanyoo et  al. 2011; Kristensen 
et  al. 1999). Radiological imaging, especially 
MR imaging, has long played an important role 
for tumor measurements in 2D or 3D sections in 
gynecological tumors. Recent development of 
MR imaging with functional imaging has led to 
tumor biology work for the assessment of bio-
markers indicating tumor response, such as glu-
cose metabolism, hypoxia, and cellularity. 
Debate continues as to which imaging bio-
marker is more robust for the accurate predic-
tion of individual prognosis in pretreatment 
assessment of patients with gynecological 
cancers. This review presents details related to 
the current evidence and future potential of 
functional imaging to predict tumor response in 
gynecological cancers.

2  Cervical Cancer

Uterine cervical cancer, the third most com-
monly diagnosed cancer, is the fourth leading 
cause of cancer death among women worldwide, 
although its incidence has decreased in economi-
cally developed countries because of improved 
public health measures and wider implementa-
tion of Pap-smear screening (Jemal et al. 2011; 
Kurman et  al. 2014a). Fifty percent of patients 
are diagnosed at stage 1; their five-year survival 

rate is over 90%. Nevertheless, cervical cancer 
has a high rate of recurrence after the end of 
therapy: about 35% (Zola et  al. 2015; Salani 
et  al. 2011). The most common histopathology 
subtypes are squamous cell carcinoma (SCC), 
accounting for almost 80%, followed by adeno-
carcinoma (Intaraphet et al. 2013). Actually, the 
FIGO stage is the most important prognostic fac-
tor, but tumor size, depth of invasion, parame-
trial invasion, and nodal status are also related to 
prognosis (Wright et al. 2002). Treatment might 
vary within stages because the individual stages 
are currently defined by the FIGO stage. Main 
treatment modalities include surgery, chemo-
therapy, and radiation therapy, but concurrent 
chemoradiation therapy (CCRT) is applied for 
advanced tumors (Wright et  al. 2002). 
Identification of patients at higher risk of recur-
rence before treatment or in an early stage of 
chemoradiation therapy might give rise to more 
personalized or stratified treatment. In addition 
to basic morphological assessment of tumors 
using CT and conventional MRI sequences, 
functional MRI and FDG-PET CT are antici-
pated to reveal functional aspects of tumors, 
including tumor metabolism, water diffusion, 
perfusion, and tumor heterogeneity, and to facili-
tate the early detection of tumor response 
(Fig. 1). As described in this section explaining 
cervical cancer, various imaging factors were 
introduced: from observation of morphological 
change to recent techniques.

Fundamental assessment of treatment 
response depends on the tumor volume. Mayr 
et al. compared overall survival (OS) according 
to the respective volumes of residual tumors dur-
ing and after radiation therapy (Mayr et al. 2010). 
Results indicate that OS is significantly higher in 
the group with rapidly regressing tumors with 
proportional tumor volumes of less than 20% at 
40–50 Gy and 10% at 1–2 months postradiation 
therapy (Mayr et  al. 2010). Regarding the risk 
assessment of tumor recurrence, volumes of areas 
of high signal intensity involving the uterine cer-
vix on T2-weighted MR images after radiation 
therapy were used (Saida et  al. 2010). Greater 
volume of areas of high signal intensity on 
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T2-weighted images (WI) obtained immediately 
before and after completion of irradiation therapy 
is associated with higher risk of recurrence (Saida 
et  al. 2010). The salient difficulty of T2WI has 
been identified as acute radiation change of 
inflammation and edema. An additional short-
coming of volume measurement is delay in the 
onset of treatment effects.

Diffusion-weighted imaging (DWI), which 
provides information about the random 
(Brownian) motion of water molecules in tissues 
(Padhani et al. 2009), is expected to provide early 
response when using chemotherapy and to eluci-
date the patient prognosis. Reduced motion of 
water in malignant tumors is probably related to 
a combination of higher cellularity, tissue disor-
ganization, and increased extracellular space tor-
tuosity (Padhani et  al. 2009). Therefore, many 
researchers have pursued effective and proper 
evaluation timing of ADC value measurement 

reflecting treatment response or prognosis. 
Numerous reports have described the evaluation 
of treatment response or prognosis using DWI 
and ADC values. However, their respective study 
designs have differed widely. In fact, numerous 
and diverse imaging modalities exist, involving 
the timing of image acquisition or evaluation and 
the combination of therapies. Variations also 
exist in the measurement of ADC values, includ-
ing the minimum, mean, maximum, the change 
of ADC, and histogram analysis. Placement of 
ROIs also presents various alternatives: 2D or 3D 
ROI, single or multiple ROIs, oval or square ROI, 
and manual or automatic. Discussion has contin-
ued as to which approach is appropriate for 
prognosis evaluation. Although automatic mea-
surements of the whole tumor probably can elicit 
information of the tumor without bias, the acces-
sibility of such methods is also an important issue 
for consideration. Further development of both 

Schema of prognostic evaluation of cervical cancer

Clinical
variables

Stage
(FIGO)

Tumor
marker Histology

Age LN
metastasis

Imaging variables

Size/volume
DWI(IVIM) Perfusion

FDG PET/CT
Multi-

parametriccm
cm3

ADC(min,mean,
max)
f
D*

Ktrans
kep
Ve

SUV
MTV
TLG

Various
combination

Fig. 1 The schema shows the list of clinical and imaging 
variables for treatment response and prognostic evaluation 
for cervical cancer. FIGO staging is the most important in 
clinical factors. Regarding imaging variables, DWI, FDG 
PET/CT and those combinations were mainly used for the 
research. LN lymph node, ADC apparent, diffusion coef-
ficient, IVIM intravoxel incoherent motion, f perfusion 

fraction, D∗ pseudodiffusion coefficient, Ktrans volume 
transfer constant between the blood plasma and the extra-
cellular–extravascular space (EES)), kep rate constant 
between the EES and the blood plasma, Ve fractional vol-
ume of EES, SUV standardized uptake values, MTV meta-
bolic tumor volume, TLG total lesion glycolysis
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hardware and software might be necessary to 
resolve those various difficulties.

In their study, Himoto et al. included stages IB 
through IIIB, irrespective of treatment, and ana-
lyzed squamous cell carcinoma (SCC) separately 
from other histologies (Himoto et  al. 2015). 
Multivariate analysis revealed that mean ADC 
values at preoperation were a significant factor 
related to event-free survival (HR 3.34, P = 0.03) 
in the SCC group along with LN metastases and 
definitive surgery, but not in all cases (Himoto 
et al. 2015). From these results, consideration of 
histological types is recommended when using 
ADC values as a prognostic imaging marker. 
Nakamura et al. compared the three ADC values 
of minimum, mean, and maximum ADC values 
as predictive markers of recurrence after opera-
tion (Nakamura et al. 2012a). Multivariate analy-
sis of variance (ANOVA) indicated only the mean 
ADC value and histology remained as indepen-
dent prognostic factors for disease-free survival 
(P = 0.01) (Nakamura et al. 2012a). The change 
of ADC values is used to detect early response of 
CCRT. In studies of cervical cancer patients with 
CCRT, significant positive correlation was found 
between the tumor response and the change in 
ADC values at 2 and 4 weeks after the start of 
CCRT (Harry et  al. 2008; Kim et  al. 2013). 
Nevertheless, no correlation was found between 
pretreatment ADC values and tumor size. Recent 
data also demonstrate the usefulness of change in 
ADC between pre-CRT and post-CRT (Onal 
et  al. 2016). Results demonstrate that the ADC 
change was lower in patients with recurrence 
(25.7% vs. 42.8%, P  <  0.001) than in patients 
without recurrence (Onal et al. 2016). Multivariate 
analysis of pelvic lymph node metastasis and 
pretreatment mean ADC values revealed prog-
nostic factors affecting OS and disease-free sur-
vival (DFS) (Onal et al. 2016). Larger change of 
ADC value was a positive prognostic factor for 
OS, although lower pretreatment ADC and posi-
tive LN metastases have been identified as nega-
tive prognostic factors for both OS and DFS 
(Onal et al. 2016).

Histogram analysis of DWI is another means 
of predicting tumor response. A histogram 

analysis can provide additional parameters to 
ADC values, such as percentile analysis, skew-
ness, and kurtosis reflecting the biologic het-
erogeneity of a tumor (Rosenkrantz 2013). The 
salient benefit of using histogram analysis is 
that it can incorporate all voxels within the 
lesion, thereby avoiding the subjectivity of 
placing an ROI within a small lesion 
(Rosenkrantz 2013). This benefit engenders 
improved reproducibility as well as enhanced 
evaluation of heterogeneity and other additional 
textures of the tumor. Downey et al. compared 
histogram analysis results for stage I cervical 
cancer between SCC and adenocarcinoma 
(Downey et al. 2013). No significant difference 
was found at any percentile among 10th, 25th, 
50th, 75th, and 90th percentiles. In fact, only 
skewness was found to have a significant differ-
ence between the two histologies, indicating 
that adenocarcinoma shows a more heteroge-
neous mixture of cellular architecture than SCC 
(Downey et al. 2013). Gladwish et al. included 
patients treated by radiation therapy (RT) or 
CCRT and analyzed their cases to investigate 
DFS using histogram analysis with volumetric 
ADC values (Gladwish et al. 2016). Multivariate 
analysis showed that absolute and normalized 
95th percentile ADC remained associated with 
DFS (hazard ratio (HR), 0.90–0.98; P < 0.05) 
(Gladwish et al. 2016). For the ROC curve, the 
AUC is increased by adding 95th percentile 
ADC values for other clinical variables 
(Gladwish et al. 2016).

In a meta-analysis conducted in 2015 to 
ascertain the role of DWI in evaluating response 
to CCRT, DWI was found to be useful for moni-
toring treatment response after treatment, but 
the limited number of reports was insufficient to 
verify its usefulness for monitoring of early 
response (Schreuder et al. 2015). A multicenter 
study of local control evaluation after radiother-
apy in Europe found that DWI significantly 
increases the specificity of MR imaging for the 
detection of local residual tumors (Thomeer 
et  al. 2019). For 107 cervical cancer patients, 
the addition of MR imaging with DWI to clini-
cal response evaluation by gynecologists was 
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found to have a statistically significant incre-
mental value for identifying residual tumors 
(Thomeer et al. 2019).

Intravoxel incoherent motion (IVIM) of water 
molecules in vivo includes tissue microenviron-
ments with perfusion in addition to Brownian 
motion obtained using DWI (Le Bihan et  al. 
1986, 1989). Zhu et al. applied IVIM methods to 
advanced cervical cancer patients for prediction 
of the effects of CCRT (Zhu et  al. 2017). The 
ADC, pure diffusion coefficient (D), and f values 
change significantly as early as the second week 
after the initiation of CCRT. In addition, the most 
dramatic change within 2 weeks is observed for f 
values (Zhu et  al. 2017). Beyond the resources 
necessary to measure ADC values, the require-
ment of specific software for analysis of IVIM 
might represent an obstacle to overcome.

Dynamic contrast-enhanced (DCE) MRI 
might be useful to assess microvascular structure 
and perfusion (Zahra et al. 2007). One of several 
pharmacokinetic models, the so-called Tofts 
model, posits the extracellular–extravascular 
space (EES) and plasma as two compartments. 
Transport between these two compartments is 
determined using Ktrans (volume transfer constant 
between the blood plasma and the EES) and Kep 
(rate constant between the EES and the blood 
plasma); many other factors influence enhance-
ment patterns in both tumors and blood vessels 
(Zahra et al. 2007). The first report describing the 
prediction of treatment response using DCE-MR 
parameters was presented by Zahra et al. (2009). 
The report described that DCE-MR images were 
acquired at pretreatment and at two points during 
CCRT, 2 and 5 weeks after the start of RT. Good 
response to RT was associated with increased 
perfusion and higher contrast-enhancement ratio 
and Ktrans values (Zahra et al. 2009). Mayr’s team 
has long examined tumor perfusion. After they 
reported histographic analysis of the perfusion of 
cervical cancer (Mayr et al. 2010), they followed 
the change of histogram patterns of perfusion 
during radiation therapy. Their findings show that 
persistently low perfusion before and during 
radiation therapy indicates a high risk of treat-

ment failure, although outcomes are favorable in 
patients with initially high perfusion or subse-
quent improvement of initially low perfusion 
(Mayr et  al. 2010). These findings suggest that 
blood supply and oxygenation profoundly influ-
ence the radiation response in cervical cancer 
(Mayr et al. 2010). Coudray et al. used both per-
fusion and IVM for predicting the risk of local 
recurrence after preoperative CCRT and opera-
tion (Jalaguier-Coudray et al. 2017). Their results 
show that dynamic enhancement patterns reflect 
the tumor response for CCRT compared to IVIM 
factors. Incomplete response was associated sig-
nificantly with early strong enhancement of the 
tumor and low signal intensity on the ADC map 
(Jalaguier-Coudray et al. 2017).

Increasingly, PET/CT has played an important 
role for predicting prognosis with several quanti-
tative factors such as standardized uptake values 
(SUV), metabolic tumor volume (MTV), and 
total lesion glycolysis (TLG) (Barwick et  al. 
2013). A meta-analysis conducted using data of 
12 studies including 660 patients evaluated the 
predictive value of 18F-FDG PET/CT, showing 
worse prognosis with high MTV and TLG for 
both EFS and OS (Han et al. 2018a). In multiple 
subgroup analyses, the prognostic values of MTV 
and TLG for EFS were consistently significant 
(pooled HRs of 5.08–7.30 and 4.80–15.83, 
respectively) (Han et al. 2018a). The Mallinckrodt 
Institute of Radiology group developed FDG- 
PET- based prognostic nomograms from their ret-
rospective database of 234 cervical cancer 
patients to evaluate recurrence-free survival 
(Kidd et  al. 2012). In this nomogram, only the 
PET values are used, but combining clinical fac-
tors and other modalities is anticipated as the 
next step.

Texture analysis is a recent technique used to 
assess tumor heterogeneity by analyzing the dis-
tribution and relation of pixel or voxel gray levels 
in the image (Ganeshan and Miles 2013). It can 
provide an objective, quantitative assessment of 
tumor heterogeneity using statistically based 
methods (Ganeshan and Miles 2013). Ho et  al. 
analyzed the heterogeneity of intratumoral FDG 

Therapy Response Imaging in Gynecologic Malignancies



164

distribution using texture analysis with grey-level 
run length encoding matrix (GLRLM) and grey- 
level size zone matrix (GLSZM) (Ho et al. 2016). 
Results obtained for 44 patients with bulky 
tumors revealed high intratumoral metabolic het-
erogeneity and early temporal change in TLG as 
a high-risk group with worse survival outcome 
(Ho et al. 2016).

Quantitative, functional parameters from mul-
tiparametric MRI and FDG PET/CT have been 
investigated as prognostic and predictive bio-
markers. Each report combined those parameters 
variously. However, debate continues as to which 
imaging biomarker is more robust for accurately 
predicting individual prognosis in the pretreat-
ment assessment of patients with cervical cancer. 
Sala et  al. evaluated the incremental prognostic 
values of MRI and FDG-PET/CT compared to 
clinical histopathologic factors (Sala et al. 2015). 
They designed three models for predicting PFS: 
FIGO stage only, clinical factors including age at 
diagnosis and tumor grade, and a combined 
model of clinical and imaging parameters includ-
ing age at diagnosis, tumor grade, parametrial 
invasion on MRI and para-aortic/distant metasta-
sis on PET (Sala et al. 2015). Among those three 
models, the combined model of clinical and 
imaging parameters had significantly higher con-
cordance for predicting PFS than the model 
including only clinical parameters (Sala et  al. 
2015). The prognostic model combining imaging 
parameters and clinical-pathological factors pro-
vides information that complements clinical- 
pathological factors.

3  Endometrial Cancer

Endometrial carcinoma is the most common 
gynecologic malignancy in the United States and 
economically developed countries (Morice et al. 
2016). Most patients with endometrial cancer 
will present with symptoms of abnormal or post-
menopausal bleeding that allows for early tumor 
detection (Morice et  al. 2016). Therefore, most 
patients are diagnosed at an early stage, when a 
tumor is confined to the uterus, resulting in favor-
able overall survival of more than 80% (Rose 

1996; Amant et  al. 2005; Odagiri et  al. 2011). 
However, recurrence rates for patients with early 
stage disease are 2–15%, reaching as high as 
50% in advanced stages or in patients with 
aggressive histologic condition (Sorbe et  al. 
2014; Fung-Kee-Fung et  al. 2006). Many local 
recurrences are curable. For that reason, early 
detection and proper diagnostic factors for 
screening are critically important for patients’ 
prognosis (Salani et al. 2011).

The reported prognostic factors for endome-
trial cancer are age, stage, histology, depth of 
myometrial invasion, lymphovascular space inva-
sion, and LN metastasis (Larson et  al. 1996) 
(Fig. 2). Among those factors, many reports have 
examined relations with histology and the depth 
of myometrial invasion. Among the many histol-
ogies of endometrial cancer, such as endometri-
oid carcinoma, mucinous carcinoma, and serous 
carcinoma, 70–80% of uterine corpus cancer 
were of endometrioid type (Kurman et al. 2014b). 
Endometrioid carcinoma is graded by the patho-
logical architecture: grade 1 has 5% or less solid 
growth; grade 2 has 6–50%; and grade 3 has 
more than 50% (Kurman et al. 2014b). Recurrence 
develops in 7.7% of grade 1 tumors, 10.5% of 
grade 2 tumors, and 36.1% of grade 3 tumors 
(Lurain 2002). Overall 5-year-survival is 86–92% 
for grades 1 and 2, but 64% for grade 3. It is 50% 
for clear cell carcinoma and 36% for serous car-
cinoma (Rose 1996; Lurain 2002). Because these 
grades are strongly correlated with prognosis, 
many researchers have tried to assess the rela-
tions between these grades and imaging factors, 
especially ADC values (Tamai et  al. 2007; 
Rechichi et al. 2011; Seo et al. 2013), with vary-
ing results. Tamai et al. reported a significant dif-
ference between mean ADCs of grade 1 and 
grade 3 tumors, but considerable overlap was 
found in that study (Tamai et  al. 2007). Other 
reports describe no significant difference found, 
but some tendency of decreased ADC value in 
higher grade (Rechichi et al. 2011). It might not 
be easy to estimate the precise histological grade 
based on mean ADC values. Other histological 
classifications are used for endometrial carci-
noma types I and II.  Types I and II were sug-
gested by Bokhman in 1983, with classification 
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according to clinicopathologic, immunohisto-
chemical, and molecular genetic studies 
(Bokhman 1983; Ronnet et  al. 2002). In fact, 
89–90% of endometrial carcinoma is classified as 
Type I with favorable prognosis, including grade 
1 and 2 endometrioid carcinoma associated with 
hyperestrogenism and genetic alterations of 
PTEN mutation, microsatellite instability, and 
KRAS mutation (Ronnet et al. 2002). Type II car-
cinoma is unrelated to estrogen. It includes 
aggressive histologic subtypes such as grade 3 
endometrioid adenocarcinoma, serous carci-
noma, and clear cell carcinoma (Ronnet et  al. 
2002). Genetic mutation of p53 has been sug-
gested (Ronnet et  al. 2002). From an imaging 
perspective, analysis of semiquantitative 
enhancement pattern on DCE-MRI has revealed 
that unfavorable Type II tumors show stronger 
enhancement than that of Type I tumors 
(Fukunaga et al. 2015).

The depth of myometrial invasion is one 
important prognostic factor (Larson et al. 1996). 
Regarding the relation with imaging factors, 
SUVmax and minimum ADC values have been 
reported as related factors (Inoue et  al. 2015; 
Nakamura et  al. 2012b; Kitajima et  al. 2012). 

Inoue et al. showed that the minimum ADC was 
significantly lower for patients with deep myo-
metrial invasion, although mean ADC did not 
differ significantly: 0.84 for superficial and 0.78 
for deep myometrial invasion (P = 0.081) (Inoue 
et al. 2015). Actually, their results accord well 
with those reported by Nakamura et al., which 
showed a utility minimum ADC value with the 
relation of myometrial invasion (Nakamura 
et al. 2012b). Histogram analysis of ADC values 
indicates that the higher the quartile ADC 
(qADC) value is, the deeper the myometrial 
invasion and higher the frequency of LVSI and 
cervical invasion are (Cao et  al. 2012). Their 
results suggest that high tumor heterogeneity 
might be related with tumor invasiveness (Cao 
et  al. 2012). Recently, simple MR volumetric 
assessment of tumors is suggested as an easy 
and accurate method for predicting lymphovas-
cular and myometrial invasion (Nougaret et al. 
2015). A total tumor volume ratio (TVR = total 
tumor volume/total uterine volume  ×  100) 
greater than or equal to 25% allows prediction 
of deep myometrial invasion with sensitivity of 
100% and specificity of 93% (area under the 
curve, 0.96; 95% confidence interval, 0.86, 
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Fig. 2 The schema 
shows the list of clinical 
and imaging variables 
for treatment response 
and prognostic 
evaluation for corpus 
cancer. In endometrial 
cancer, the trials 
evaluating the relation of 
imaging factors with 
clinical variables, 
especially histology and 
myometrial invasion 
have been performed. 
Lymphovascular space 
invasion is characteristic 
for this cancer. LVSI 
lymphovascular space 
invasion
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0.99) at axial oblique diffusion- weighted imag-
ing (Nougaret et al. 2015).

The following studies were undertaken to 
assess the relation between prognosis and imag-
ing factors directly. Using minimum ADC values 
and the CA125 tumor marker, Nakamura et  al. 
examined disease-free survival in 111 patients 
(Nakamura et  al. 2012b). Results show that the 
FIGO stage was the independent prognostic fac-
tor for DFS (P = 0.013), followed by the mini-
mum ADC value among other factors of FIGO 
stage, depth of myometrial invasion, cervical 
involvement, lymph node metastasis, ovarian 
metastasis, peritoneal cytology, and tumor maxi-
mum size (Nakamura et al. 2012b). No correla-
tion was found between serum CA125 levels and 
biological parameters for endometrial cancer 
(Nakamura et  al. 2012b). Kuwahara et  al. 
included only patients after complete tumor 
resection and examined the prediction of tumor 
recurrence (Kuwahara et  al. 2018). Among 210 
patients with stages IA to IIIC endometrial can-
cer who had undergone complete resection of the 
tumor, minimum and mean ADC values of tumors 
and those normalized by urine ADC (minimum, 
mean) were calculated for 210 patients (Kuwahara 
et  al. 2018). Results showed that lower mean 
ADC and normalized mean ADC values were 
associated independently with shorter RFS 
(Kuwahara et  al. 2018). By stepwise variable 
selection, results showed that tumor histology, 
cervical stromal invasion, and T3 factor were 
independently associated with shorter RFS 
(Kuwahara et al. 2018). Even after adding mean 
ADC values to these three factors, mean ADC 
values (both with and without normalization) 
remained useful as independent prognostic fac-
tors (Kuwahara et al. 2018) (Fig. 3).

Two studies have been undertaken to evaluate 
prognosis solely on the basis of SUVmax obtained 
from PET/CT.  Results of both studies showed 
that high SUVmax primary tumors had signifi-
cantly lower DFS and OS rates than low SUVmax 
tumors (Kitajima et  al. 2012; Nakamura et  al. 
2011). Nakamura et al. used multivariate analysis 
to demonstrate SUVmax of the primary tumor as 
an independent prognostic factor only for OS 

(P = 0.025), but showed the FIGO stage as the 
strongest independent prognostic factor for both 
DFS and OS (P = 0.039 and P = 0.001, respec-
tively) (Nakamura et al. 2011). Chung et al. used 
metabolic tumor volume (MTV) for the estima-
tion of progression-free survival (PFS) (Chung 
et al. 2013). Actually, MTV is the estimated vol-
ume of tumor tissues with increased tracer uptake 
measured from a PET/CT image. They calculated 
the tumor volumes by MRI and MTV as indepen-
dent significant factors of recurrence (HR 5.795, 
P = 0.032, 95% CI 1.160–28.958) in Cox regres-
sion analysis.

Nakamura et  al. tried to combine minimum 
ADC and SUVmax for prognosis prediction 
(Nakamura et  al. 2013). In univariate analysis, 
both minimum ADC value and SUVmax showed 
significance, but only FIGO stage and high SUV 
values were found to be independent prognostic 
factors from multivariate analysis for DFS and 
OS (Nakamura et  al. 2013). Analyses using 
Kaplan–Meier curves showed that higher SUV 
had poorer DFS and OS than lower SUV; also, 
high SUVmax with low ADCmin was significantly 
shorter DFS, but was not associated with OS 
(Nakamura et al. 2013).

Haldorsen et  al. examined prognoses using 
perfusion analysis using a two compartment 
model of DCE-MRI in addition to ADC values 
(Haldorsen et al. 2013). Combining several per-
fusion factors, they examined recurrence-free/ 
progression-free survival (Haldorsen et al. 2013). 
Low blood flow (Fb) significantly reduced 
recurrence- free/progression-free survival 
(Haldorsen et al. 2013). Because low tumor blood 
flow (Fb) might reflect the tumor’s hypoxic 
capacity, their results indicated that a hypoxic 
tumor indicates unfavorable prognosis (Haldorsen 
et al. 2013). Other results of high tumor extrac-
tion fraction (E) and vessel heterogeneity (capil-
lary transit time (Tc)) value also support their 
hypothesis (Haldorsen et al. 2013). Tumors with 
low perfusion might be less oxygenated and 
might be therefore less sensitive to radiation or 
chemotherapeutics delivered by the vascular sys-
tem and caused unfavorable results in cases with 
an unresected tumor of high stage.
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a b

c d

e f

Fig. 3 63-year-old woman with hematometra. Sagittal 
(a) T2WI, (b) gadlinium-enhanced T1WI, (c) DWI, (d) 
ADC map. Tumor was located at the cervical OS and 
invaded to myometrium and cervical stroma (arrows). The 
tumor was diagnosed as endometrioid adenocarcinoma, 
Grade 2, stage IIb and treat by surgery. Mean ADC values 

of the tumor was 0.54 × 10−3 mm2/s and it was lower than 
cutoff value of mean ADC value for recurrence in the 
report of Kuwahara et  al. (2018). Axial (e) T2WI, (f) 
gadlinium-enhanced T1WI of 4 years later, lymph node 
metastases was recognized at the left pelvic wall (arrows) 
and treated by concurrent chemoradiation therapy

Therapy Response Imaging in Gynecologic Malignancies



168

4  Ovarian Cancer

Ovarian cancer includes many histologic sub-
types of malignancies that vary in etiology, 
molecular biology, and various characteristics. 
Ninety percent of ovarian cancers are epithelial, 
the most common being serous carcinoma (75%) 
followed by mucinous carcinoma (20%), endo-
metrioid carcinoma (2%), clear cell carcinoma, 
and others (Torre et al. 2018; Berek 2002). Most 
ovarian carcinomas are diagnosed at an advanced 
stage of FIGO stage III or IV; their five-year sur-
vival was low about 10–30% (Cannistra 2004). 
Although platinum-based chemotherapy is effec-
tive for high-grade serous carcinoma, relapse 
rates are also high (Siegel et al. 2013). Regarding 
the treatment of ovarian cancer, primary debulk-
ing surgery (PDS), which removes the primary 
tumor as well as the associated metastatic dis-
ease, is an important factor for the prognosis of 
the patients and treatment of ovarian cancer 
because removal of bulky tumor reduces the vol-
ume of ascites and eliminates areas that are some-
what resistant to treatment (Berek 2002). 
Therefore, in addition to the FIGO stage, the 
extent of residual disease after primary surgery, 
the volume of ascites, patient age, and 

performance status are all independent 
prognostic variables (Berek 2002). Regarding 
imaging findings, examination using PET/CT is 
dominant over examinations using CT and MRI, 
probably because ovarian cancer is diagnosed at 
high stage with tumor spread in the abdomen and 
thoracic cavity (Figs. 4 and 5).

For treatment in advanced stages, neoadjuvant 
chemotherapy (NACT) is performed before 
PDS. The response for the chemotherapy is esti-
mated using PET-CT or MRI (Avril et al. 2005). 
Avil et al. evaluated sequential FDG-PET uptake 
to predict treatment response after the first and 
third cycle of NACT in advanced-stage (FIGO 
stages IIIC and IV) ovarian cancer (Avril et  al. 
2005). Responders were defined those who 
showed decreased SUV more than 20% after the 
first cycle of NACT and more than 55% after the 
third cycle of NACT (Avril et al. 2005). As a cri-
terion for treatment response, 20% of decrease in 
FDG uptake was proposed by Weber et al. (1999, 
2003). Overall survival was found to be corre-
lated significantly with the FDG-PET response 
after chemotherapy. Regarding the MR imaging 
factors, Sala et  al. attempted to predict the 
treatment response to NACT using multiparamet-
ric MRI including diffusion, perfusion, and MR 
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result of primary 
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spectroscopy (Sala et  al. 2012). They evaluated 
multi-parametric MR imaging factors derived of 
both original tumor and dissemination (Sala et al. 
2012). After treatment, responders showed a sig-
nificantly greater increase in ADC value 
(P  =  0.021) of ovarian lesions than shown by 
nonresponders (Sala et  al. 2012). Significant 
decrease in Kep values (P = 0.006) and increase in 
Ve values (P = 0.025) were observed only in ovar-
ian lesions after chemotherapy, but not other sites 

of omental or peritoneal deposits (Sala et  al. 
2012). Those results show the different effects of 
chemotherapy among primary tumors and dis-
seminations. They have speculated that perito-
neal disease has more densely packed cells that 
might be more resistant against delivery of 
platinum- based chemotherapy (Sala et al. 2012).

The next two reports explained herein 
described evaluation of survival using parameters 
from pretreatment primary ovarian tumors. Lee 

a b c

d

Fig. 5 69-year-old female. The patient was diagnosed 
high-grade serous carcinoma, FIGO stage IV. (a) 
Maximum intensity projection (MIP) image of PET.  At 
the time of diagnosis, multiple lymph node metastases in 
both mediastinum and abdomen were found in addition to 
multiple dissemination in the abdominal cavity. (b) After 

three course of platinum-based chemotherapy, PET image 
showed prominent response. CA 125 also reduced dra-
matically from over 16,000 to 15  U/mL.  The operation 
was performed and resulted in optimal surgery. (c, d) 
After 3 years, lymph node metastasis at anterior mediasti-
num (arrow) was found at FDG/PET/CT
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et  al. assessed the prognostic value of intratu-
moral FDG uptake heterogeneity (IFH) derived 
from PET/CT at pretreatment ovarian cancer 
(Lee et al. 2017). Tumor heterogeneity was cal-
culated statistically using the coefficient of varia-
tion (CV), a representative parameter of the 
global level (Bundschuh et al. 2014). High tumor 
heterogeneity (IFH) was associated with higher 
incidence of recurrence (P = 0.005, hazard ratio 
4.504, 95% CI 1.572–12.902). Kaplan–Meier 
survival graphs show DFS that is significantly 
longer in groups with IFH (P = 0.002). Diaz-Gil 
et al. used the peritoneal carcinomatosis index, as 
detected by CT (CT-PCI) to evaluate correlation 
with five-year survival combined with ECOG 
score reflecting patients performance status 
(Diaz-Gil et al. 2016). This index was determined 
by the number and location of pretreatment peri-
toneal dissemination detected by CT as described 
by Sugarbaker (Jacquet and Sugarbaker 1996). 
Whole abdomen was divided into nine regions 
and dissemination was scored at each region. 
Results obtained for 82 patients with stage III or 
stage IV ovarian cancer showed that multivariate 
binary logistic regression suggested significantly 
improved five-year survival with lower CT-PCI 
and lower ECOG performance scores, which 
indicate good daily activity and physical ability 
(Diaz-Gil et al. 2016). Simple evaluation merely 
using pretreatment CT and performance status 
might be beneficial to both clinicians and patients. 
Kyriazi et al. evaluated the prediction of chemo-
therapy response in patients with primary ovarian 
or peritoneal cancer using an ADC histogram 
(Kyriazi et  al. 2011). In addition, DW imaging 
was performed through the abdomen and pelvis 
before and after 1 and 3 cycles of chemotherapy 
with newly diagnosed or recurrent disease. 
Results reveal that pretreatment ADCs were not 
predictive of response (Jacquet and Sugarbaker 
1996). In responders, all ADCs increased after 
the first and third cycle (P  <  0.001), whereas 
skew and kurtosis decreased after the third 
(P < 0.001 and P = 0.006, respectively) (Jacquet 
and Sugarbaker 1996). The best discriminant 
parameter of response after both the first and 
third cycles was the percentage change of the 
25th percentile (% delta C25) (Jacquet and 

Sugarbaker 1996). In nonresponders, no param-
eter changed significantly.

Most patients with newly diagnosed ovarian 
carcinoma are initially treated with a combina-
tion of platinum-based chemotherapy and surgi-
cal debulking of abdominal tumors. Several trials 
have assessed predicted prognosis using residual 
disease on CT after PDS. Evaluation of the results 
of PDS was classified into “optimal surgery” for 
which the visually residual tumor is less than 
1  cm and “suboptimal surgery” with visually 
residual tumor size greater than 1 cm. A notewor-
thy point is that there is considerable discrepancy 
about the judgment of PDS, about 52%, between 
gynecologist judgment and imaging findings by 
CT scan (Chi et al. 2010; Lakhman et al. 2012). 
The locations of residual tumors larger than 1 cm 
on CT were the perihepatic region, large-bowel 
serosa, upper abdominal lymph nodes, and 
 supradiaphragmatic lymph node (Lakhman et al. 
2012). Those locations were areas for which radi-
ologists must take care to observe at CT after 
PDS.  Chi et  al. analyzed prognostic factors for 
PFS and OS after PDS (Chi et  al. 2010). 
Multivariate analysis revealed that age 
(P = 0.040), stage III vs. stage IV (P = 0.038), 
and residual disease of 0.5 mm or less vs. 0.6–
1.0 cm (P = 0.018) were significant for favorable 
OS. Later, Lakhman strove to clarify the correla-
tion between suboptimally debulked residual dis-
ease on CT and patients’ prognosis (Lakhman 
et al. 2012). Patients with suboptimally debulked 
residual disease on CT had significantly worse 
median progression-free survival (P = 0.001) and 
overall survival (P ≤ 0.010). Multivariate analy-
sis showed that residual disease larger than 1 cm 
on CT remained an important predictor of overall 
survival, after adjustment for stage and days 
between surgery and postoperative CT.

Distinction between perihepatic dissemination 
and hematogenous hepatic metastases is impor-
tant because FIGO staging classifies perihepatic 
capsular metastases as stage III and hematoge-
nous hepatic metastases as stage IV (Prat and 
FCoG 2015). O’Neill et al. compared the progno-
sis between liver metastasis and dissemination 
(O’Neill et  al. 2017). They divided liver tumors 
into disseminations with or without liver 
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parenchymal invasion and hematogenous metas-
tases. Results demonstrate that OS with and with-
out liver parenchymal invasion were similar 
(median, 80 months; P = 0.6), but hematogenous 
metastases were associated with significantly 
shorter survival by univariate (median 63 months) 
and multivariate analyses (P  =  0.03; HR, 1.88; 
95% CI: 1.14, 3.28) (O’Neill et al. 2017).

For ovarian cancers, PET/CT is used widely 
for detecting widely disseminating tumors both 
before and after first-line treatment. Yamamoto 
et al. used pretreatment PET/CT values for pre-
dicting prognosis (Yamamoto et  al. 2016). In 
multivariate analysis, only TLG showed a signifi-
cant difference (P = 0.038) among MTV, TLG, 
SUVmax, tumor size, and CA125 (Yamamoto 
et  al. 2016). Both lower MTV and lower TLG 
showed poorer PFS and could serve as potential 
surrogate biomarkers for recurrence in patients 
who undergo primary cytoreductive surgery fol-
lowed by platinum-based chemotherapy 
(Yamamoto et al. 2016). Caobelli et al. used PET 
images after first-line treatment as multi- 
institutional center study (Caobelli et  al. 2016). 
Prognosis was compared by the presence or 
absence of FDG uptake after first-line treatment 
for both whole body and lymph nodes. Results 
demonstrate that PFS and OS were significantly 
longer in patients with a negative than a positive 
uptake after 4 years of follow-up. In addition, this 
multicenter study stratified the same FIGO stage 
patients according to the prognosis evaluated by 
PET (Caobelli et  al. 2016). Patients with the 
same FIGO stage I–II or III–IV, but with negative 
PET had a significantly better four-year OS than 
patients with the same FIGO stage group but pos-
itive PET (Caobelli et al. 2016). This result might 
indicate that prognosis is favorable if FDG uptake 
disappeared after the treatment even in advanced 
stage cancer than in patients with early stage but 
poor treatment response. According to the meta- 
analysis evaluating prognostic value of volume- 
based metabolic parameters of 18F-FDG PET/
CT, eight papers with 473 patients were included 
(Han et al. 2018b). Results demonstrate that the 
MTV and TLG for PFS were associated signifi-
cantly with PFS (Han et al. 2018b). SUV was not 
included in this study.

The following two reports described 
evaluation of prognoses using the latest analyti-
cal methods. The emerging discipline of “radi-
ogenomics” is described by Ruthman et  al.: 
‘Imaging features could serve as molecular sur-
rogates that contribute to the diagnosis, progno-
sis, and likely gene-expression-associated 
treatment response of various forms of human 
cancer’ (Rutman and Kuo 2009). Recently, high-
grade serous ovarian cancer (HGSOC) was clas-
sified into four types based on analysis by TCGA 
research network and called Classification of 
Ovarian Cancer (CLOVAR) (Tothill et al. 2008; 
Verhaak et al. 2013). Four prognostically relevant 
CLOVAR subtypes of HGSOC were identified 
and designated as differentiated, immunoreac-
tive, mesenchymal, and proliferative (Tothill 
et al. 2008; Verhaak et al. 2013). Vargas investi-
gated associations among imaging traits observed 
on CT images, CLOVAR gene signatures, and 
survival in women with HGSOC (Vargas et  al. 
2015). Results obtained from 46 patients before 
surgery, the presence of mesenteric infiltration, 
and diffuse peritoneal involvement by tumor at 
CT were associated significantly with CLOVAR 
mesenchymal subtype (Vargas et  al. 2015). 
Mesenteric infiltration was defined as “diffuse 
thickening or tethering along the mesentery” 
(Fig.  6). It was associated with CLOVAR 
mesenchymal subtype. Patients with mesenteric 

Fig. 6 65-year-old female, diagnosed as peritonitis carci-
nomatosa of peritoneal origin, high-grade serous carci-
noma, diagnosed by omental resection. Contrast-enhanced 
CT image showed diffuse thickening and nodularity along 
mesentery (arrows) with massive ascites. Gene expression 
was clarified as mesenchymal transition type
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infiltration had shorter median PFS than patients 
without mesenteric involvement (14.7 vs. 
25.6  months) or OS (49.0 vs. 58.2  months) 
(Vargas et al. 2015). Other imaging features were 
not significantly associated with CLOVAR sub-
type or survival (Vargas et al. 2015). Intratumoral 
heterogeneity was examined in both MRI and 
PET-CT, but few studies have evaluated inter-site 
heterogeneity (Soslow 2008; Khalique et  al. 
2007). A novel experiment using pretreatment 
CT texture analysis to evaluate inter-site tumor 
heterogeneity in ovarian cancer was reported by 
Vargas et al. It classified ovarian cancers by clini-
cal outcome (Vargas et al. 2017). In 38 patients 
with HGSOC, all lesions of tumor involvement 
were included; 12 inter-site texture heterogeneity 
metrics were evaluated using a Gaussian Mixture 
Model and inter-site similarity matrix (ISM) 
(Vargas et al. 2017). Differences in texture simi-
larities across HGSOC sites were associated with 
shorter overall survival (inter-site similarity 
entropy, similarity level cluster shade, and inter-
site similarity level cluster prominence; P ≤ 0.05) 
(Vargas et al. 2017). Heterogeneity metrics were 
also associated with incomplete surgical resec-
tion of HGSOC (similarity level cluster shade, 
inter-site similarity level cluster prominence and 
inter-site cluster variance; P  ≤  0.05) (Vargas 
et al. 2017). Neither the total number of disease 
sites per patient nor the overall tumor volume per 
patient was associated with overall survival 
(Vargas et al. 2017).

5  Conclusion

It has been already 10 years since ADC value is 
expected to be an imaging biomarker (Padhani 
et  al. 2009). Since then, many researchers have 
tried to investigate quantitative, functional 
parameters as prognostic and predictive biomark-
ers from multiparametric MRI and FDG PET/
CT.  However, there is continued debate as to 
which imaging biomarker is more robust for 
accurately predicting individual prognosis in the 
pretreatment assessment of patients with gyneco-
logical cancers. Emerging new analytic methods 
dealing with large amount of data and radioge-

nomics are expected to obtain more detailed 
tumor characterization which might permit per-
sonalized treatment and support improved 
outcomes.
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Abstract

Hematologic malignancies are a heteroge-
neous group of disorders characterized by a 
clonal proliferation of abnormal cells in the 
bone marrow and lymphoid tissues and are 
divided into two major categories, lymphoid 
and myeloid. Imaging is most commonly used 
for staging and response evaluations in lym-
phoid malignancies, of which there are over 
90 subtypes (Swerdlow SH, Campo E, Pileri 
SA, Blood 127:2375–2390, 2016).

The history of staging and therapy response 
for hematologic malignancies can be traced to 
the Ann Arbor staging classification for 
Hodgkin lymphoma (HL) (Carbone PP, Kaplan 
HS, Musshoff K, Smithers DW, Tubiana M, 
Cancer Res 31:1860–1, 1971; Rosenberg SA, 
Boiron M, DeVita VT, Jr., et  al. Cancer Res 
31:1862–3, 1971). Numerous therapeutic 
advances for HL and non-Hodgkin lymphoma 
(NHL) in the 1980s prompted revisions of 
existing staging systems and the Cotswold 
meeting report was the first to introduce spe-
cific definitions for posttreatment evaluations 
(Lister TA, Crowther D, Sutcliffe SB, J Clin 
Oncol 7:1630–1636, 1989). In the past 
20 years, multiple updates to response criteria 
have occurred due to the recognition of the 
predictive power of 2-deoxy-2-[18F]-fluoro- 
d- glucose positron emission tomography/
computed tomography (FDG-PET/CT), the 

H. Shah · H. Jacene (*) 
Dana-Farber Cancer Institute and Brigham 
and Women’s Hospital, Boston, MA, USA
e-mail: hina_shah@dfci.harvard.edu;  
hjacene@bwh.harvard.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31171-1_11&domain=pdf
mailto:hina_shah@dfci.harvard.edu
mailto:hjacene@bwh.harvard.edu
mailto:hjacene@bwh.harvard.edu


178

subsequent widespread use of FDG-PET/CT, 
and the introduction of biologic therapeutic 
agents, like immune checkpoint inhibitors.

This chapter is structured to provide an update 
for lymphoma (~50% of all hematologic malig-
nancies) and multiple myeloma (~12%) on (1) 
therapeutic advances, (2) current therapy 
response criteria and challenges, and (3) emerg-
ing approaches for therapy response imaging.

1  Therapeutic Advances 
in Lymphoma

HL and NHL are each further subdivided based 
on distinct morphologic and molecular features 
(Swerdlow et al. 2016). HL, ~10% of lympho-
mas, has two major subclasses: classical HL 
(cHL) and lymphocyte- predominant HL (lpHL). 
NHL has over 30 subtypes grouped by lineage (B 
cell vs. T cell) and maturity of the cell from 
which the abnormal clonal population is derived. 
Clinically, NHL behaves either aggressively or 
indolently. Diffuse large B cell lymphoma 
(DLBCL) and follicular lymphoma (FL) are the 
most common NHL subtypes in the United 
States. Classical HL is grouped with aggressive 
NHL while lpHL behaves like an indolent 
NHL. Treatment choices for patients with lym-
phoma are dependent on specific subtype, and a 
complete review is beyond the scope of this chap-
ter. There are, however, commonalities in treat-
ment mainstays and recent therapeutic advances.

1.1  Brief Review of First-Line 
Therapeutic Approaches 
and Advances for Lymphoma

For aggressive lymphoma, chemotherapy remains 
the backbone of first-line therapy. The most com-
mon first-line regimen for HL is ABVD (adria-
mycin, bleomycin, vinblastine, dacarbazine) 
(Carde et al. 1993; Connors et al. 1997; Duggan 
et al. 2003; Klimm et al. 2005; Sieber et al. 2002; 
Bartlett and Foyil 2008). Stanford V and 

BEACOPP (bleomycin, etoposide, doxorubicin, 
cyclophosphamide, vincristine, prednisone, and 
procarbazine) are alternatives. For DLBCL, the 
preferred first-line regimen is CHOP (cyclophos-
phamide, doxorubicin, vincristine, and predni-
sone) and anti-CD20 immunotherapy 
(Pfreundschuh et  al. 2006). Shorter courses of 
chemotherapy or chemoimmunotherapy com-
bined with involved-field radiation are typically 
given for early stage disease while longer courses 
of chemotherapy are given for advanced disease.

For early stage HL and DLBCL, a major 
objective is balancing cure with risk of  recurrence 
and late toxicity. In recent years, radiation field 
sizes have been reduced to involved-site or 
involved-nodal radiation to decrease toxicity to 
normal organs in early stage HL (Kamran et al. 
2018). For non-bulky limited stage DLBCL, no 
significant difference in 5-year event-free and 
overall survival (OS) was found between patients 
who received R-CHOP (n = 165) versus R-CHOP 
plus radiotherapy (n = 169) (Lamy et al. 2018).

Treatment options for FL depend on the 
tumor’s clinical behavior and ranges from watch 
and wait to involved-site radiation for early stage 
disease to single-agent or combination chemoim-
munotherapy regimens for disease rapidly pro-
gressing or causing organ dysfunction. 
Combination of bendamustine and rituximab 
(BR) was shown in a prospective randomized 
trial to provide longer progression-free survival 
(PFS) and less toxicity compared to R-CHOP 
(Rummel et al. 2013).

Second-generation anti-CD20 antibodies are 
now approved or under investigation with similar 
efficacy and toxicity profiles to rituximab. 
Obinutuzumab is a fully humanized antibody 
approved by the Food and Drug Administration 
(FDA) in 2013 for treatment of previously 
untreated FL, relapsed/refractory (to rituximab) 
FL, and chronic lymphocytic leukemia (CLL) 
(Genentech 2013). Ofatumumab is another 
human anti-CD20 monoclonal antibody that 
binds a different CD20 epitope than rituximab 
with modest antitumor activity in patients with 
heavily pretreated rituximab-refractory follicular 
NHL (Czuczman et al. 2012; Teeling et al. 2006).
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1.2  Therapeutic Advances Beyond 
the First-Line Setting

Beyond the first-line setting, advances in therapy 
for lymphoma can be grouped into the general 
categories of lymphoma-specific targeted ther-
apy, including antibodies and small-molecule 
inhibitors, and immunotherapy (Table 1).

1.2.1  Lymphoma-Specific Antibodies 
and Small Molecules

Brentuximab Vedotin (BrV) is an antibody-drug 
conjugate targeting CD30, an overexpressed 
cytokine receptor in HL (Falini et al. 1995). BrV 
is approved for treatment of untreated stage III/
IV HL in combination with chemotherapy, in 
high-risk HL for consolidation after autologous 

Table 1 Recently approved and novel therapies for lymphoma

Target Approved indications
Investigational 
indications

Lymphoma- 
specific 
antibodies

CD20 (next 
generation)

Obinutuzumab FL: Relapsed/refractory with 
bendamustine; untreated stage II bulky, 
III, IV with chemotherapy
CLL: Untreated with chlorambucil

Ofatumumab CLL FL
CD80 Galiximab HL

Antibody-drug 
conjugate

CD30 Brentuximab 
vedotin

HL: Relapsed post ASCT or 2 systemic 
regimens if ineligible for ASCT
Anaplastic large-cell NHL: Relapse after 
1 multi-agent regimen

Small molecule 
inhibitors

Bruton’s 
tyrosine 
kinase

Ibrutinib Mantle cell after 1 prior therapy
Marginal zone after 1 anti-CD20 therapy
CLL/SLL
Waldenstrom’s macroglobulinemia

FL
DLBCL

NF-κB Bortezomib Mantle cell NHL HL

PI3 kinase Idelalisib Relapsed/refractory FL ≥2 regimens HL

PI3 kinase Copanlisib Indolent and 
aggressive NHL

Histone 
deacetylase

Panobinostat HL

Immunotherapy PD1 Nivolumab Classical HL relapsed/progressed after 
ASCT and brentuximab or after ≥3 lines 
systemic therapy including ASCT

PD1 Pembrolizumab Relapsed/refractory classical HL after 
≥3 prior therapies
Relapsed/refractory primary mediastinal 
large B cell NHL after ≥2 prior therapies

PD1 Pidilizumab Various 
lymphoma 
subtypes

CTLA-4 Ipilimumab Various 
lymphoma 
subtypes

CAR-T cell CD19 Tisagenlecleucel Relapsed/refractory DLBCL after ≥2 
prior therapies

CD19 Axicabtagene 
ciloleucel

Relapsed/refractory DLBCL after ≥2 
prior therapies

HL Hodgkin lymphoma, NHL non-Hodgkin lymphoma, FL follicular lymphoma, CLL/SLL chronic lymphocytic leuke-
mia/small lymphocytic lymphoma, MM multiple myeloma, ASCT autologous stem cell transplant, DLBCL diffuse large 
B cell lymphoma

Therapy Response Imaging in Lymphoma and Hematologic Malignancies



180

stem cell transplant (ASCT) and in relapsed dis-
ease after ASCT or for those who are ineligible 
for transplant (de Claro et  al. 2012). A meta- 
analysis of 17 studies showed an estimated over-
all complete remission rate of 33.3% for BrV and 
11.1% for other therapies in patients with 
relapsed/refractory HL post ASCT (Bonthapally 
et al. 2015). In the phase III multicenter random-
ized ECHELON-1 trial in patients with untreated 
stage III/IV cHL, 2-year modified PFS was 
higher for the BrV + AVD group (82.1%, n = 664) 
compared to the ABVD group (77.2%, n = 670, 
p = 0.04) (Connors et al. 2018). BrV as a single 
agent or in combination with chemotherapy has 
been shown to be tolerable with antitumor activ-
ity in multiple other settings of HL (Bazarbachi 
et al. 2019; Chen et al. 2015; LaCasce et al. 2018) 
and is also now approved for treatment of 
untreated or relapsed anaplastic large-cell lym-
phoma and adult peripheral T cell lymphoma 
expressing CD30. Other monoclonal antibodies 
have also been tested, for example, galiximab 
against CD80 on Reed-Sternberg cells in relapsed 
HL, but with less encouraging results (Smith 
et al. 2013; Suvas et al. 2002).

Targeted therapy with small molecule inhibi-
tors has been tested in multiple lymphoma sub-
types. Ibrutinib inhibits Bruton’s tyrosine kinase 
(BTK), a kinase important for B cell development 
(Lee et  al. 2016), and is approved for treating 
marginal zone and mantle cell lymphoma, CLL/
SLL and Waldenstrom’s macroglobulinemia. 
Ibrutinib also has activity in combination with 
rituximab for untreated and relapsed/refractory 
follicular NHL (Fowler et  al. 2016), with 
response rates ranging from 20 to 38% in the 
relapsed/refractory setting (Bartlett et  al. 2018; 
Gopal et  al. 2018). Ibrutinib can be considered 
for DLBCL but may be more effective in certain 
subsets of DLBCL (Wilson et al. 2015; Younes 
et al. 2019).

Other small molecular inhibitors for treatment 
of lymphoma target phosphatidyl inositol-3- 
kinase delta (PI3K), JAK/STAT, NF-κB, and 
MEK/ERK pathways, some with promising and 
others with less promising results (i.e., NF-κB 

inhibitor bortezomib for HL (Younes et  al. 
2006)). Idelalisib is a PI3K inhibitor approved 
for relapsed/refractory follicular NHL after 2 or 
more systemic chemotherapy regimens. For 
heavily pretreated HL, Gopal et  al. found only 
modest activity with idelalisib alone (Gopal et al. 
2017). Copanlisib, another PI3K inhibitor, has 
shown promising efficacy in heavily treated 
patients with indolent and aggressive lymphoma, 
with an objective response rate of 43.7% in 
relapsed/refractory indolent lymphoma and 
manageable toxicity (Dreyling et  al. 2017). 
Panobinostat and other histone deacetylase inhib-
itors are being studied in translational and clini-
cal trials in HL (Batlevi and Younes 2013).

1.2.2  Immunotherapy
Immune checkpoint inhibitors are associated 
with durable responses and improved survival in 
many cancers. The initial studies of these agents 
were in solid tumors, but checkpoint inhibitors 
are not “cancer-type” specific and have also been 
approved or are being investigated in hemato-
logic malignancies. Although the specific targets 
for checkpoint inhibitors are different, the overall 
conceptual mechanism of action is similar across 
agents. When tumor antigen is presented to a 
naïve T cell and binds a T cell receptor, inhibitory 
interactions on T cell function occur between 
PD-1 and PD-L1 and CTLA-4 and B7. The 
checkpoint inhibitors bind to PD-1, PD-L1, or 
CTLA-4 and block these inhibitory interactions 
resulting in amplification of the T cell immune 
response against tumor.

Nivolumab (Bristol-Myers Squibb n.d.) and 
pembrolizumab (Merck 2014) are both anti-PD-1 
antibodies approved for treatment of cHL in 2016 
and 2017, respectively. A pivotal study of 
nivolumab for cHL enrolled 23 patients with 
relapse after ASCT (78%) and BrV (78%). 
Nivolumab was given every 2 weeks until com-
plete response, progression, or excessive toxicity. 
The objective response rate was 87%, with 17% 
complete responses, and 24-week PFS was 86% 
(Ansell et al. 2015). Similar results were seen in 
another multicenter phase 2 trial including 80 
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patients with recurrent cHL after ASCT and 
relapsed or nonresponsive to BrV. Radiographic 
objective responses were seen in 53/80 with 
median follow-up of 8.9 months (Younes et  al. 
2016). In both studies, nivolumab had antitumor 
activity against cHL and acceptable toxicity pro-
files (Ansell et al. 2015; Younes et al. 2016).

Pembrolizumab has also been shown to have 
high activity in relapsed/refractory 
cHL. KEYNOTE-087 was a single-arm phase 2 
study of pembrolizumab in the setting of relapsed 
or refractory HL defined as ≥3 lines of prior ther-
apy. Patients (n  =  210) were enrolled into and 
response rates were reported for three cohorts 
depending on prior treatment. For those with dis-
ease after ASCT and subsequent BrV (n = 69), 
overall response rate (ORR) was 74%; after sal-
vage chemotherapy and BrV and ineligible for 
ASCT (n = 81), ORR was 64%; and after ASCT 
but no BrV, ORR was 70%. The duration of 
response was greater than 6  months for 31 
patients (Chen et al. 2017). Long-term efficacy of 
single-agent pembrolizumab given as part of the 
KEYNOTE-13 study was also demonstrated in 
the cohort of 31 patients with cHL who were 
heavily pretreated and had failed BrV therapy 
(Armand et al. 2016).

Ipilimumab blocks cytotoxic T lymphocyte 
antigen-4 (CTLA-4), a negative regulator of T 
cells (O’Day et al. 2007). Ipilimumab has been 
studied in liquid tumors, alone and in combina-
tion with other targeted agents and immune 
checkpoint inhibitors but is not currently 
approved for these indications. Phase I studies 
demonstrated safety of these combinations and 
responses as well as graft-versus-malignancy 
effect after allo-transplant.

Several immune checkpoint inhibitors have or 
are being studied for follicular NHL. An open- 
label phase II study of pidilizumab, a 
PD1inhibitor, in combination with rituximab was 
performed in 32 patients with relapsed rituximab- 
sensitive follicular NHL.  No autoimmune or 
treatment-related grade 3 or 4 adverse events 
were reported. Response could be assessed in 29 
patients; 15 had a complete response and 4 had a 

partial response demonstrating activity of the 
combination against relapsed follicular NHL 
(Westin et al. 2014). Other early phase studies of 
other anti-PD1 and PDL1 agents alone and in 
combination with chemotherapy and targeted 
therapies also show activity in NHL and future 
work will likely continue to define the optimal 
combinations for specific subsets of lymphoma 
(Lesokhin et al. 2016).

Another recent successful approach to 
immune-modulatory therapy has been to manipu-
late a patient’s own T cells to recognize tumor 
antigen. The prime example is chimeric antigen 
receptor (CAR) T cell therapy for DLBCL. In this 
approach, individual patients’ T cells are collected 
and then genetically modified ex vivo to recognize 
antigens on lymphoma cells. Upon re- infusion, 
the genetically modified cells attack tumor anti-
gen expressing cells. In the case of recurrent/
refractory DLBCL and B cell precursor acute 
lymphoblastic leukemia (ALL), CAR-T cells tar-
geting CD19 on B cells are currently available. 
Multicenter trials in patients with recurrent/refrac-
tory DLBCL after ASCT (or ineligible for trans-
plant) have reported complete response rates in 
the 40–58% range, with durable remissions 
reported (Schuster et al. 2017; Locke et al. 2019). 
A study by Schuster et  al. included 14 patients 
with follicular NHL and 10 had a CR, 89% of 
which was a continued response with median fol-
low-up 28.6 months (Schuster et  al. 2017). The 
toxicity of CAR-T cells can be substantial, includ-
ing fatal neurologic complications, cytokine 
release syndrome, fever, and flu-like illness.

Other genetic mutations can also be used to 
modify T cells and serve as targets for therapy. 
For example, HVEM (herpes virus entry media-
tor) is a receptor gene frequently mutated in fol-
licular NHL leading to increased B cell activation 
and survival. HVEM ectodomain protein binds B 
and T lymphocyte attenuator and tumor suppres-
sion is restored. CAR-T cells can be used to 
locally produce the HVEM protein, called solH-
VEM. This type of CAR-T cell therapy showed 
enhanced activity in a xenograft follicular lym-
phoma model (Boice et al. 2016).
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CAR-T cells for HL are being explored. In a 
phase I study of anti-CD30-CAR-T cells for 
relapsed/refractory HL, 7 of 18 had a partial 
response and 6 of 18 had stable disease (Ramos 
et  al. 2017). Another study testing anti-CD30- 
CAR-T cell therapy included 7 patients with HL 
and found the therapy to be safe with some clini-
cal responses (Wang et al. 2017).

Lenalidomide, an immunomodulatory drug 
used for years to treat multiple myeloma, works 
by modulating cytokine production and stimulat-
ing T cells and NK cell cytotoxicity (Kotla et al. 
2009). Lenalidomide has been shown to have 
antitumor activity against follicular NHL alone, 
in combination with rituximab (Leonard et  al. 
2015; Martin et  al. 2017) and in combination 
with rituximab and ibrutinib (Ujjani et al. 2016; 
Chanan-Khan and Cheson 2008). Lenalidomide 
may be considered as a late line of therapy for 
cHL (Hoppe et al. 2017).

In summary, therapies for lymphoma are con-
tinually being modified, including chemotherapy 
regimens and approaches to radiation therapy for 
limited stage disease. Multiple new therapeutic 
combinations, novel targeted drugs and CAR-T 
cells are being developed to move from a gener-
alized to a more personalized approach.

2  Brief History of Response 
Criteria for Lymphoma

Standardization of staging evaluations for lym-
phoma appeared in the early 1970s for HL 
(Carbone et  al. 1971; Rosenberg et  al. 1971). 
Radiologic evaluations played an important role 
and comprised available techniques at the time. 
In 1971, this included X-ray, intravenous pyelo-
gram, and bilateral lower extremity lymphogram. 
Skeletal scintigraphy was considered useful for 
selected patients with bone pain and whole body 
(Cheson et al. 2014) Gallium scans were consid-
ered experimental (Even-Sapir and Israel 2003). 
Staging evaluations were updated, and response 
criteria were added in the 1989 Cotswold meting 
report (Lister et  al. 1989; Crowther and Lister 

1990). CT scanning of the chest, abdomen, and 
pelvis with intravenous contrast was added to the 
staging studies for HL. Functional imaging with 
(Cheson et al. 2014) Gallium or technetium was 
considered useful in certain, but not all, situations 
for staging and (Cheson et  al. 2014) Gallium 
scanning was suggested to resolve whether resid-
ual radiologic abnormalities represented active 
HL post-therapy.

Ten years later, the International Working 
Group (IWG) published criteria for standardizing 
response of NHL to therapy (Cheson et al. 1999). 
IWG criteria were based on changes in tumor 
size on CT. The new category complete response 
unconfirmed (CRu) was introduced and defined 
as the presence of a residual mass after treatment 
but at least a 75% decrease in lymphoma burden. 
It was also around this time that investigations 
demonstrating the prognostic and predictive 
value of (Cheson et al. 2014) Gallium for post- 
therapy assessment of aggressive lymphoma 
were emerging (Devizzi et al. 1997; Israel et al. 
1988; Kaplan et  al. 1990; Vose et  al. 1996). 
Several studies demonstrated a worse prognosis 
for patients with HL and large-cell lymphoma 
with a positive (Cheson et  al. 2014) Gallium 
scans after initial therapy (Devizzi et  al. 1997; 
Kaplan et al. 1990; Cheson et al. 2014). Gallium 
imaging with single-photon emission computed 
tomography (SPECT) scans was encouraged, but 
not mandated for large-cell lymphoma.

FDG-PET/CT has become the standard imag-
ing modality in the present day for staging and 
response assessment of lymphoma. FDG-PET/
CT was integrated into the 2007 revision of the 
IWG criteria for post-therapy response assess-
ment of aggressive lymphomas (HL and DLBCL) 
as numerous studies showed the predictive value 
of the post-therapy FDG-PET (Cheson et  al. 
2007; Juweid et  al. 2007). This included an 
important retrospective study of 54 patients with 
aggressive NHL that demonstrated a more favor-
able prognosis in a subset of PET negative, but 
partial responders by IWG criteria (Juweid et al. 
2005) (Fig. 1). The 2007 IWG criteria (Cheson 
et  al. 2007) and the accompanying imaging 
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subcommittee consensus (Juweid et  al. 2007) 
recommended that FDG-PET be performed at 
least 3  weeks post chemotherapy, preferably at 
6–8 weeks and at least 8–12 weeks after radiation 
therapy. Visual assessment of tumor FDG uptake 
post-therapy was considered adequate using 
mediastinal blood pool activity as reference 
background. Uptake greater than mediastinal 
blood pool in residual mass >2  cm on CT was 
considered a marker of residual active disease. In 
these guidelines, end of therapy FDG-PET was 
recommended for consistently FDG-avid sub-
types like HL and DLBCL.  In other non-avid 
lymphomas or those with variable FDG uptake, 
FDG-PET was not recommended in the clinical 
setting. End of therapy PET scan was suggested 
in clinical practice, but interim PET scan only in 
the setting of clinical trial (Cheson et al. 2007).

3  Current Response Criteria 
for Lymphoma

Subsequent experience with the 2007 revised 
IWG criteria revealed its limitations. This 
included application of post-therapy criteria in 
the interim setting. The 2014 modifications in 
the Lugano classification expanded the role of 
FDG- PET/CT from the post-therapy setting and 
as of this writing is the current version of the 
criteria (Cheson et al. 2014). The 2007 consensus 

report from the imaging subcommittee of the 
International Harmonization Project in 
Lymphoma on the acquisition and interpretation 
of PET scans was also updated (Barrington 
et al. 2014).

The Deauville 5-point scale was adopted in 
the Lugano classification for the interpretation of 
both post-therapy and interim PET/CT scans 
(Tables 2 and 3). Tumor uptake is qualitatively 
compared to reference background uptake in 
the mediastinal blood pool and liver. The 
interpretation of the scoring assigned is similar 
for post- therapy and interim scans for scores 1 
and 2 (Figs. 2 and 3), but varies for scores 3, 4, 
and 5. Scores of 4 or 5 are considered positive for 
active lymphoma at the end of therapy (Figs. 4 
and 5). On interim scans, although there may be 
prognostic implications, a score of 4 or 5 is con-
sidered a partial response if the uptake is 

a b

Fig. 1 (a) Baseline FDG-PET/CT in a patient with dif-
fuse large B cell lymphoma showed intensely FDG-avid 
right cervical adenopathy. (b) End of therapy PET/CT 
demonstrated a residual mass in the right neck with FDG 

uptake similar to mediastinal blood pool (arrows). A nega-
tive end of therapy FDG-PET/CT portends a good prog-
nosis despite the residual mass on CT

Table 2 Deauville 5-point scale

1 No uptake
2 Uptake less than or equal to mediastinum
3 Uptake more than mediastinum but less than or 

equal to liver
4 Uptake moderately more than liver uptake, at 

any site
5 Markedly increased uptake at any site and new 

sites of disease
X New area of uptake unlikely to be related to 

lymphoma
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Table 3 Lugano criteria for response assessment in lymphoma (Juweid et al. 2007)

Response category PET/CTa CT
Complete response Score 1, 2, 3 with or 

without residual mass in 
nodes or extra-nodal sites

Complete resolution of all disease sites or decrease in node 
size to ≤1.5 cm in LDi

Partial response Score 4 or 5 with decreased 
FDG uptake versus baseline 
with residual masses of any 
size

≥50% decline product of PPD (single lesion) or SPD of 6 
measurable target nodes and/or extra-nodal sites (multiple 
lesions); decline spleen size >50%

No response/stable 
disease

Score 4 or 5 with no 
obvious change in FDG 
uptake versus baseline

<50% decrease in PPD (single lesion) or SPD of 6 measurable 
target nodes and/or extra- nodal sites (multiple lesions) and no 
criteria for progressive disease

Progressive disease Score 4 or 5 with increase 
in intensity of FDG uptake 
versus baseline or new foci 
of FDG uptake consistent 
with lymphoma

New or increased adenopathy (nodes 1.5 cm >longest 
transverse, PPD ≥ 50% from nadir, LDi or SDi increase from 
nadir by 0.5 cm for lesions ≤2 cm and by  >1.0 cm for lesions 
>2.0 cm), increase in spleen size by >50% of its prior increase 
from baseline or 2 cm from baseline if no prior splenomegaly, 
new or recurrent splenomegaly, new nodal or extra-nodal 
sites; increase of preexisting non- measurable lesions

aDeauville 5-point scale
FDG-PET/CT: Score interpretation depends on whether interim or end of therapy scan and clinical scenario. Score 1 
or 2: complete response on both interim and end of therapy scans. Score of 4 or 5: partial response on interim scans if 
FDG uptake is less than baseline or as progressive disease if the FDG uptake is greater than baseline; end of therapy: 
treatment failure. Score 3: usually negative on both interim and end of therapy scans, but as an inadequate response in 
risk-adapted trials evaluating de- escalation strategies
CT: A measurable node should be 1.5 cm in longest transverse diameter (LDi) and a measurable extra-nodal site should 
be 1.0 cm in longest diameter. Longest and shortest (SDi) diameters on the transverse plane of each lesion are multiplied 
to obtain product of the perpendicular diameters (PPD). Six largest measurable (in two dimensions) nodes and extra-
nodal sites are identified from different body regions. Sum of products of the diameters (SPD): adding product of the 
diameters of the six measurable lesions

a

b

Fig. 2 60-year-old woman with diffuse large B cell lym-
phoma. (a) Baseline FDG-PET/CT scans showed 
intensely FDG-avid lymphadenopathy above and below 
the diaphragm and moderately increased FDG uptake dif-
fusely in the spleen. (b) After 6  cycles of R-CHOP 

chemotherapy, the size of the lymph nodes decreased to 
normal and the FDG uptake in the lymphadenopathy and 
spleen resolved (arrows). This pattern is consistent with 
Deauville score 1
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decreased versus baseline but as progressive dis-
ease if the uptake is greater than baseline. A score 
of 3 may be considered negative on post-therapy 
and interim PET/CT scans, but action based on 
this score may vary in risk-adapted clinical trials 
depending on the clinical scenario (Fig. 6). For 
non-FDG avid lymphomas, CT criteria for 
response are like the original (1999) and revised 
(2007) IWG criteria (Table 3).

One limitation of the Lugano classification is 
that the sensitivity and specificity of the criteria 

to predict outcome is not 100% and varies 
depending on specific lymphoma subtype. The 
ability to predict outcome in HL at the end of 
first-line therapy is more robust, with reported 
negative predictive values in the 95–100% range 
and positive predictive values >90% (Engert 
et al. 2012). In contrast, the positive and negative 
predictive values of post-therapy FDG-PET/CT 
in DLBCL are lower and more variable (Cashen 
et al. 2011; Micallef et al. 2011; Mikhaeel et al. 
2000). In a meta-analysis of 7 studies including 

a b

Fig. 3 34-year-old woman with classical Hodgkin lym-
phoma. (a) Baseline FDG-PET/CT scan showed meta-
bolically active left lower cervical, supraclavicular, and 
mediastinal lymph nodes, consistent with Stage II disease. 
(b) After 2  cycles of ABVD chemotherapy, the lymph 
nodes decreased in size and residual nodes had FDG 

uptake similar to mediastinal blood pool; Deauville 2. 
There was also a new enlarged and intensely FDG-avid 
left inguinal lymph node (Deauville X). This was felt to 
most likely be related to inflamed hemorrhoids (arrow). 
Residual FDG activity was seen in the right chest port 
catheter used for injection

a b

Fig. 4 32-year-old man with classical Hodgkin lym-
phoma. (a) Baseline FDG-PET/CT showed intensely 
FDG-avid bilateral cervical and mediastinal lymph nodes 
consistent with metabolically active lymphoma. (b) After 
2 cycles of ABVD chemotherapy, several focal areas of 
residual increased FDG uptake greater than the liver were 

seen in residual mediastinal soft tissue (Deauville 4). At 
an interim time-point, Deauville 4 may represent treat-
ment response with the presence of residual active dis-
ease. At the end of therapy, Deauville 4 is considered 
treatment failure
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737 patients with DLBCL treated with R-CHOP, 
the relapse rate in patients achieving a PET 
complete response at the end of treatment ranged 
from 7 to 20% (Adams et al. 2015). In another 
study integrating PET response and the National 
Comprehensive Cancer Network-International 
Prognostic Index (NCCN-IPI) for DLBCL, 
Bishton et al. found the PET response provided 
more information for distinguishing outcomes in 
patients with NCCN-IPI scores 1–5, compared to 
those with scores >6. In the later setting, the out-
come was poor regardless of response to R-CHOP 
by FDG-PET (Bishton et  al. 2016). Large pro-
spective studies with homogeneous populations 
are needed to better understand the interplay of 
current prognostic indicators.

Interim PET/CT scan is one performed early 
or at the midpoint of treatment to define tumor 
chemosensitivity, a known prognostic marker. 
The prognostic value of the Deauville 5-point 
scale criteria for interim PET/CT assessment was 
validated in both HL and NHL (Biggi et al. 2013; 
Itti et  al. 2013). Itti et  al. studied 114 patients 

with newly diagnosed DLBCL who received 
rituximab containing regimens (Itti et al. 2013). 
With 39  months median follow-up and using 
Deauville 4 (> liver) as a threshold for positive, 
3-year PFS was 81% for PET-negative patients 
after 2 cycles and 59% for those who were PET 
positive (Itti et al. 2013). The interobserver agree-
ment was optimal when liver was used as back-
ground rather than mediastinal blood pool (Itti 
et al. 2013). Similarly, a validation study in 260 
patients with advanced HL showed accurate and 
reproducible results using the Deauville 5-point 
scale. Using scores of 4 or 5 of positive, FDG- 
PET scan was found to have sensitivity of 73%, 
specificity of 94%, accuracy of 91%, negative 
predictive value of 94%, and positive predictive 
value of 73% for predicating failure-free sur-
vival. The interobserver agreement for assigning 
Deauville scores was good or very good by 
Kappa analysis among 6 international nuclear 
medicine experts (Biggi et al. 2013).

Data from prospective studies of risk-adapted 
therapy using the Deauville 5-point scale are 

a b

Fig. 5 23-year-old man with T cell histiocyte-rich B cell 
lymphoma. (a) Baseline FDG–PET/CT scan showed 
extensive intensely FDG-avid left supraclavicular, poste-
rior mediastinal, and retroperitoneal lymphadenopathy 
and lung nodules. The maximum standardized uptake 
value (SUV) of the hottest lymph node was 46. (b) After 
2 cycles of R-CHOP chemotherapy, intensely FDG-avid 
lymphadenopathy remained in the retroperitoneum with 

SUVmax of 29 (Deauville Score 5). The sum of the prod-
ucts of target lesions decreased by approximately 60% 
between the baseline and post cycle 2 scans. As this was 
an interim FDG–PET/CT scan, Deauville score 5 with 
decline SUVmax and accompanying decrease of tumor 
size represents a response; although probably with worse 
prognosis. At the end of therapy, the Deauville score 5 
would have represented treatment failure
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emerging. The value of interim PET is better 
established in HL compared to DLBCL. A review 
of all these studies is beyond the scope of this 
review, but a few are described next. In 
CALGB506, 149 patients with non-bulky early 
stage HL underwent interim PET after 2 cycles of 
ABVD. Only 14 patients were PET2 positive and 
subsequently received escalated BEACOPP and 
involved-field radiation therapy. The 135 patients 
with PET2 negative received 2 additional cycles 
of ABVD without RT. 3-year PFS in this group 
was 91%. This met the primary endpoint of 
3-year PFS > 85% (Straus et al. 2018).

The Southwest Oncology Group performed a 
prospective study of 336 patients with stage III/
IV HL (S0816). After 2 cycles of ABVD chemo-
therapy, interim PET was performed (PET2). 
Those with a negative PET2 (i.e., Deauville 1–3) 
received 4 additional cycles of ABVD, and those 
with a positive PET2 (i.e., Deauville 4–5) 

switched to escalated BEACOPP. The estimated 
2-year PFS for the 60 PET2 positive patients was 
64%, higher than the expected 15–30% (Press 
et al. 2016). Johnson et al. reported that omission 
of bleomycin after 2  cycles of ABVD for 
advanced stage HL resulted in lower pulmonary 
toxicity without significantly altering efficacy, 
although the results were just short of the planned 
noninferiority margin (Johnson et  al. 2016). In 
summary, interim PET-driven switch of therapy 
is probably feasible and safe for HL.

Studies of risk-adapted therapy based on 
interim PET in DLBCL have yielded more mixed 
results. An International Atomic Energy Agency 
(IAEA) sponsored a multinational prospective 
study in 327 patients with DLBCL (Carr et  al. 
2014). Interim FDG-PET/CT was performed 
after 2 (n = 251), 3 (n = 73) or 4 (n = 3) cycles of 
chemotherapy. Two-year OS was lower for those 
with a positive (72%) vs. negative (93%) interim 

b

a

Fig. 6 (a) Intensely FDG-avid primary mediastinal large 
B cell lymphoma in the neck and mediastinum prior to 
therapy. (b) End of therapy PET/CT scan showed FDG 
uptake greater than blood pool but similar to the liver in 
the residual mediastinal mass. This is a Deauville 3 

response. The level of FDG uptake in the blood and liver 
is often similar and visualizing the difference between 
Deauville 2 and 3 scores is challenging. Review of coro-
nal images may be helpful in these cases
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PET. They also found that among those with pos-
itive interim PET, 54% became PET negative at 
the end of treatment. The 2-year EFS was lower 
in the interim positive, post-therapy negative 
patients but some had durable responses and less 
of a difference in 2-year OS. In contrast, a study 
from France showed that a negative interim PET 
in DLBCL can effectively predict better OS and 
PFS, with 3-year OS of 88% in PET-negative 
patients and 62% in PET-negative patients (Safar 
et al. 2012).

4  Challenges of Current 
Lymphoma Criteria 
for Response

Response assessment using the Lugano classifi-
cation, and its earlier versions, were designed 
based on data using chemotherapeutic drugs and 
monoclonal antibodies. One early observation 
and challenge of interpreting end of therapy 
FDG-PET/CT was visualization of newly 

FDG- avid lesions in the setting of good response 
in areas of known disease. A common example of 
this inflammatory lung lesions (Figs. 3 and 7) and 
is noted as Deauville X (Table 2).

Immune checkpoint inhibitors have changed 
the landscape of how tumor response is moni-
tored with imaging. The phenomenon of pseudo- 
progression (i.e., false worsening) on imaging 
was first described in patients with melanoma 
receiving ipilimumab but was also observed in 
early studies of immune checkpoint inhibitors in 
lymphoma. A need to address a standardized 
approach for assessing response of lymphoma to 
immune checkpoint inhibitors became evident. In 
addition, the role of FDG-PET/CT for prognosti-
cation after CAR-T cell therapy has not been sys-
tematically studied (Fig. 8).

Lymphoma response to immunomodulatory 
therapy criteria (LYRIC) was published to pro-
vide guidance for response assessment of lym-
phoma to immune checkpoint inhibitors (Cheson 
et al. 2016). In LYRIC, the authors introduced an 
“indeterminate category” (IR) of response to 

Fig. 7 (a) Baseline FDG-PET/CT in a patient with 
Hodgkin lymphoma showed left epiphrenic and splenic 
hilar lymph nodes but no lymphoma in the lungs. (b) End 
of therapy FDG-PET/CT shows interval resolution of 
FDG-avid left epiphrenic and splenic hilar lymph nodes 
as well as a new FDG-avid consolidative opacity in the 

right apex. This is classified as Deauville X, since the lung 
was not a site of disease at baseline and was most likely 
inflammatory. The findings in the lungs should be corre-
lated with clinical symptoms and followed up with chest 
computed tomography to assure resolution
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avoid early discontinuation of effective therapy 
in the setting of pseudo-progression. The defini-
tions of IR are shown in Table 4 (Figs. 9, 10, and 
11). While a paucity of evidence supporting the 
definitions was recognized, the authors empha-
sized that these criteria are likely to be modified 
in the future as more data emerges. Importantly, 
these provisional criteria provide backbone guid-
ance for investigators to incorporate imaging 
endpoints into clinical trials to assess response of 
lymphoma to immune checkpoint inhibitors.

Immune-related adverse events may be 
detected on response assessment scans for lym-
phoma and may be seen on FDG-PET/CT prior 
to anatomic imaging. A variety of patterns of 
immune-related adverse events were reviewed by 

Kwak et  al. (2015) and can be seen in nearly 
every organ (Fig. 12).

Most recently, RECIL guidelines were pub-
lished to try to align lymphoma response assess-
ments with those for solid tumors, namely 
RECIST 1.1(Table 5) (Younes et al. 2017). The 
Lugano classification, and prior criteria for 
assessing response in lymphoma, has used bidi-
mensional tumor measurements, whereas 
RECIST 1.1 is based on changes in unidimen-
sional tumor size. The hypothesis of the RECIL 
study was that unidimensional measurements 
could be used for lymphoma response assess-
ment and would produce similar results to the 
Lugano classification criteria for assigning 
response (Younes et  al. 2017). In this 

Fig. 8 46-year-old man with diffuse large B cell lym-
phoma. Prior to CAR-T cell therapy, FDG-avid lym-
phoma was seen in a 1.3 × 0.5 cm anterior mediastinal soft 
tissue density with SUVmax 5.2 (arrow). Post-CAR-T 
cell therapy, the FDG-avid anterior mediastinal soft tissue 

nodule remained (arrow), measuring 1.4  ×  0.8  cm with 
SUVmax 10.6 (Deauville 5). After CAR-T cell therapy, 
the significance of a Deauville 5 response at the site of 
disease is not clear and further investigations are needed

Table 4 LYRIC Indeterminate Response (IR) categories and follow-up (Carr et al. 2014)

IR 
type Definition at first follow-up scan

Follow-up of IR findings—definitions of progressive 
diseasea

1 Increase in overall tumor burdenb by ≥50% of up to 6 
measurable lesions in the first 12 weeks of therapy 
and no clinical deterioration

Comparison between current and the scan which 
showed IR1 response
≥10% increase SPD and increase in size of ≥5 mm 
of for lesions ≤2 cm and
≥10 mm for lesions >2 cm

2 New lesions at any time or increase 50% any 1 
lesion, but not overall progressive disease

New or growing lesions should be added to target 
lesion(s); up 6 lesions total
Newly defined target lesions increase in increase 
≥50% nadir value

3 Increase FDG uptake only without concomitant size 
increase

Increase in size or new lesion defined above

aDefined by sum of the products of the diameters (SPD) of measurable target lesions
bPatients with IR response on first follow-up should be rescanned 12 weeks later or sooner if clinically indicated
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a b c

Fig. 9 Classical Hodgkin lymphoma. (a) Baseline CT 
chest showed abnormal soft tissue in the superior medias-
tinum around the aortic arch. (b) The first restaging scan 
12  weeks after starting nivolumab showed increase in 
tumor burden (sum of the products of the diameter) by 

greater than 50%. This would be classified as IR1 accord-
ing to LYRIC. (c) On the second restaging scan 24 weeks 
after starting nivolumab, the tumor burden significantly 
decreased in size, now classifying as a partial response

a b

Fig. 10 Diffuse large B cell lymphoma. (a) Baseline CT 
scan prior to starting nivolumab showed abnormal soft tis-
sue surrounding the descending aorta. No abnormal axil-
lary lymph nodes were seen. (b) On the first restaging CT 
scan 12  weeks after starting nivolumab, the soft tissue 

around the aorta increased slightly, but not more than 
50%. A new enlarged left axillary node was seen (arrow). 
This classifies as IR2 response according to LYRIC. The 
patient progressed and died shortly after without addi-
tional imaging

multicenter study, 47, 828 imaging measure-
ments were made from 2983 patients participat-
ing in adult and pediatric clinical trials. The 

authors showed that PFS curves were similar for 
assigning response comparing bidimensional 
and unidimensional measurements. There was 
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a b

Fig. 11 Classical Hodgkin lymphoma. (a) Baseline 
FDG-PET/CT showed abnormal FDG uptake in a mid- 
thoracic vertebra (SUVmax 5, arrow) and the left proxi-
mal femur (SUVmax 3, arrowhead) representing 
metabolically active lymphoma. (b) FDG-PET/CT scan 
12  weeks after starting nivolumab showed increasing 

FDG uptake in the lesions in the mid-thoracic vertebrae 
(SUVmax 11.9, arrow) and left proximal femur (SUVmax 
5, arrowhead). There was no anatomic progression. This 
represents an IR3 response according to 
LYRIC. Physiologic brown fat uptake is seen at baseline 
and post-nivolumab in the neck and paraspinal regions

a b

Fig. 12 A 47-year-old woman with recurrent NHL. (a) 
Baseline FDG-PET/CT scan prior to starting pembroli-
zumab demonstrated FDG-avid lymphoma in the sinona-
sal regions bilaterally, left neck, and few scattered lymph 
nodes (e.g., right inguinal and mediastinum, arrows). (b) 
FDG-PET/CT after 2  cycles of pembrolizumab showed 
increasing FDG uptake in the areas of known disease, but 
there was also new FDG uptake in the bilateral clavicles 

and upper extremities, lungs, liver, and spleen. The pattern 
of the new uptake in the bilateral clavicles and upper 
extremities, lungs, liver, and spleen favored multi-organ 
immune-related adverse events rather than new lym-
phoma involvement. Unfortunately, the patient clinically 
deteriorated and died and confirmation of progression vs. 
pseudo-progression in the known tumor could not be 
obtained

also agreement in response categories assigned 
using the 6, 5, or 3 largest lesions. RECIL distin-
guished patients with a complete response on 
PET with greater and less than a 30% change in 

the sum of the longest diameter (Younes et  al. 
2017); however, the publication did not appear 
to include differences in PFS between these two 
groups.
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Others have also suggested that combining 
PET and CT criteria would better predict response 
compared to either modality alone. Kostakoglu 
et al. evaluated interim FDG-PET in 88 patients 
with stage I/II non-bulky HL (CALGB 50203) 
(Kostakoglu et al. 2012). FDG-PET was obtained 
at baseline and after 2 cycles of AVG chemother-
apy and response was assessed using 1999 IWG 

criteria. Using a cutoff of 65% for change in 
tumor size, there was some suggestion that the 
combined criteria provided additional predictive 
information. Definitive conclusions were limited 
by small numbers in each subgroup.

Another current challenge is how to integrate 
the quantitative information and volumetrics that 
can be obtained from FDG-PET/CT into response 

Table 5 Comparison of RECIL and Lugano classifications of response

RECIL (Safar et al. 2012) Lugano (Juweid et al. 2007)
Measurement Sum of longest diameters Sum of products of longest perpendicular diameters
Number of target lesions Three Six
RECIL Response Categories Percentage change in lesion
  Complete ≥30% decrease in sum of diameter with negative FDG PET

Complete resolution of target lesions
<1 cm size of all lymph nodes

  Partial ≥30% decrease in sum of diameter but not fitting in complete response
  Minimal response 

(proposed)
≥10% decrease in sum of diameter but <30%

  Stable disease <10% decrease in sum of diameter of target lesions
20% increase in sum of diameter of target lesions

  Progressive disease Appearance of a new lesion
>20% increase in the sum of diameters of target lesions
Lymph node—diameter exceeding 1.5 cm with an increase in size by 0.5 cm

Table 6 Recently approved and novel therapies for multiple myeloma

Drug type Target
Drug name (FDA 
approval) Indication for multiple myeloma

Antibodies CD38 Daratumumab (2015) Relapsed/refractory
SLAMF7 Elotuzumab (2015) Relapsed/refractory in combination with 

lenalidomide or pomalidomide and dexamethasone
Isatuximab Investigational (Phase III trials): relapsed/

refractory
Proteasome 
inhibitors

NF-κB Bortezomib (2003) Initial, relapsed/refractory

20S proteasome Carfilzomib (2012) Relapsed/refractory
20S proteasome Ixazomib (2015) Relapsed/refractory
20S proteasome Marizomib Investigational: relapsed/refractory
20S proteasome Oporozomib Investigational: relapsed/refractory

Bcl-2 inhibitors Bcl-2 Venetoclax (2013) Relapsed/refractory
Histone 
deacetylase 
inhibitors

Histone 
deacetylase

Panobinostat (2015) Relapsed/refractory in combination with 
bortezomib and dexamethasone

Kinesin spindle 
protein inhibitor

kinesin spindle 
protein

Filanesib Investigational:  relapsed/refractory

Immune 
modulators

Thalidomide (1998) Initial, relapsed/refractory
Lenalidomide (2005) Initial, relapsed/refractory
Pomalidomide (2013) Relapsed/refractory

Checkpoint 
inhibitors

PD1 Pembrolizumab Investigational: combination with lenalidomide 
and dexamethasone; combination with 
pomalidomide
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criteria. Itti et al. reported that greater than 65.7% 
decline in SUVmax after 2  cycles of front-line 
therapy for DLBCL decreased the false-positive 
rate for separating those with better vs. worse 
outcomes (Itti et al. 2013). In a follow-up study, 
however, the addition of semiquantitative data 
(i.e., change in SUVmax) did not add additional 
information to visual assessments after 4 cycles 
of therapy (Itti et al. 2009). These studies high-
light the challenges in creating a “one-size-fits- 
all” response criteria for the various lymphoma 
subtypes at different times of assessment.

5  Potential Emerging Approaches 
for Therapy Response 
Assessments

The use of metabolic tumor volume (MTV) or 
total lesion glycolysis (TLG) for response assess-
ment in lymphoma was recently reviewed in 
detail by Kostakoglu and Chauvie (2018). The 
advantages of MTV and TLG over SUVmax and 
SUVpeak include that these values are less 
affected by image noise and represent the total 
tumor volume, which can have prognostic impli-
cations. A major disadvantage is that these meth-
ods are time consuming to perform. The data 
across the different lymphoma subtypes and time 
during therapy (baseline versus interim versus 
end of therapy) are variable. Larger studies in 
homogeneous populations with prospectively set 
thresholds are needed to further investigate the 
promising early results using quantitative PET 
assessment thus far.

Radiomics is a feature of extracting quantifi-
cation information from the images and using 
this for characterization of tumor (Lambin et al. 
2012) and is a bridge between imaging and per-
sonalized medicine. It is especially important in 
cancer research and is likely to provide important 
diagnostic, prognostic, accurate tool in clinical 
decision-making (Lambin et  al. 2017). It pro-
vides a unique in vivo technology to obtain phe-
notyping information and has features parallel 
and overlapping to genomics, thus helping to 
achieve the aim of precision oncology by using 
radio-genomics (Castiglioni and Gilardi 2018).

Radiomics in various types of lymphoma has 
been attempted by various imaging modalities 
like CT, MRI, and FDG-PET.  CT-derived 
radiomics data has been found to be useful in dis-
tinguishing Borrmann Type IV gastric cancer 
from gastric lymphoma (Ma et al. 2017). Large- 
scale MRI derived radiomics in combination with 
machine learning algorithm has a potential to dif-
ferentiate primary CNS lymphoma from non- 
necrotic atypical glioblastoma multiforme (Suh 
et  al. 2018). Researchers have studied role of 
metabolic tumor volume and radiomics parame-
ters obtained from FDG PET/CT in aggressive B 
cell lymphoma and found that metabolic tumor 
volume has correlation with response to therapy. 
Some radiomic features like skewness, entropy, 
short-run emphasis (SRE), short- run high gray-
level emphasis (SRHGE), low gray-level run 
emphasis (LGRE), short-zone high gray-level 
emphasis (SZHGE), low gray- level zone empha-
sis (LGZE), gray-level nonuniformity for zone 
(GLNU), and zone length nonuniformity (ZLNU) 
showed correlation with residual tumor and some 
others like long zone emphasis (LZE), long-zone 
low gray-level emphasis (LZLGE), and gray-
level nonuniformity for run (GLNU) showed cor-
relation with disease-free status and Kurtosis 
showed correlation with OS (Clavagnier 2018; 
Vessel et al. 2018).

Parametric imaging, imaging derived mathe-
matically by dividing one image by other or a 
technique to trace physiological activity, has not 
been studied in lymphoma according to the best 
of our knowledge. However, parametric imaging 
using ultrasound has been studied using contrast- 
enhanced ultrasound in characterization of lymph 
nodes (Yin et al. 2019).

6  Therapeutic Advances 
in Multiple Myeloma

Multiple myeloma is a plasma cell neoplasm 
diagnosed based on clinical, biochemical, and 
pathologic findings and using the International 
Myeloma Working Group criteria (Kumar et al. 
2016). The pathogenesis of multiple myeloma 
was reviewed by Palumbo and Anderson (2011) 
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and is a multistep process from monoclonal gam-
mopathy of unknown significance (MGUS) to 
multiple myeloma (Rajkumar et al. 2014).

MGUS can be further subdivided based on 
type of immunoglobulin secreted as IgM, non- 
IgM and light chain MGUS with progression 
rates to MM decreasing, respectively (Rajkumar 
2012). Smoldering MM is an intermediate stage. 
The International Myeloma Working Group 
(IMWG) criteria focuses on the presence of end- 
organ damage when there is >10% clonal involve-
ment of the marrow, but currently one or more of 
the following biomarkers of malignancy also 
qualify for the diagnosis of MM: clonal bone 
marrow involvement ≥60%, involved:uninvolved 
serum-free light chain ratio  ≥100; and/or  >1 
focal lesions on MRI measuring >5 mm in size 
(Kumar et al. 2016).

Choice of therapy for MM is influenced by 
risk stratification. The presence of one or more of 
the following features indicates high-risk  disease: 
certain genetic mutations including t(4;14), 
t(14;16), t(14;20), del17p13, or gain 1q by fluo-
rescence in situ hybridization (FISH), lactate 
dehydrogenase levels two times normal and/or 
features of plasma cell leukemia (Kumar et  al. 
2012; Rajan and Rajkumar 2015; Rajkumar 
2016), and all others are standard risk. Autologous 
stem cell transplant has been shown to prolong 
OS and is an important early treatment goal. 
Various combinations of different drug types are 
used for initial therapy and therapy in the 
relapsed/refractory setting (Table 6).

Immunotherapy combinations with check-
point inhibitors are underway for MM, including 
pembrolizumab in combination with lenalido-
mide and dexamethasone. The combination of 
pembrolizumab and pomalidomide has shown 
anti-MM activity (Hoyos and Borrello 2016). 
Multiple targets are under investigation for 
CAR-T cells in MM including B cell maturation 
antigen (BCMA), CD19, CD38, CD138, and 
SLAMF7 with promising results seen with 
BCMA (Cohen 2018). Multiple vaccines have 
also been using dendritic cells, granulocyte- 
macrophage colony stimulating factor, myeloma 
derived proteins like cancer-testis antigen 
MAGE-A3 (Garfall and Stadtmauer 2016).

7  Imaging Multiple Myeloma 
for Disease Detection 
and Therapy Response

Imaging in multiple myeloma is usually used to 
detect end-organ defining events, like bone 
lesions. Prior to 2014, the imaging modality of 
choice for bone lesions was X-ray (skeletal sur-
vey). In 2014, the IMWG expanded the definition 
of a myeloma defining event to include visualiza-
tion of bone lesions on advanced imaging, includ-
ing CT, FDG- PET/CT, and a focal lesion 5 mm 
or greater more on MRI (Rajkumar et al. 2014; 
Hillengass et al. 2010). The Durie-Salmon Plus 
myeloma staging system also considers the imag-
ing features of PET or MRI for disease staging 
(Durie 2006). PET or MRI may upstage disease 
based on the number of lesions present. Imaging- 
based staging offers early identification of dis-
ease in those with a clinical and biochemical 
diagnosis of MGUS or smoldering MM and dis-
tinction between stage II and III for prognostica-
tion (Durie 2006).

Whole body low dose CT scan is an initial 
imaging modality of choice for assessing lytic 
lesions in multiple myeloma (Terpos et al. 2015). 
A disadvantage of CT is non-visualization of 
lesions in appendicular skeleton due to the typi-
cally limited field of view (Hillengass et  al. 
2017). MRI is considered the gold standard for 
demonstrating bone marrow infiltration of MM 
(Zamagni et  al. 2018). Hillengass et  al. studied 
whole-body MRI in patients with smoldering 
multiple myeloma and found that patients with 
>1 lesion on MRI have a worse prognosis com-
pared to those with ≤1 lesion (Chantry et  al. 
2017). MRI demonstrable myeloma is catego-
rized into five types (Dimopoulos et al. 2015): (1) 
normal; (2) focal lesions; (3) Diffuse homoge-
nous involvement; (4) combination of 2 and 3; 
and (5) variegated inhomogeneous involvement, 
also known as salt and pepper appearance. 
Diffusion-weighted MRI sequences are found to 
be most useful for identifying myelomatous 
deposits (Attariwala and Picker 2013). 
Dimopouolos et al. recommended repeat an MRI 
after 3–6  months if findings are equivocal 
(Dimopoulos et  al. 2015). Another MRI 
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technique which is employed is contrast-
enhanced dynamic sequences; this sequence 
depicts marrow angiogenesis; however, it is not 
routinely used in clinical routine (Huang et  al. 
2012).

IMWG recommends FDG-PET/CT to confirm 
the diagnosis of solitary plasmacytoma and to 
distinguish smoldering myeloma from multiple 
myeloma if skeletal survey is negative and whole- 
body MRI cannot be performed/unavailable 
(Cavo et al. 2017). The negative predictive FDG- 
PET/CT for active myeloma in the setting of 
MGUS is high (Durie et al. 2002). Uptake alone 
without a lytic lesion on CT scan is not consid-
ered sufficient to diagnose MM (Rajkumar et al. 

2014); however, this is a limitation as CT may be 
negative in the setting of infiltrating marrow dis-
ease (Nakamoto et  al. 2005). One prospective 
study found similarly sensitivity of FDG-PET/
CT and whole-body MRI for detecting untreated 
MM (Sachpekidis et al. 2015).

Response assessment for myeloma is based on 
the IMWG criteria and includes clinical assess-
ment and laboratory evaluations including SPEP, 
UPEP, free light chain assay, and bone marrow 
biopsy in some patients. Imaging may be used for 
response assessment for those with suspected 
complete response and/or extramedullary dis-
ease, and FDG-PET/CT is the preferred modality 
(Fig.  13) (Zamagni et  al. 2019). Comparative 

a b

Fig. 13 53-year-old gentleman with IgG kappa multiple 
myeloma complicated by lytic bone disease, anemia, and 
fevers, post 4  cycles of lenalidomide, bortezomib, and 
dexamethasone, 2  cycles of dexamethasone, cyclophos-
phamide, etoposide, and cisplatin chemotherapy and stem 
cell transplant. He presented to clinic with malaise, 
anorexia, and jaw pain. (a) Restaging FDG-PET/CT scan 
showed extensive FDG uptake throughout the bone mar-
row. He subsequently received 4  cycles of bortezomib, 

cyclophosphamide, and dexamethasone. (b) Follow-up 
FDG-PET/CT scan showed resolution of FDG uptake in 
the bone marrow and most of the lytic lesions on CT 
(white arrow); however, there was residual FDG uptake in 
the left humerus (black arrow), likely representing resid-
ual metabolically active disease. FDG-PET/CT can show 
metabolic response or residual disease in the setting of 
stable anatomic abnormalities. The patient had progres-
sive disease within 4 months
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studies of advanced imaging modalities for mon-
itoring response of MM to therapy are limited. 
MRI was found to have higher sensitivity in 
patients treated with ASCT, which the author 
suggested could be due to FDG-PET becoming 
negative earlier than MRI in the posttreatment 
setting and false-positive MRI findings 
(Sachpekidis et  al. 2015). Persistence of FDG 
uptake posttransplant has been shown to correlate 
with early relapse (Durie et al. 2002). There may 
be role of PET/MRI for detection and monitoring 
of MM. This modality has the advantage of com-
bining the sensitivity of MRI and the specificity 
of FDG for detecting active disease in the pres-
ence of residual morphologic abnormalities 
(Sachpekidis et al. 2015).
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Abstract

Imaging plays an important role in assessing 
response to treatment in both primary and 
metastatic sarcomas. The response of sarco-
mas to targeted therapies is best exemplified 
by response of gastrointestinal stromal tumor 
(GIST) to imatinib. Alternate tumor response 
criteria, namely Choi criteria, were proposed 
to overcome limitations of Response 
Evaluation Criteria In Solid Tumors (RECIST) 
in interpreting response of GIST to imatinib. 
These alternate tumor response criteria were 
subsequently found to have a role in assessing 
response of non-GIST sarcomas including 
those treated with conventional chemoradia-
tion therapy. In this chapter, we will discuss in 
detail the pros and cons of various response 
criteria in GIST and non-GIST sarcomas.

1  Introduction

Sarcomas are a complex, heterogenous group of 
tumors which arise from the mesenchymal tis-
sues. There are more than 50 histologic subtypes 
of sarcomas with widely variable biologic behav-
ior (Doyle 2014). The major histologic subtypes 
of sarcomas described in the 2013 revised WHO 
classification are: adipocytic tumors, fibroblastic/
myofibroblastic tumors, fibrohistocytic tumors, 
smooth muscle tumors, pericytic tumors, skeletal 
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muscle tumors, vascular tumors, gastrointestinal 
stromal tumor (GIST), chondro-osseous tumors, 
nerve-sheath tumors, tumors of uncertain differ-
entiation, and undifferentiated/unclassified sar-
comas. Broadly, sarcomas can be divided into 
soft tissue sarcomas (sarcomas arising from mus-
cles, nerves, fat, and other connective tissues) 
and sarcomas of the bone (Doyle 2014). The ana-
tomic site of origin of sarcomas influences treat-
ment decision and prognosis of sarcomas. The 
most common sites of origin of sarcomas include 
extremities (43%), trunk (10%), viscera (19%), 
retroperitoneum (15%), and head and neck (9%) 
(NCCN Clinical Practice Guidelines in Oncology 
Soft Tissue Sarcoma Version 2 2018). Sarcomas 
are uncommon in adults accounting for 1% of all 
malignancies but much more common in pediat-
ric population (15% of all pediatric malignan-
cies) (NCCN Clinical Practice Guidelines in 
Oncology Soft Tissue Sarcoma Version 2 2018). 
The most common types of sarcomas are undif-
ferentiated pleomorphic sarcoma, GIST, liposar-
coma, and leiomyosarcoma.

2  Management of Sarcomas

Management of bone and soft tissue sarcomas 
requires multidisciplinary approach (Siegel et al. 
2015). The definitive treatment for most patients 
with localized sarcomas is surgical resection with 
negative margins. Sarcomas occurring in the 
abdomen, especially in the retroperitoneum, 
often involve multiple viscera, and their resection 
often entails resection of contiguous abdominal 
viscera. Sarcomas occurring in the extremities 
are managed by limb-sparing, function- 
preserving surgery with negative margins and 
often require complex soft tissue and neurovas-
cular reconstruction (Papagelopoulos et al. 2008). 
Preoperative radiotherapy is used in many cen-
ters to down-stage tumors to achieve adequate 
surgical margin and to decrease local recurrences 
and improve overall survival (Al-Absi et al. 2010; 
Albertsmeier et  al. 2018). Postoperative radio-
therapy can similarly help in decreasing local 
recurrences when surgical margins are either 

close or positive at histopathology (Zhao et  al. 
2016). Preoperative chemotherapy or chemora-
diation is used in many centers for high-grade 
tumors though the results of such strategy are 
inconsistent (Gronchi et  al. 2017; Look Hong 
et  al. 2013; Mullen et  al. 2012). Postoperative 
chemotherapy with or without radiotherapy, on 
the other hand, has been shown to consistently 
increase the recurrence-free survival (Pervaiz 
et al. 2008).

Advanced, unresectable, and metastatic sarco-
mas are challenging to manage. Single agent 
(doxorubicin, dacarbazine, or ifosfamide) or 
combination (doxorubicin with ifosfamide) 
anthracycline-based regimens are widely used in 
this setting (Bramwell et al. 2003; Lorigan et al. 
2007). Gemcitabine, docetaxel, liposomal doxo-
rubicin, vinorelbine, and temozolomide are other 
chemotherapeutic that have been shown to be 
active in metastatic sarcomas (Garcia del Muro 
et  al. 2005, 2011; Judson et  al. 2001; Seddon 
et al. 2017). Trabectedin is a DNA-binding agent 
which has shown to be effective in few phase II 
and III trials for sarcomas like leiomyosarcoma, 
liposarcoma, and translocation-related sarcoma 
(Demetri et al. 2009, 2016). Eribulin is a micro-
tubule inhibitor which has been found to have 
some activity as a single agent in leiomyosar-
coma, liposarcoma, and synovial sarcoma 
(Schoffski et al. 2016).

Several novel targeted therapies in the last two 
decades have shown promising results in sarco-
mas and some of them have been approved for 
certain histologic types of sarcomas. The most 
notable examples in this category are imatinib 
and sunitinib which are first- and second-line 
therapies for metastatic GIST (Demetri et  al. 
2002, 2006). Other targeted therapies approved 
for treatment of sarcomas include regorafenib for 
GIST, pazopanib, sunitinib, and olaratumab (in 
combination with doxorubicin) for non-GIST 
soft tissue sarcomas (Demetri et al. 2013; Kollar 
et  al. 2017; Stacchiotti et  al. 2011; Tap et  al. 
2016). Immunotherapeutic agents like CTLA4 
and PD-1/PDL-1 inhibitors are under investiga-
tion for treatment of bone and soft tissue 
sarcomas.
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3  Imaging of Treatment Response 
in Sarcomas

Imaging plays an important role in assessing 
response to treatment in both primary and meta-
static sarcomas (Levy et al. 2017a, b; Robinson 
et al. 2008). CT scan of the chest is essential for 
the staging and also assessing response to sarco-
mas as most sarcomas undergo hematogenous 
spread to lung. CT of the abdomen and pelvis is 
the modality of choice for response assessment 
of primary tumors and metastatic disease in the 
abdomen and pelvis (NCCN Clinical Practice 
Guidelines in Oncology Soft Tissue Sarcoma 
Version 2 2018; Levy et al. 2017a, b). MRI is pre-
ferred for assessing response in primary tumors 
in the extremities. Whole body MRI is preferred 
for evaluating metastasis from myxoid/round cell 
liposarcoma (Schwab et al. 2007). Brain MRI is 
recommended for evaluating sarcomas like alve-
olar soft part sarcoma which have high propen-
sity for brain metastasis (Sood et  al. 2014). 
18F-Fluorodeoxy glucose (FDG) positron emis-
sion tomography (PET)/CT (FDG-PET/CT) can 
be used for evaluating response in the preopera-
tive and metastatic setting as it detects response 
early and the response on PET correlates better 
with histopathologic response than Response 
Evaluation Criteria In Solid Tumors (RECIST) 
(Evilevitch et al. 2008; Schuetze 2006; Schuetze 
et al. 2005).

In the subsequent sections, we will discuss 
assessment of treatment response in GIST and 
non-GIST sarcomas.

3.1  Response Assessment in GIST

The response of sarcomas to targeted therapies is 
best exemplified by GIST which is the prototype 
for response of solid tumors to targeted therapies. 
Following the first report of imatinib response in 
a 50-year-old woman with advanced metastatic 
GIST in 2001 (Joensuu et al. 2001) and success 
in the phase II B2222 trial, imatinib was granted 
accelerated approved by the US FDA in 2002 
(Demetri et al. 2002; Cohen et al. 2009; Dagher 

et  al. 2002). Currently imatinib is the first-line 
agent in metastatic GIST and also used in the 
neoadjuvant and adjuvant setting. When there is 
primary or secondary resistance to imatinib, 
second- line sunitinib is the treatment of choice 
(Demetri et  al. 2006). Resistance to first- and 
second-line therapies is managed with third-line 
regorafenib (Demetri et  al. 2013). Rechallenge 
with imatinib is reserved for patients who are 
refractory to all lines of treatment as it can slow 
the disease progression (Kang et al. 2013).

3.1.1  RECIST vs. Alternate Tumor 
Response Criteria in GIST: 
Imatinib

Liver and peritoneal cavity are the most common 
sites of metastasis in GIST.  Contrast-enhanced 
CT of the abdomen and pelvis is the imaging 
modality of choice for monitoring the response 
of GIST. Both primary and metastatic GIST have 
a unique morphologic response to imatinib on 
contrast-enhanced CT scans (Choi et  al. 2004). 
The heterogeneously enhancing primary and 
metastatic lesions show a dramatic decrease in 
the enhancing component after treatment with or 
without change in lesion size (Fig. 1). The treated 
lesions appear as cystic lesions with homoge-
neous decrease in attenuation. This appearance 
on CT correlates with myxoid degeneration 
instead of necrosis (as seen with conventional 
chemotherapy) at histopathology. There may be a 
transient increase in size in some cases due to 
intratumoral edema or hemorrhage which can 
mask the actual morphologic response. As per 
RECIST such lesions can be labeled as either 
stable or progressive disease if size alone is used 
for interpreting response. Choi et al. in 36 GIST 
patients with 173 lesions found that 70% patients 
responding on PET were labeled as partial 
response by change in tumor density but nearly 
75% were labeled as stable disease by RECIST 
(Choi et al. 2004).

In a subsequent study, Choi et  al. proposed 
alternate tumor response criteria incorporating 
changes in tumor attenuation along with size 
reduction (Choi et al. 2007). In this study of 40 
patients with GIST treated with imatinib and 
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evaluated with pre- and posttreatment CT and 
FDG-PET/CT, 97% responders by PET (defined 
as decrease in SUV by more than 70% from base-
line or absolute SUVmax of <2.5) showed 15% 
decrease in CT attenuation or 10% decrease in 
unidimensional size at 8 weeks of imatinib treat-
ment. Using these modified criteria identified 
greater number of responders compared to 
RECIST (Choi et al. 2007). In a subsequent vali-

dation study, Benjamin et al. in 58 patients with 
imatinib- treated GIST found that Choi criteria 
correlated better with time to progression and 
disease-specific survival compared to RECIST 
(Benjamin et al. 2007).

Primary and metastatic GIST treated with 
imatinib tend to become cyst-like during fol-
low- up. Detection of recurrence or disease pro-
gression in such cyst-like treated metastases 

a b

c d

Fig. 1 68-year-old woman with GIST metastatic to the 
liver treated with imatinib. (a) Baseline contrast-enhanced 
CT of the abdomen demonstrates multiple heteroge-
neously enhancing liver metastases (arrow). (b) Follow-up 
CT scan 3 months after treatment with imatinib demon-
strates typical response to therapy, with homogeneously 
decreased density and enhancement of the liver metasta-
ses. There is apparent increase in size of the index liver 

lesion (arrow). (c) Subsequent follow-up CT scan 
6 months after treatment shows mild increase in the size 
of the index lesion with increase in density which was sus-
pected to be recurrence. To confirm the recurrence, 
18F-FDG-PET/CT was performed. (d) Axial fused image 
from 18F-FDG PET/CT demonstrates increase in uptake 
in the index liver lesion confirming recurrence
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can be challenging with RECIST. Disease pro-
gression by RECIST is suspected when there is 
increase in size of tumor or when new lesions 
appear. However, recurrence in treated GIST 

metastasis can be seen as increase in tumor 
attenuation or appearance of new intratumoral 
nodules without change in tumor size (Shankar 
et al. 2005) (Fig. 2). Desai et al. found that 23 

a

c

b

Fig. 2 76-year-old female with history of GIST meta-
static to liver, previously treated with hepatic resection 
and ablation, currently off therapy. (a) Axial contrast- 
enhanced CT image obtained during surveillance demon-
strates a cystic-appearing lesion in the liver which likely 
represent treated metastases. A large ablation zone is seen 
in the right lobe (asterisk). A hypodense lesion posterior 
to the ablation zone (white arrowhead) was suspicious for 
recurrence. (b) Follow-up CT obtained 1  month later 
shows enlargement of the lesion posterior to the ablation 

zone (white arrowhead) confirming new metastasis. In 
addition, one of the previously cystic lesions (arrow) now 
shows a nodule within the wall without change in size 
suggestive of typical “nodule-within-cyst” pattern of 
recurrence within this treated metastatic lesion. (c) 
Subsequent follow-up 1 month later shows increase in the 
internal heterogeneity within the index liver metastasis 
confirming recurrence. There are also new (black arrow-
head) and enlarging liver metastasis (white arrowhead)
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out of 48 patients who progressed during fol-
low-up after imatinib therapy developed a 
“resistant clonal nodule” at a median of 
5 months earlier than progression by RECIST 
(Desai et  al. 2007). In a prospective study of 
107 patients, Mabille et  al. found that 70 
patients showed cyst-like transformation of the 
metastases which remained stable in size per 
RECIST (Mabille et al. 2009). However, recur-
rence was seen as new peripheral nodules in 28 
patients and thick peripheral enhancement in 17 
patients without change in size. Based on evi-
dence from these studies, morphologic changes 
are also incorporated into Choi criteria in defin-
ing disease progression.

A few researchers have compared RECIST 
and Choi criteria with volumetric criteria. 
RECIST assumes tumors to be spherical and 
therefore uses longest diameters in assessing 
response. However, it is often argued that volume 
is a better representation of the actual number of 
tumor cells than single longest diameter. Both 
primary and metastatic tumors in GIST are irreg-
ular in shape rather than spherical as assumed by 
RECIST (Rezai et al. 2013). Accordingly moder-
ate changes in size can be better captured by 
using volumetric analysis rather than single 
dimension-based RECIST (Tirumani et al. 2016). 
Schiavon et al. studied the concept of volume in 
response assessment in two independent studies 
in hepatic metastasis from GIST. In the first study 
of liver metastasis from GIST in 84 patients 
treated with imatinib, volume more frequently 
identified >20% change in size than RECIST and 
was able to identify more number of partial 
responders than RECIST and correlated better 
with overall survival. Volume was comparable to 
Choi for identifying partial responders. In a sub-
sequent study of 78 patients with hepatic metas-
tases from GIST who were treated with imatinib 
(Schiavon et al. 2012, 2014), they concluded that 
GIST metastasis should be conceptualized math-
ematically as ellipsoidal lesions rather than sphe-
roidal and found that the metastatic lesions 
demonstrated a change in morphology (from 
ellipsoidal to spheroidal and vice versa) after 
treatment which RECIST may not capture 
(Schiavon et al. 2012, 2014).

3.1.2  RECIST vs. Alternate Tumor 
Response Criteria in GIST: 
Sunitinib and Regorafenib

Patients who fail to respond or develop resistance 
to imatinib are treated with second- and third-line 
tyrosine kinase inhibitors (TKIs). It is not known 
if the dramatic density changes seen with imatinib 
occur when challenged with new TKIs. Few 
recent studies have attempted to study the various 
treatment response criteria in metastatic GIST 
patients treated with second- and third-line TKIs 
and correlate them with survival (Schramm et al. 
2013; Shinagare et  al. 2014, 2016). Schramm 
et al. analyzed response of metastatic GIST in 20 
patients treated with second-line sunitinib. 68 tar-
get lesions were assessed using RECIST, Choi, 
and volumetric criteria at 3-month and 1-year 
intervals after start of treatment. The results were 
correlated with disease-specific survival (DSS) 
(Schramm et  al. 2013). The authors found that 
responses by volumetric criteria were more in 
agreement with RECIST than Choi criteria both at 
3-month and 1-year intervals. Though Choi crite-
ria classified more number of patients as partial 
responders on 3-month and 1-year scans, partial 
responders by Choi criteria at 1-year follow-up 
had shorter DSS than patients with stable disease 
(SD) or progressive disease (PD) (Schramm et al. 
2013). The best correlation of DSS was with 
RECIST. Partial responders as per RECIST had 
the longest DSS and patients with progressive dis-
ease (PD) per RECIST had the shortest survival 
on both 3-month and 1-year scans (Schramm 
et al. 2013). The study concludes that further stud-
ies are required to demonstrate the value of alter-
nate criteria like Choi criteria in predicting 
long-term survival (Schramm et  al. 2013). 
Shinagare et al. studied 62 patients derived from 
two clinical trials evaluating response of meta-
static GIST response to second-line sunitinib. In 
this study, response derived by RECIST 1.0, 
RECIST 1.1, Choi criteria, and modified Choi cri-
teria (progressive disease defined as >20% 
increase in sum of the longest dimension instead 
of 10% increase per Choi criteria) were compared 
in terms of clinical benefit ratio (CBR: complete 
response, partial response or stable disease 
≥12 weeks) and progression- free survival. Similar 
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to prior studies, this study found more number of 
partial responders with shorter time to best 
response by Choi criteria and modified Choi crite-
ria. However, RECIST, RECIST1.1, and modified 
Choi criteria resulted in similar progression-free 
survival whereas Choi criteria had shorter 
progression- free survival. The CBR was similar 
with all the response criteria. The study concluded 
that RECIST 1.1 should be used as the primary 
response criteria reserving Choi criteria to detect 
early responses.

In a similar study Shinagare et  al. studied 
response in 20 patients with advanced GIST 
treated with third-line regorafenib in a phase II 
trial using Choi criteria, RECIST, RECIST 1.1, 
and WHO criteria (Shinagare et al. 2014). Similar 
to other studies, Choi criteria again identified 
more number of partial responders. CBR was 
similar among all tumor response criteria 
(Shinagare et al. 2014) but the PFS was longest 
for RECIST 1.1 and shortest for Choi criteria. 
Furthermore, the PFS was strongly concordant 
with overall survival by RECIST, RECIST 1.1, 
and WHO criteria but not by Choi criteria 
(Shinagare et  al. 2014). The study arrived at a 
similar conclusion that using RECIST 1.1 is rec-
ommended especially in clinical trial setting as 
patients would progress sooner with Choi criteria 
than RECIST (Shinagare et al. 2014).

3.1.3  Role of PET/CT and MRI 
in Response Assessment in GIST

Most GISTs show high metabolic activity due to 
intense glycolysis and therefore intensely FDG- 
avid on 18F-FDG-PET (Van den Abbeele 2008). 
Initial studies evaluating the response of GIST to 
imatinib found that metabolic activity in GIST 
declines dramatically on FDG-PET/CT and the 
response can be seen as early as 24 h after initia-
tion of treatment whereas response by CT lags by 
weeks to months (Van den Abbeele 2001). A 
baseline scan obtained prior to initiating treat-
ment can help in assessing metabolic changes 
overtime. The prognostic value of metabolic 
response on PET has been variably reported in 
different studies. While some studies have shown 
that PET responders had longer progression-free 
survival, others did not. In a study of 63 patients 

with GIST treated with imatinib by Holdsworth 
et  al., absolute SUVmax of 2.5 at 1 month or 
EORTC criteria for partial response (25% decline 
in SUVmax) at 1 month were associated with 
durable response (Holdsworth et  al. 2007). 
Stroobants et  al. reported longer one-year 
progression- free survival in PET responders 
using EORTC criteria (Stroobants et  al. 2003). 
On the contrary, McAuliffe et al., in a study of 19 
patients, found that response by PET was not pre-
dictive of progression-free survival (McAuliffe 
et al. 2009). Similar conclusion was obtained by 
Chacon et al. in a study of 16 patients (Chacon 
et al. 2015). PET/CT has also been shown to be 
useful in detecting primary and secondary resis-
tance to imatinib. However the routine use of 
FDG-PET/CT in clinical practice does not have 
additional advantages over CT scan (NCCN 
Clinical Practice Guidelines in Oncology Soft 
Tissue Sarcoma Version 2 2018). The National 
Comprehensive Cancer Network (NCCN) guide-
lines do not recommend FDG-PET/CT in the 
routine management of GIST (NCCN Clinical 
Practice Guidelines in Oncology Soft Tissue 
Sarcoma Version 2 2018). The European Society 
for Medical Oncology (ESMO) guidelines rec-
ommend FDG-PET/CT when targeted therapy is 
under investigation (ESMO / European Sarcoma 
Network Working Group 2012). Because of its 
ability to detect response or resistance to new 
therapy earlier than CT scan, FDG- PET/CT can 
be used for determining efficacy of drugs early in 
the treatment course (Van den Abbeele 2001, 
2003, 2008). FDG-PET/CT can be used to evalu-
ate ambiguous findings encountered on CT or 
magnetic resonance imaging (MRI) but has no 
role in surveillance (Fig. 1).

MRI has limited role in response assessment 
of GIST and is not used routinely in the clinical 
practice (Dimitrakopoulou-Strauss et al. 2017). 
A few studies evaluated the utility of MRI in 
response assessment of GIST.  Stroszczynski 
et  al. performed MRI in 45 patients at 2-, 4-, 
and 6-month intervals after starting imatinib 
(Stroszczynski et  al. 2005). While there was 
significant decrease in size of several lesions, 
the authors found that responders showed 
increase in signal-to-noise ratio on T2-weighted 
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images at 2  months and showed decrease in 
enhancing areas at 4 and 6 months compared to 
nonresponders. In another study, Tan et al. used 
diffusion- weighted imaging in 32 patients with 
GIST treated with imatinib to show that increase 
in ADC at 1 week after therapy was signifi-
cantly different between good and poor-
response groups (Tang et  al. 2011). Overall 
MRI is not considered a primary imaging 
modality in GIST response assessment. As rec-
ommended by the German GIST Working 
Group (Kalkmann et  al. 2012), MRI can be 
used as a problem-solving tool for clarifying 
liver-specific questions and when CT is contra-
indicated. Increase in tumor density in some 
GIST metastasis due to hemorrhage (especially 
with sunitinib) can mimic progression. MRI 
due to better soft tissue resolution can help in 
such scenarios (Tirumani et al. 2013).

3.2  Response Assessment in  
Non- GIST Sarcomas

Similar to GIST, response of both primary and 
metastatic non-GIST sarcomas can be better 
evaluated by personalized tumor response criteria 
by taking into account morphologic changes with 
or without change in size. Primary non-GIST sar-
comas are frequently treated with neoadjuvant 
chemoradiation therapy. MRI is frequently used 
for assessing response in this setting. The 
European Organization for Research and 
Treatment of Cancer—Soft Tissue and Bone 
Sarcoma Group (EORTC—STBSG) and Imaging 
Group guidelines recommend MRI for response 
assessment as close to the surgical date as possi-
ble usually at least 4–6 weeks after radiotherapy 
(Messiou et  al. 2016). Chemoradiation therapy 
results in histopathological changes like necrosis, 
hemorrhage, cystic change, and fibrosis which 
can in turn change tumor dimensions. Several 
studies have shown that decrease in tumor size is 
a rare event in sarcomas treated with radiation 
except for myxoid liposarcomas (Look Hong 
et al. 2013; Canter et al. 2010; Miki et al. 2010; 

Roberge et al. 2010) (Fig. 3). If a tumor increases 
in size following therapy, careful assessment 
should be made for changes in tumor density (on 
CT) or contrast enhancement on MRI, to ensure 
that this does not represent pseudoprogression. 
Miki et al. in their study found that nearly one- 
third tumors increased by >10% size following 
radiation therapy and that there was no correla-
tion between RECIST and eventual outcome 
(Miki et al. 2010) (Fig. 3).

Stacchiotti et  al. prospectively compared 
RECIST and Choi criteria in a cohort of 37 
patients with high-grade soft tissue sarcomas 
treated with preoperative chemoradiation therapy 
(Stacchiotti et  al. 2009). The authors adapted 
Choi criteria for MR imaging and used two 
pathologic cutoffs for response if tumors showed 
at least 10% treatment-related changes (good 
response if 50% residual tumor was present and 
very good response if less than 10% residual 
tumor was present). The study found that RECIST 
(32% and 41% for good and very good response) 
was less sensitive than Choi criteria (82 and 88% 
for good and very good response) in predicting 
pathologic response in 28 soft tissue sarcomas 
other than synovial sarcomas (Stacchiotti et  al. 
2009). In synovial sarcomas, the response assess-
ment was more challenging due to the presence 
of nontreatment-related neoplastic cystic areas 
which can be confused on imaging with 
treatment- related necrosis. The study concluded 
that Choi criteria is more predictive of pathologic 
response and tumor size itself may be insufficient 
for response assessment. In a follow-up study, 
Stacchiotti et  al. compared the prognostic rele-
vance of RECIST and Choi criteria in a larger 
cohort (Stacchiotti et al. 2012). A subgroup anal-
ysis of 69 patients who received chemotherapy 
alone showed that Choi criteria correlated better 
with overall survival and freedom from progres-
sion whereas RECIST correlated with only free-
dom from progression (Stacchiotti et  al. 2012). 
The study also found that histology had signifi-
cant correlation with outcome: undifferentiated 
pleomorphic sarcoma had a better response rate 
than leiomyosarcoma.
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a b

c d

Fig. 3 69-year-old woman with high-grade pleomorphic 
sarcoma of the right thigh treated with neoadjuvant 
chemoradiation therapy. (a, b) Axial short-tau inversion 
recovery (STIR) and post-gadolinium fat-suppressed 
T1-weighted images demonstrate a T2 hyperintense mass 
(arrow) in the anterior thigh with central necrosis and 

peripheral thick enhancement. (c, d) Following neoadju-
vant chemoradiation therapy, there is a significant increase 
in tumor size, with increased necrosis seen on T2-weighted 
images, and post-contrast T1-weighted images. Surgical 
histopathology demonstrated greater than 75% necrosis in 
the tumor
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3.2.1  Response Assessment 
in Specific Subtypes of Non- 
GIST Sarcomas

Certain subtypes of sarcomas have unique pat-
terns of response that must be taken into account 
by the radiologist. Synovial sarcomas are often 
multilobulated or septated masses on imaging. 
They tend to have heterogeneous signal intensity 
on both T1- and T2-weighted images. The het-
erogeneity is secondary to areas of cystic change, 
necrosis, calcification, and hemorrhage within 
the tumor, and maybe manifest as “triple sign” on 
T2-weighted images (consisting of hypo-, iso-, 
and hyperintense signal). Similarly, “fluid–fluid 
levels” secondary to layering hemorrhage and 
“bowl of grapes” appearance from T2 hyperin-
tense lobulated areas and T2 hypointense septa 
may be present in some cases (Baheti et al. 2015; 
Murphey et al. 2006; O’Sullivan et al. 2008). As 
discussed previously, in synovial sarcomas the 
presence of neoplastic cystic component can con-
found response assessment: increase in cystic 
component following therapy could potentially 
be confused with necrosis which can be seen with 
treatment response. Because of this, modified 
response criteria may not be appropriate for 
synovial sarcomas (Stacchiotti et al. 2009).

Myxoid/round cell liposarcoma has a unique 
translocation t(12; 16)(q13; q11) which is 

encountered in nearly 90% cases and results in a 
chimeric fusion protein FUS-CHOP (Recine 
et al. 2017). This chimeric protein is responsible 
for tumorigenesis by blocking the PPARℽ path-
way necessary for adipocytic maturation. 
Trabectedin (ET-743) is a novel drug which has 
been shown to be highly effective in myxoid lipo-
sarcoma due to its ability to block the FUS- 
CHOP protein. In a retrospective multicenter 
analysis of 51 patients with metastatic myxoid 
liposarcoma treated with trabectedin, two patients 
had complete radiologic response and 24 had 
partial response by RECIST with an overall 
response of 51% (Grosso et  al. 2007). 
Interestingly, 17 patients showed decrease in 
tumor density on CT and decrease in enhance-
ment on MRI well before tumor shrinkage. Some 
of these patients showed monovacuolated lipo-
blasts indicating adipocytic maturation (Fig. 4). 
The basis for this radiologic and pathologic 
response pattern is hypothesized to be related to 
removal of the block in cell maturation by 
trabectedin- induced inactivation of the FUS- 
CHOP protein (Grosso et al. 2007). This mani-
fests at histopathology as replacement of cellular 
tumor with acellular stroma and radiologically as 
decrease in density. A similar response pattern 
has been reported following chemotherapy and 
radiation therapy. In a study of 22 patients with 

a b

Fig. 4 62-year-old man with myxoid liposarcoma treated 
with trabectedin. (a, b) Axial contrast-enhanced CT 
images at baseline and 12 months after start of treatment 

demonstrate increase in the fatty attenuation within the 
intraabdominal masses (asterisk) consistent with adipo-
cytic maturation
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myxoid liposarcoma treated with neoadjuvant 
chemoradiation therapy, Wang et al. noted exten-
sive hyalinization in 16 patients and adipocytic 
maturation in 6 patients (Wang et al. 2012). Of 
the 6 patients with adipocytic maturation at 
pathology in this study, four patients showed 
increased fat on MRI (Wang et al. 2012).

Dramatic decrease in size is seen with myxoid 
liposarcoma, in contrast to other sarcomas which 

tend to increase in size following radiation ther-
apy (Fig.  5). Piston et  al. in their study of 15 
patients with myxoid LPS and 16 patients with 
malignant fibrous histiocytoma (MFH) treated 
with radiotherapy found that myxoid LPS showed 
statistically significant decrease in tumor volume 
and maximal dimension compared to MFH, some 
of the MFH increasing in size following radio-
therapy (Pitson et al. 2004). Wortman et al. in a 

a b

c d

Fig. 5 51-year-old man with myxoid liposarcoma of the 
left thigh treated with neoadjuvant chemoradiation ther-
apy. (a, b). Axial short-tau inversion recovery (STIR) and 
post-gadolinium fat-suppressed T1-weighted images 
demonstrate T2 hyperintense mass in the posterior com-
partment of the thigh (arrow) which shows intense homo-
geneous enhancement after contrast administration. (c, d) 

Following neoadjuvant chemoradiation therapy, there was 
a significant decrease in tumor size, as well as decrease in 
overall degree of enhancement in the mass. No significant 
hemorrhage or necrosis was seen. Surgical histopathology 
demonstrated large volume (95%) hyalinization and 
fibrosis
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study of 18 patients consisting of 5 pleomorphic 
liposarcomas and 13 myxoid liposarcomas 
showed that pleomorphic liposarcoma increased 
in size with increase in peritumoral edema, hem-
orrhage, and necrosis (Wortman et al. 2016). This 
contrasted sharply with myxoid liposarcoma in 
which none of the cases showed increase in size 
but instead showed decreases in size and enhance-
ment. De Vreeze et al. in their study of sarcomas 
treated with radiation therapy including 10 myx-
oid liposarcomas concluded that the sensitivity of 
myxoid liposarcoma to radiation therapy is 

related to damage to the medium-sized arterioles 
which retain the typical crow-feet pattern of vas-
cular architecture but show thrombosis and fibro-
sis leading to tumor hypoxia and cell death 
leading to decrease in the production of myxoid 
stroma by the tumor cells (de Vreeze et al. 2008). 
At pathology the radiographic change mirrored 
in form of large volume of hyalinization/fibrosis.

Desmoid fibromatosis is a benign mesenchy-
mal neoplasm which is locally aggressive but 
non-metastasizing. Histologically it is composed 
of clonal proliferation of fibroblasts and 

a b

c d

Fig. 6 53-year-old woman with mesenteric desmoid 
tumor treated with systemic therapy. (a, b) Axial 
T2-weighted and post-gadolinium fat-suppressed 
T1-weighted MR images demonstrate a well- 
circumscribed mildly heterogenous T2 hyperintense mass 
within the mesentery which shows intense enhancement 

(arrow) after contrast administration. (c, d) Follow-up 
MRI after 6 months of treatment shows mild decrease in 
size of the lesion but marked decrease in T2 signal (arrow) 
and decrease in enhancement consistent with treatment 
response
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myofibroblasts which produce collagen. Desmoid 
tumors are managed by surgical resection but 
have a high chance (>30% in some studies) of 
local recurrence (He et  al. 2015; Wang et  al. 
2015). Local radiation has shown to decrease 
recurrence rate. Recent studies have shown that 
systemic medical therapies like hormonal ther-
apy, anti-inflammatory drugs, conventional che-
motherapy, and targeted therapies are effective in 
desmoid fibromatosis. Response of desmoid 
tumors to such systemic therapies tends to be dif-
ferent from other sarcomas (Braschi-Amirfarzan 
et al. 2016). Active desmoid tumors have hetero-
geneously hyperintense signal on T2-weighted 
images and isointense signal on T1-weighted 
images. Bands of low signal can be seen 
interspersed within the high signal areas on 
T2-weighted images and represent densely 
packed collagen stroma. Intense enhancement 
after contrast administration typically involves 
the high T2 signal areas which represent increased 
cellularity and active disease. Following systemic 
treatment, desmoid tumors show increase in the 
T2 hypointense signal and decrease in enhance-
ment independent of size change (Fig.  6). The 
increase in hypointense signal correlates with 
increased collagenization at histopathology indi-
cating maturation. Due to this unique response 
pattern, like other sarcomas, RECIST 1.1 may be 
suboptimal for response assessment in desmoid 
tumors. In a study of 23 patients with desmoid 
fibromatosis treated with various therapies, Sheth 
et  al. showed that volumetric criteria detected 
more number of partial responders than RECIST 
1.1 and that change in T2 hyperintensity corre-
lated well with volume change (Sheth et  al. 
2016). In another study of 32 patients with des-
moid fibromatosis treated with tamoxifen with or 
without anti-inflammatory drugs, Libertini et al. 
found that there was no correlation between 
symptomatic benefit and RECIST 1.1 response 
(Libertini et al. 2018). Gounder et al. studied the 
response of desmoid tumors to sorafenib in 26 
patients and found that 12 out of 13 patients 
(92%) evaluated by MRI showed >30% decrease 
in T2 signal whereas by RECIST 1.1 25% showed 
partial response and 70% showed stable disease 
(Gounder et al. 2011).

4  Summary and Conclusions

In the era of precision medicine, interpreting 
therapeutic response of sarcomas, especially to 
novel molecular targeted therapies, can be chal-
lenging. Response of both primary and metastatic 
GIST or non-GIST sarcomas can be better evalu-
ated by personalized tumor response criteria by 
taking into account morphologic changes with or 
without change in size. Though RECIST 1.1 is 
widely used for assessing response of sarcomas 
in clinical trials, in the opinion of the author, 
knowledge of alternate response patterns can be 
useful in both clinical and research settings to 
identify unusual response patterns of sarcomas to 
both conventional and novel therapies.
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Abstract
During the past two decades, response evalua-
tion criteria in solid tumors (RECIST) has 
been established as the standard guideline for 
measuring tumor burden and confirming 
tumor response. According to the RECIST cri-
teria, the therapeutic effectiveness of antican-
cer treatment is evaluated by unidimensional 
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measurement of the tumor diameter. However, 
limitations have been observed when using 
this traditional response criteria alone. 
Multiple factors, including reader measure-
ment variability and different technical scan-
ning parameters, may cause errors in tumor 
measurement and response assessment to 
result in inappropriate anticancer treatment 
decisions. Furthermore, conventional response 
criteria may not accurately evaluate the latest 
cancer treatment options such as molecular 
therapy and immunotherapy. In this context, 
radiomics and imaging genomics may provide 
comprehensive information on tumor pheno-
types and has shown potential for quantifying 
lung cancer biology and evaluating treatment 
response. In this review, we describe the mea-
surement variability of the tumor burden 
according to different modalities of CT, PET, 
and MRI. In addition, we discuss the promis-
ing role of radiomics and imaging genomics in 
treatment response evaluation of lung cancer 
patients.

1  Limitations of RECIST

Since its publication in 2000 and revision in 
2009, response evaluation criteria in solid tumors 
(RECIST) has been established as the standard 
guideline for measuring tumor burden and con-
firming tumor response (Eisenhauer et al. 2009; 
Therasse et al. 2000). According to the RECIST 
criteria, the therapeutic effectiveness of antican-
cer treatment is evaluated by unidimensional 
measurement of tumor diameter. However, limi-
tations have been observed when using the tradi-
tional response criteria alone. Multiple factors, 
including reader measurement variability and dif-
ferent technical scanning parameters, may cause 
errors in tumor measurement and response 
assessment to result in inappropriate anticancer 
treatment decisions.

Traditional cytotoxic chemotherapy usually 
aims to kill rapidly dividing tumor cells, leading 
to promptly decreased tumor size that is readily 
assessed by the RECIST criteria. A large number 

of molecular targeted therapies have been devel-
oped in recent years, ushering in a new era of 
systemic cancer treatment. Molecular therapy 
targets transmembranous receptors and intracel-
lular molecules that are responsible for tumor 
cell survival and proliferation. In addition, can-
cer immunotherapy aims to activate the immune 
system to fight cancer. Unlike traditional cyto-
toxic chemotherapy, these new anticancer treat-
ments demonstrate new response patterns 
without concurrent tumor size reduction. 
Therefore, the tumor response may not be accu-
rately evaluated by conventional response crite-
ria such as RECIST.

2  Radiomics Application 
to Treatment Response

2.1  Introduction

Radiomics, the process of extracting large 
amounts of advanced quantitative information 
from radiological images, has shown potential 
for quantifying lung cancer biology and evaluat-
ing treatment response (Lee et al. 2017). Although 
radiomics demonstrates promising results for 
measuring tumor burden, a great deal of variabil-
ity exists. Radiologists should be familiar with 
the technical variations, benefits, and drawbacks 
of radiomics regarding treatment response.

2.2  Volumetry

Precise measurement of tumor burden between 
interval studies is the foundation of accurate 
tumor response evaluation leading to appropriate 
treatment decisions. However, discordant unidi-
mensional measurement has been reported 
 previously (Erasmus et  al. 2003). According to 
this study, variability of manual measurements is 
largely responsible for variability in tumor mea-
surement. In other words, each reviewer may 
measure the tumor at different image slices, 
resulting in different unidimensional measure-
ments. To resolve this problem, many publica-
tions have shown that measurement of the entire 
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tumor volume is advantageous compared to uni-
dimensional measurement (Goldmacher and 
Conklin 2012; Jennings et al. 2004; Mozley et al. 
2012; Nishino et  al. 2011, 2013; Zhao et  al. 
2006). First, volumetric measurement has better 
reproducibility and repeatability (Han et  al. 
2017). Second, volumetric measurement is more 
sensitive than unidimensional measurement in 
detecting even small changes. For instance, in a 
10-mm spherical nodule, a 1-mm increase in uni-
dimensional diameter corresponds to a 10% 
increase in cross-sectional diameter and a 33% 
increase in volume (Plathow et al. 2006). Third, 
due to increasing use of post-processing com-
puter software, tumor volumetric measurements 
are more convenient than ever. Oncology trials 
are beginning to use whole tumor volume as the 
clinical endpoint (Zhao et  al. 2010); thus, it is 
important to understand variability in measure-
ments of tumor volume (Zhao et al. 2010; Altorki 
et al. 2010; Hayes et al. 2016).

By definition, segmentation is delineating 
tumor boundaries and separating tumor from the 
neighboring anatomy. Typically, the whole tumor 
is selected as the volume of interest (VOI), which 
is feasible in most cases. However, when lung 
cancer is surrounded by pathological abnormali-
ties, including atelectasis, pneumonia, or lung 
injury, accurate tumor segmentation becomes 
more challenging due to obscured tumor margins 
that may lead to variability in tumor measure-
ment (Rios Velazquez et al. 2012; van Dam et al. 
2010).

2.3  Texture Analysis

In contrast to histogram features, higher-order 
texture features retain spatial information about 
each voxel, thus showing the textural characteris-
tics of cancers. A gray level co-occurrence matrix 
(GLCM) is constructed using the number, dis-
tance, and angle of a combination of gray levels 
in the image. From the GLCM, features of clus-
ter, correlation, contrast, energy, and entropy can 
be extracted. A gray-level run-length matrix 
(GLRL) characterizes continuous voxels with the 
same gray level in any direction. From the GLRL, 

features such as long run emphasis, short run 
emphasis, run length non-uniformity, gray level 
non-uniformity, and run percentage can be 
extracted. The neighborhood gray-tone differ-
ence matrix (NGTDM) uses the intensity values 
of a neighborhood instead of one voxel to repre-
sent how similar or dissimilar voxel intensities 
are within a neighborhood. Features of busyness, 
complexity, and texture strength can be extracted 
from the NGTDM.

Based on the literature, texture features have 
shown promising results for predicting tumor 
stage, metastasis, treatment response, survival, 
and molecular genetic profiles in lung cancer 
(Al-Kadi and Watson 2008; Cook et  al. 2013; 
Fried et al. 2014; Ganeshan et al. 2010, 2012). In 
a study of 127 NSCLC patients, pretreatment 
radiomics features including texture features 
could predict pathological gross residual disease 
(Coroller et  al. 2016). According to a recent 
study, a radiomics signature score including 
higher levels of long gray-level run emphasis 
could discriminate indolent and invasive lung 
cancers (She et al. 2018).

2.4  Functional Imaging Analysis 
Regarding Tumor Hallmarks

Dynamic contrast-enhanced (DCE) and diffusion- 
weighted (DW) MRI can be used to evaluate 
functional changes in tumor microenvironment 
(Fig.  1) (Bains et  al. 2012). DW-MRI allows 
mapping of water diffusion to reflect tissue cel-
lularity, fluid viscosity, integrity of cell mem-
branes, and tortuosity of extracellular spaces 
(Coche 2016). DW-MRI also allows calculation 
of the decay of the diffusion-weighted signal to 
provide an estimate of the apparent diffusion 
coefficient (ADC). The ADC typically decreases 
in highly cellular tissues (including tumor) and 
increases in necrotic regions and tissues with 
damaged or permeable cell membranes (Bains 
et al. 2012). ADC also increases after successful 
anticancer therapies because tumor cell death by 
necrosis or apoptosis decreases cell density and 
increases tumor extracellular volume (Yabuuchi 
et al. 2011). Therefore, ADC value is widely used 
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as a quantitative imaging biomarker to assess 
lung cancer and predict therapeutic effects 
because cell death and vascular change take pre-
cedence over changes in lesion size during anti-
cancer therapy.

Angiogenesis is an important factor related to 
tumor growth, metastasis, and prognosis of lung 

cancer. Poorly differentiated tumors may have 
disorganized and permeable vessels that are 
inefficient in oxygen delivery, resulting in tumor 
hypoxia (Gaddikeri et  al. 2016). Targeted ther-
apy for angiogenesis may result in regression or 
normalization of neovasculature and inhibition 
of new blood vessel growth. DCE MRI provides 
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pharmacokinetic information to assess sensitive 
pathophysiological characteristics and detect 
changes in tumor vasculature and the peritu-
moral microenvironment. DCE-MRI is mainly 
performed using a two-compartment Tofts 
model. During targeted therapy, tumors decrease 
Ktrans, which characterizes the diffusive transport 
of gadolinium chelates across the capillary endo-
thelium, DCE-MRI measurements have been 
shown to have a significant correlation with 
effective tumor control and vascular inhibition 
(Chen et al. 2017).

3  Imaging Genomics Application 
to Treatment Response

Imaging genomics is the study of correlating 
imaging characteristics with underlying gene 
expression patterns, gene mutations, and other 
genome-related characteristics (Leithner et  al. 
2018; Vardhanabhuti and Kuo 2018). Imaging 
genomics has many advantages in oncology, 
including speed, cost-effectiveness, and captur-
ing tumor genetic heterogeneity given that it is a 
noninvasive method that can be performed 
repeatedly, thus making it suitable for assessing 
treatment response (Jansen et al. 2018).

According to a pilot study by Aerts et  al., 
radiomics data before treatment was able to pre-
dict mutation status and associated gefitinib 
response noninvasively, showing the potential of 
imaging genomics for treatment stratification and 
response assessment (Aerts et  al. 2016). In 
another study, a prediction model based on mul-
tiple radiomics features could predict ALK fusion 
and ROS1/RET fusion in patients with lung can-
cer (Yoon et al. 2015).

In a recent study by Sun et  al., a radiomics 
signature was able to assess CD8 cell tumor 
 infiltration, which is promising for the prediction 
of immune phenotype in tumors and inferring 
clinical outcomes in patients treated with immu-
notherapy (Sun et al. 2018). Although still in the 
very early stages, imaging genomics has great 
potential for predicting treatment response and 
should be further investigated through large 
cohort studies.

4  Technical Considerations 
of Radiomics 
and Radiogenomics Approach

4.1  Volumetry

There are various segmentation methods, 
including manual, semiautomatic, and auto-
matic methods. First, manual segmentation 
may be considered the “gold standard” when 
drawn by experienced experts. However, it has 
major disadvantages as it is a time-consuming 
and labor- intensive task with inevitable vari-
ability. Second, semiautomatic and automatic 
methods using post-processing software are 
more reproducible than manual segmentation 
(Rios Velazquez et al. 2012; Heye et al. 2013). 
In a study comparing manual and semiauto-
matic segmentation, the radiomics features 
derived from semiautomatic segmentation dem-
onstrated significantly higher reproducibility 
and were more robust than those derived from 
manual contouring (Parmar et  al. 2014). In 
cases of part-solid adenocarcinomas with a 
ground-glass opacity (GGO) component, there 
is decreased contrast between the GGO compo-
nent and surrounding lung parenchyma, and 
fully automatic segmentation may exhibit inac-
curate results (Ko et al. 2003). Hence, semiau-
tomatic segmentation with tumor margin 
editing performed by an expert is currently the 
optimal choice for accurate tumor volume mea-
surement of part-solid adenocarcinomas 
(Lassen et al. 2015; Oda et al. 2010). Advanced 
lung cancers with irregular margins, heteroge-
neous intratumoral texture, and surrounding 
atelectasis or effusions often require semiauto-
matic segmentation with expert radiologist 
manual editing (Nishino et  al. 2011). Thus, 
tumor volumes obtained by semiautomatic seg-
mentation are considered markers for prolonged 
survival in the setting of molecular targeted 
therapy in genomically defined cohorts, solidi-
fying the potential of tumor volumes in preci-
sion medicine (Nishino et al. 2013, 2016).

The advantages of fully automatic segmenta-
tion methods based on deep learning include 
rapid and accurate tumor segmentation. Several 
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investigators have trained convolutional neural 
networks and demonstrated that deep learning 
can accurately localize and segment tumors in 
multiple organs (Havaei et  al. 2017; Trebeschi 
et al. 2017; Wang et al. 2017; Zhao and Jia 2016). 
Although most of these articles were based on 
MRI scans of the brain, prostate, and rectum, 
deep learning technologies have shown potential 
to improve the accuracy and robustness of tumor 
segmentation. One last point that needs to be 
mentioned is the utilization of different volume-
try software. Considerable variation was noted in 
studies that compared multiple volumetry soft-
ware packages, implying that software packages 
should not be used interchangeably (Ashraf et al. 
2010; de Hoop et al. 2009; Devaraj et al. 2017; 
Zhao et al. 2014a).

4.2  Bin Number

Radiomics analysis extracts hundreds or some-
times thousands of features from the underlying 
imaging modalities and their ROIs. The features 
are different from semantic features and are 
agnostic computational features whose formu-
lae are defined by various parameters (Gillies 
et al. 2016). Thus, for a given radiomics feature, 
if the associated parameter changes, the ensuing 
radiomics feature might change as well. The 
majority of radiomics features, noted as 
histogram- based features, are calculated from 

intensity histograms using underlying imaging 
data within the ROI. Histograms are affected by 
binning parameters of bin width and range 
(Fig.  2). Range is application dependent, and 
4096 is typically used for CT. Many people also 
use a number of bins, and range is divided by 
bin width for the binning parameter. The use of 
many bins allows fine differentiation between 
intensity values, but the use of too many bins 
leads to very narrow bin width. A narrow bin 
width leads to unreliable histogram estimates, 
and there may not be enough samples for some 
bins. The Freedman-Diaconis rule can be used 
to set bin width (Parekh and Jacobs 2016; 
Szigeti et al. 2016).

4.3  Texture Features

Texture features are widely recognized 
radiomics features (Aerts et al. 2014; Ganeshan 
et al. 2013; Tixier et al. 2011). The most repre-
sentative texture features are computed from 
the gray-level co-occurrence matrix (GLCM) 
and intensity size zone matrix (ISZM). These 
matrices are constructed from 2D histograms 
that measure the frequency of a pair of observa-
tions compared to a 1D histogram, and research-
ers consider the frequency of one observation 
(e.g., intensity). GLCM measures the frequency 
of intensity pairs in the neighborhood, while 
ISZM measures the frequency of blobs with 
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certain size and intensity (Fig. 3). For GLCM, 
2D histograms are built using the intensity of 
the given voxel as the first axis and the intensity 
of the neighboring voxel as the second axis. 
The GLCM quantifies how intensity pairs occur 
in a neighbor and hence reflect textural infor-
mation. Similar to 1D histograms, the number 
of bins is a major parameter in 2D histograms. 
In general, there are far fewer samples in the 2D 
histogram because voxels need to fill bins span-
ning the 2D space compared to 1D histograms. 
Due to this sparsity in 2D histograms, research-
ers typically use 128/256 bins for GLCM 
(Shafiq-Ul-Hassan et al. 2017).

The size of the ROI also affects 1D/2D 
histogram measures. If the ROI is large enough to 
contain thousands of voxels, then the above 
approaches are suitable. If a ROI has a very small 
number of voxels (perhaps around 100), then 
researchers need to significantly reduce the num-
ber of bins to ensure there are enough voxels 
occupying the bins.

4.4  Shape Features

Shape features are important aspects of radiomics 
analysis (Aerts et al. 2014; Kumar et al. 2012). 
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Fig. 3 Histogram features. (a) 1D Histogram of the 
tumor ROI demonstrates the entire distribution of HU 
value. (b) Gray-level co-occurrence matrix (GLCM). The 
2D histogram of GLCM is created using intensity of given 
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The shape of a ROI is quantified with various for-
mulae. The ROI is composed of voxels that can 
be isotropic or non-isotropic. In many cases, 
there is good in-plane resolution and poor out-of- 
plane resolution (i.e., non-isotropic voxels). For 
non-isotropic voxels, shape features are more 
sensitive to shape change occurring in-plane and 
they are less sensitive to shape change occurring 
out-of-plane. For isotropic voxels, the shape fea-
tures are equally sensitive to all directions. The 
shape of the target ROI may change in any direc-
tion; thus, isotropic voxels are preferable over 
non-isotropic voxels. If imaging data is 
 non- isotropic, the imaging data can be interpo-
lated to make it isotropic. This interpolation 
makes the data smoother but reduces shape 
variability.

4.5  Filter and Wavelet

Some researchers apply an edge enhancement 
filter, such as Laplacian of Gaussian (LoG), to 
imaging data and extract radiomics features 
from the filtered image (Aerts et al. 2016). The 
LoG filter has a scale parameter that controls 
the scale at which enhancement occurs. 
Researchers need to specify the scale parameter 
to suit their intended application. The scale 
should be set based on image quality and size of 
the ROI. If researchers have poor-quality image 
with large ROIs, large-scale operations are 
recommended.

Some studies also apply wavelet decomposi-
tion to imaging data (Aerts et  al. 2014). The 
imaging data are decomposed into many output 
data, and radiomics features are computed from 
the decomposed data. There are many wavelet 
transforms to choose from, and each has a pleth-
ora of parameters. Coiflets are widely used for 
their simplicity. Researchers can decompose one 
3D scan into 8 3D decomposed scans in the sim-
plest version. Different wavelet transforms lead 
to different decomposed data and thus affect 
radiomics features. Researchers should fully con-
sider the various parameters of wavelets before 
use in projects.

4.6  Particular Technical 
Considerations According 
to Modality

Although CT is the main imaging modality in 
lung cancer response evaluation, additional 
imaging modalities such as magnetic resonance 
imaging (MRI) and positron emission tomogra-
phy (PET) may depict different aspects of the 
same tumor biological process (Padhani and 
Miles 2010). Thus, a combination of metabolic 
and functional information with conventional 
anatomical data may provide more comprehen-
sive understanding of complex tumor biology 
and more accurate assessment of tumor 
response.

4.6.1  CT
Quantification of CT data gives accurate infor-
mation about cancer burden. In addition to the 
variability introduced earlier, multiple technical 
factors influence objective CT measurements in 
clinical practice, including the reconstruction 
algorithm, slice thickness, and interscanner dif-
ferences (Kemerink et al. 1995; Stoel et al. 1999, 
2008). A combination of these factors may lead 
to considerable measurement variability of the 
tumor, making tumor response assessment diffi-
cult for radiologists.

4.6.1.1  Reconstruction Algorithm, 
Radiation Dose, 
and Reconstruction Kernel

Many investigators have explored the effect of 
reconstruction algorithm and radiation dose on 
lung nodule diameter or volume using chest 
phantoms (Kim et  al. 2014, 2015; Ohno et  al. 
2016; Siegelman et al. 2015). According to these 
studies, various iterative reconstruction algo-
rithms (e.g., adaptive statistical iterative recon-
struction or model-based iterative reconstruction) 
showed no significant difference in nodule diam-
eter or volume measurement compared to con-
ventional filtered back projection (Kim et  al. 
2014, 2015; Ohno et  al. 2016; Siegelman et  al. 
2015). Some studies even reported that iterative 
reconstruction algorithms demonstrated better 
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measurement accuracy at a lower radiation dose 
(Kim et  al. 2015; Ohno et  al. 2016; Doo et  al. 
2014; Sakai et al. 2015). They assumed that itera-
tive reconstruction algorithms reduced noise or 
increased image quality, thus leading to fewer 
measurement errors (Kim et al. 2015; Ohno et al. 
2016; Doo et  al. 2014; Sakai et  al. 2015). 
According to a clinical study involving subsolid 
nodules reconstructed by both model-based itera-
tive reconstruction and filtered back projection, 
semiautomatic measurements of diameter, vol-
ume, and solid components of subsolid nodules 
were within the range of measurement variability 
(Cohen et  al. 2017). Therefore, in reference to 
these prior phantom and clinical studies, lung 
nodule volumetric measurements may be reliably 
compared regardless of the type of reconstruction 
algorithm used.

Considering the influence of reconstruction 
kernels on tumor volumes, investigations demon-
strate conflicting results (Fig.  4). One study 
showed that soft tissue reconstructions 
 demonstrated more repeatable volumetric mea-
surements than sharp kernels (Wang et al. 2010). 
In another study, low-frequency soft algorithms 
demonstrated larger volumes compared to 

high- frequency bone algorithms (Devaraj et  al. 
2017; Christe et al. 2014).

4.6.1.2 Slice Thickness
Previous investigators have studied the effect of 
slice thickness on tumor measurement for lung 
cancer screening or tumor response evaluation 
(Petrou et al. 2007; Tan et al. 2012; Winer-Muram 
et al. 2003; Zhao et al. 2005, 2013). Theoretically, 
a thicker CT slice contains larger partial volume 
artifacts than a thinner CT slice. Therefore, the 
true details of a tumor are more suppressed on 
thicker CT slices, which disturbs accurate tumor 
segmentation and extracted radiomics features 
(Fig.  5) (Zhao et  al. 2014b). Significant differ-
ences in lung nodule volume according to CT 
slice thickness are reported in the literature, espe-
cially for smaller lung nodules, and thicker slices 
introduce greater measurement variability 
(Petrou et al. 2007; Tan et al. 2012; Zhao et al. 
2013). In cases of subcentimeter nodules, which 
have very small VOI, a partial volume artifact 
substantially influences volume measurement 
(Plathow et al. 2006).

Likewise, thinner CT slice images worked 
better than thicker slice images for extracting 

Volume  3393.6

Mean HU  –139.7

Skewness –1.009

Kurtosis  2.916

Volume  3073.3

Mean HU  –99.0

Skewness –1.460

Kurtosis  4.671

a

b

Fig. 4 Influence of reconstruction kernels. Low-frequency soft algorithms (a) shows larger volume compared to high- 
frequency bone algorithms (b). Reconstruction kernels could also affect the values of histogram features
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radiomics features (Zhao et al. 2014b; He et al. 
2016). In patients with lung cancer, a radiomics 
signature based on thinner CT slices (1.25 mm) 
demonstrated better diagnostic performance than 
the same signature applied to thicker CT slices 
(5  mm) (He et  al. 2016). According to a chest 
phantom study, thinner (1.25 and 2.5 mm) slices 
are better for radiomics features quantifying 
tumor size, shape, and density (Zhao et  al. 
2014b). To minimize the measurement variability 
dependent upon CT slice thickness, we recom-
mend using thinner slice images. In addition, dif-
ferent slice thicknesses should not be used 
interchangeably.

4.6.1.3  Effects of Respiration 
and Intravenous Contrast

Regarding differences in lung inflation due to an 
elastic chest wall, the influence of respiratory 
motion should not be underestimated when mea-
suring tumors in the lung. Alveoli collapse with 
expiration and stretching of the tumor paren-
chyma with inspiration may both affect tumor 
burden assessment. Thus, motion artifacts during 
respiration can significantly affect the true out-
line of tumors, rendering their outline and vol-
ume assessment unreliable (Fig. 6). In addition, 
the presence of pleural effusion or pneumothorax 

may also influence tumor volume (Mansoor et al. 
2015). Regarding radiomics, Oliver et  al. sug-
gested that almost 75% of CT radiomics features 
are susceptible to respiration (Oliver et al. 2015).

Meanwhile, intravenous contrast material may 
also influence lung nodule volumetry. Due to 
increased attenuation of the peripheral portion of 
a nodule at post-contrast scans, the contrast dif-
ference between the parenchyma and the nodule 
increases; thus, volume segmentation may 
include a greater area of the peripheral lung nod-
ule (Devaraj et  al. 2017). Studies show that 
although the precise increase was small, radiolo-
gists should be aware of the influence of contrast 
material on lung nodule volume (Honda et  al. 
2007; Rampinelli et al. 2010).

4.6.2  MRI
Owing to its complexity and lack of radiation 
exposure, MRI may play an important role for 
tumor categorization, therapeutic response 
assessment, and as a prognostic and predictive 
biomarker, either alone or combined with clinical 
and genomic oncology information 
(Gourtsoyianni et  al. 2017; Incoronato et  al. 
2017). MRI is more reproducible for identifying 
lesions with superior soft tissue contrast than 
CT.  MRI-based volumes are smaller than 

Volume   6915.7    7009.2
Surface area  3461.5    3476.8
Sphericity  0.507    0.509

a b

Fig. 5 Effect of CT section thickness on lung adenocarci-
noma. In the thicker section (a, 5 mm slice thickness), the 
partial volume average effect increases more than the thin 
section (b, 1 mm slice thickness), which could affect the 

shape features. Thin sections have an advantage in evalu-
ating morphologic nodule characteristics such as shape 
and spiculation and could refine subtle morphologic 
changes over time
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CT-based volumes due to exclusion of other soft 
tissue structures with higher resolution (Rasch 
et al. 1999; Usmani et al. 2011). For quantitative 
analysis, MRI should all have the same field of 
view and acquisition matrix, field strength, and 
slice thickness, which have a strong effect on 
signal-to-noise ratio (Incoronato et  al. 2017). 
However, complex acquisition of MRI has sev-
eral parameters that affect the image quality and 
appearance, which eventually affects features 
extracted from the images (Saha et al. 2017).

4.6.2.1 Magnetic Field Strengths
As MR field strength increases, signal-to-noise 
(SNR) increases, leading to increased spatial and/
or temporal resolution and significantly improved 
anatomical identification (Usmani et  al. 2011; 
Soher et  al. 2007). The use of higher MR field 
strength showed significant improvement in con-
touring variability with increased image quality 
(Usmani et al. 2011). However, higher MR field 
strength have potential disadvantages, including 
increased power deposition, image artifacts 
related to susceptibility, and signal heterogeneity 

(Ullrich et al. 2017). B1 inhomogeneity results in 
systematic error for T1 measurement (Leach 
et al. 2012). DW-MRI has been a powerful imag-
ing tool for characterizing tumors and predicting 
treatment response in oncology. The objective 
image quality of DWI on 3T was significantly 
better compared to image quality on 1.5T because 
of increased SNR and CNR (Ullrich et al. 2017). 
Depending on the magnetic field strengths, the 
measured ADC is significantly different on phan-
tom study. However, the ADC reproducibility is 
excellent (Lavdas et al. 2014). In addition, mea-
sured ADC values were higher at 3T than at 1.5T 
for liver, but there was no difference in pancreas 
and spleen (Dale et al. 2010). Therefore, the sig-
nal intensities, including ADC values, should be 
used to evaluate therapeutic response by consid-
ering the effect of field strength.

Furthermore, field strength-related changes 
of the relaxivity values of MR contrast media 
should be considered. The relaxivity of MR con-
trast media increased from 5 to 10% when 
changing from 1.5T to 3T (Soher et  al. 2007). 
The individual dependencies of relaxivities on 
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Mean HU  –550.5

Skewness  0.686

Kurtosis  2.916

Volume  5232.4
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Kurtosis  2.550
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Fig. 6 Inspiration level is one of the factors contributing to measurement variability (a, inspiration; b, expiration)
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field strength for different types of MR gado-
linium contrast agent were significantly differ-
ent (Rohrer et al. 2005). Successful response to 
anticancer treatment resulted in a decreased 
degree of enhancement. Therefore, administra-
tion of contrast agent to detect tumor enhance-
ment should be modified according to field 
strength.

4.6.2.2 Acquisition Parameter
Since the signal intensity of MRI is derived from 
complex interactions between acquisition param-
eters and intrinsic tissue characteristics, it is dif-
ficult to derive information on the physical 
characteristics of the tissue only from MRI signal 
intensity. MRI acquisition protocols are very 
diverse among different studies or institutions, 
and variation in MR protocol leads to consider-
able differences in the results of quantitative 
image analysis. The reliability and reproducibil-
ity of quantitative information of DCE-MRI 
depends on contrast dose, administration method, 
acquisition parameters, and analysis method used 
(Kumar et al. 2012). Poor inter-scanner reproduc-
ibility of ADC, widely used for tumor evaluation, 
limits its use as a biomarker in clinical trials. 
Even when using the same scanner, inconsistent 
tumor position within the B0 field can distort the 
value of ADC (Weller et al. 2017), which nega-
tively impacts reproducibility. Given a wide vari-
ety of acquisition protocols, assessment of the 
robustness of the quantitative matrix is essential 
(Horvat et  al. 2018). Recently, Quantitative 
Imaging Biomarker Aliance (QIBA) attempted to 
standardize the protocol for DCE-MRI (Kumar 
et al. 2012).

The values of extracted features are mainly 
sensitive to scanner manufacturer and slice 
thickness. The effect of magnetic field strength 
is relatively small (Saha et al. 2017). Radiomics 
features increase sensitivity to variation acquisi-
tion as spatial resolution increases. The effects 
of acquisition parameter variations on pixel sig-
nal intensities are masked because of blurring 
and partial volume effects, thus reducing the 
effect on radiomics features. Nevertheless, as 
long as the clinically available spatial resolution 

is sufficiently high, variations in the number of 
acquisitions, repetition time, echo time, and 
sampling bandwidth have little effect on 
radiomics results (Mayerhoefer et al. 2009). The 
reproducibility of quantitative MRI features is 
better for global features such as first-order sta-
tistical histogram and model-based fractal fea-
tures than for local- regional texture parameters 
(Gourtsoyianni et al. 2017).

4.6.2.3 Effect of Respiration
One of the main challenges using MRI to evalu-
ate lung cancer is sensitivity to motion caused by 
cardiac pulsation and respiration, and breath- 
holds are widely used to overcome respiratory 
motion in routine practice (Chen et  al. 2018). 
However, breath-hold techniques are time con-
suming and may fail in patients who cannot toler-
ate repeated breath-holds (Bak et  al. 2017). 
Tumor volumes change significantly with the 
respiratory cycle; they increase during inspira-
tion because of stretching of the tumor paren-
chyma (Plathow et al. 2006). The tumor volume 
change with respiration may affect current thera-
peutic response evaluation based on size. In addi-
tion, the degree of contrast enhancement with 
pulmonary perfusion MRI depends on different 
inspiratory levels. Perfusion during expiration is 
higher than perfusion during inspiration because 
expiration results in decreased pulmonary vascu-
lar resistance and increased venous return to the 
heart (Fink et al. 2005). However, evaluations of 
perfusion are less reproducible because it is dif-
ficult to similarly control the breathing level dur-
ing breath-holds. On the other hand, evaluation 
of pulmonary hemodynamics with free breathing 
pulmonary MRI could be assessed more repro-
ducibly due to intrinsic averaging over the breath-
ing cycle and increased patient compliance 
(Ingrisch et al. 2014).

4.6.3  PET
Given its quantitative ability, PET usage has con-
tinuously increased for assessment of treatment 
response in patients with lung cancer. A variety 
of standardized uptake value (SUV)-based quan-
titative PET parameters are used as radiomics 
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features and treatment response criteria. However, 
multiple biological and technical factors may 
affect the measurement of SUV as follows below 
(Adams et al. 2010).

4.6.3.1  Normalization Method for SUV 
Calculation

SUV is calculated by activity concentration in 
tissue adjusted by the administered dose of radio-
pharmaceuticals and body size. Body size usually 
corresponds to the patient’s body weight (SUVbw). 
Nevertheless, other indexes such as lean body 
mass (SUVlbm) or body surface area (SUVbsa) can 
be used, which affects the measurement of 
SUV.  A disadvantage of SUVbw is that it may 
result in overestimation in obese patients. On the 
other hand, both SUVbw and SUVbsa are less sen-
sitive to patient weight (Kim et al. 1994; Zasadny 
and Wahl 1993).

4.6.3.2  PET/CT Scanner Models 
and Image Acquisition/
Reconstruction Protocol

PET/CT scanner models and image acquisition 
and reconstruction protocols also affect 
quantitative measurement of PET.  Considering 
the performance of PET/CT scanners, the most 
important factors are intrinsic resolution and 
sensitivity, which affect image resolution and 
partial volume effect and, subsequently, SUV 
variability.

In the image acquisition protocol, one of the 
most important factors is uptake time. Uptake 
time refers to the interval time between injec-
tion of PET radiopharmaceutical and start time 
of PET scanning, which also influences SUV 
measurement. For 18F-fluorodeoxyglucose 
(FDG), the most common uptake time is 60 min. 
After FDG injection, SUV continuously 
increases as metabolically active cells take up 
and subsequently trap the glucose analogue 
(Lowe et  al. 1995). Hence, the use of a fixed 
uptake time is mandatory for consistency of 
SUV measurements. Conversely, scan duration 
or scan mode (2D vs. 3D) does not have a sig-
nificant effect on SUV accuracy (Kinahan and 
Fletcher 2010).

In the reconstruction protocols, the attenua-
tion correction method, reconstruction method 
(analytical vs. statistical/iterative methods), and 
smoothing filter are major factors affecting SUV 
measurement. For example, increased smoothing 
results in decreased noise and increased bias. 
Increased bias results in reduced SUV (Doot 
et al. 2010).

4.6.3.3 Patient Status
Even with the same PET/CT protocols and the 
same patient, SUV can vary due to biological 
processes such as different blood glucose and 
insulin levels, a phenomenon referred to as test- 
retest variability (Hofheinz et  al. 2017). Serum 
blood glucose level is inversely correlated with 
SUVs (Huang 2000).

4.6.3.4  Types of Quantitative PET 
Parameters

Most quantitative PET parameters are related to 
measurement variability, including clinically 
used PET parameters such as maximum SUV, 
average SUV, peak SUV, metabolic tumor vol-
ume, and total lesion glycolysis (Moon et  al. 
2013). Although maximum SUV is usually not 
affected by determination of lesion ROI or 
volume- of-interest (VOI), ROI/VOI has signifi-
cant influence on other PET parameters. However, 
there is continuous concern that maximum SUV, 
which represents a single pixel value, may not 
represent the whole metabolic picture of the 
lesion.

4.6.3.5 Harmonization of PET Parameters
Based on literature, the measurement variability 
of maximum SUV, average SUV, and peak SUV 
expressed as a coefficient of variation is approxi-
mately 10% (Lodge 2017). Due to the measure-
ment variabilities of PET parameters, 
harmonization of PET response criteria has been 
studied. For example, image reconstruction- 
related variability can be solved using a standard-
ized filter such as EQ.PET (Quak et  al. 2016). 
Nevertheless, further efforts are necessary to 
standardize quantitative measurement of PET 
parameters.
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5  Conclusions and Future 
Directions

Radiomics features show clear benefits for quan-
tification of tumor biology and response to thera-
peutic treatment. Thus, many researchers are now 
paying close attention to the clinical usefulness 
of radiomics in assessing lung cancer treatment 
response. However, given the abundance of 
radiomics studies, it should be clearly noted that 
extracted radiomics features are inherently sub-
ject to variability. In an attempt to homogenize 
evaluation criteria and reporting guidelines for 
radiomics, Lambin et al. proposed the radiomics 
quality score (RQS) (Lambin et  al. 2017). The 
RQS evaluates the necessary steps in radiomics 
analysis including 16 key components that are 
each given a number of points corresponding to 
their importance (Lambin et  al. 2017). Major 
checkpoints in the RQS are data selection, medi-
cal imaging, features extraction, exploratory 
analysis, and modeling. The highest possible 
total RQS for quantification of the overall meth-
odology and analysis of radiomics practice is 36 
points. Thus, efforts should be made to consider 
RQS in future studies and to establish collabora-
tive foundations to control and fully realize the 
potential of radiomics.

Another issue that should be highlighted is the 
role of delta radiomics in tumor response evalua-
tion (Lambin et al. 2017; Fave et al. 2017). While 
the majority of radiomics studies extract features 
from a single time point (usually at the time of 
diagnosis), delta radiomics evaluates changes in 
radiomics features between interval studies. 
Delta-radiomics features have shown potential in 
predicting response or survival in patients with 
colorectal cancer liver metastasis, metastatic 
renal cell, and lung cancer (Fave et al. 2017; Goh 
et  al. 2011; Rao et  al. 2016). Nevertheless, if 
delta radiomics are incorporated into clinical 
practice, standardization of technical factors and 
high reproducibility of the features remain 
prerequisites.

Last, reducing the plethora of extracted 
radiomics features to a practical number is a 
major challenge in the field of radiomics. The 
abundance of radiomics features may lead to 

over-fitting and limited use in clinical practice. 
However, among hundreds of reported 
radiomics features, it remains unknown which 
features may truly reflect tumor biology and 
have clinical impact. Therefore, feature selec-
tion and modeling is an important process to 
incorporate radiomics into clinical practice and 
solidify its status as a powerful tool for tumor 
response.

In this era of precision medicine, tumor volu-
metry and radiomics in lung cancer surpass the 
limitations of current RECIST version 1.1 due to 
their advantages in quantitative measurements. 
Nevertheless, considerable variability can be 
introduced in the process of measuring tumor 
burden due to various technical factors. 
Furthermore, the increasing role of post- 
processing software and radiomics support the 
need for increased awareness of technical factors 
among radiologists. In the future, the traditional 
role of radiological practice in lung cancer stud-
ies is likely to change, and the concepts and 
knowledge described in this review will support 
radiologists with a new perspective for tumor 
response evaluations in cutting edge cancer 
patient care.
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Abstract
During the last two decades, imaging in drug 
development has been greatly advanced in a 
diversity of therapeutic fields, especially in the 
oncology field. As regulatory agencies seek 
robust evidence for primary endpoints, as 
much as possible, medical imaging usage is 
rapidly increased to support the primary end-
points in clinical trials. The addition of medi-
cal imaging in the clinical trials requires 
logistical and technical considerations, as fol-
lows: (1) selection of appropriate qualified 
imaging biomarker, (2) standardization of 
imaging acquisition, archive, and analysis, (3) 
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independent blinded image review, and (4) 
system for complex workflow and regulatory 
compliance. In 2018, US FDA issued “Clinical 
Trial Imaging Endpoint Process Standards 
Guidance for Industry” so that pharmaceutical 
companies, imaging scientists, and clinical 
trial professionals can utilize imaging in a 
clinical trial as an appropriate manner. In addi-
tion, preclinical imaging usage has been also 
increased in drug development, and recently 
incorporated in the clinical trial process, so- 
called co-clinical trial. The co-clinical trials, 
hence, enable bidirectional translation 
research between bench and bedside. 
Therefore, imaging professionals should be 
aware of these global trends in imaging for 
drug development.

1  Introduction

The medical imaging modalities generally visu-
alize anatomy with or without physiology, which 
is very efficient in diagnosis, staging, and treat-
ment response assessment of cancers (Yankeelov 
et al. 2016). The benefits of using imaging tech-
nologies such as computed tomography (CT), 
magnetic resonance imaging (MRI), and positron 
emission tomography (PET) are well established 
in clinical trials. Imaging is noninvasive and can 
yield surrogate endpoints quickly compared to 
others, decreasing the time and expense of drug 
development. The present medical imaging rou-
tinely incorporated in the standard-of-care and 
clinical trial. The most common imaging modal-
ity in oncology field is routine contrast-enhanced 
CT or MRI scan for anatomical information. 
With advances in therapeutic agents such as 
molecular targeted and immunotherapeutic 
agents, the use of quantitative imaging modality 
to measure physiology of disease as quantitative 
imaging biomarker has been increased in the 
clinical trial (Murphy and Koh 2010).

In order to use medical imaging in clinical tri-
als, there are several significant considerations as 
follows: (1) selection of appropriate qualified 
imaging biomarker, (2) standardization of imaging 
acquisition, archive, and analysis, (3) independent 

blinded image review, and (4) system for complex 
workflow and regulatory compliance. In 2018, the 
US Food and Drug Administration (FDA) issued a 
“Clinical Trial Imaging Endpoint Process 
Standards Guidance for Industry”  (hereafter 
referred to as the 2018 FDA Imaging Guidance) 
which provides current optimal procedures to use 
imaging in clinical trials, so that pharmaceutical 
companies, imaging scientists, and clinical trial 
professionals can use imaging in an appropriate 
manner (US Food and Drug Administration 2018). 
In this chapter, we discuss the details of these 
logistical and technical considerations based on 
the 2018 FDA Imaging Guidance.

Medical imaging, in addition, has been greatly 
used in the preclinical trial, and recently inte-
grated with the clinical trial process, so-called 
co-clinical trial. The co-clinical trials using both 
mouse model and human subject simultaneously 
may enable to explore further the mechanism of 
drug response and resistance, or the predictive 
values of several biomarkers (Nishino et  al. 
2017). Co-clinical trials could empower bidirec-
tional translation research between bench and 
bedside. As a result, the related parties, especially 
imaging professionals, with the clinical trial 
should focus on these global trends in imaging 
for drug development.

2  History of Clinical Trial Imaging

The clinical trial imaging has rapidly developed in 
less than two decades. Indeed, the concept of clin-
ical trial imaging might be unfamiliar with very 
short history. The major milestones and events in 
clinical trial imaging are illustrated in Fig. 1.

2.1  Rapid Growth of CT/MRI Use 
in Cancer Imaging

When multi-detector CT (aka multi-slice CT) 
was developed, and became popular all over the 
world in around 2000, the oncology was the most 
active field to utilize multi-detector CT in the 
clinical trial (O’Connor et  al. 2016). The MRI 
technology was also rapidly developed and well 
known in the cancer clinical trial. Furthermore, 
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the Response Evaluation Criteria in Solid Tumors 
(RECIST) 1.0 issued in 2000 has highly facili-
tated the use of MDCT and MRI for treatment 
response in the vast majority of cancer trials 
(Therasse et al. 2000). In those days, the National 
Institute of Health (NIH) and FDA regarded 
imaging biomarkers as important surrogate end-
points in a clinical trial and started to put efforts 
to establish the infrastructure to use imaging end-
points appropriately. In 2003, the National 
Cancer Institute (NCI) of NIH established the 
Cancer Imaging Program (CIP) in order to foster 
advances in medical imaging through the support 
of basic and clinical research in a cancer study, 
which opened a new field of “Cancer Imaging” 
(Shankar 2012).

2.2  Efforts for Imaging 
Standardization

As the use of CT/MRI extremely increased dur-
ing early 2000, standardization issues were also 
raised because critical variability was noticed 
among imaging machines, acquisition protocols, 
image quality, and analysis methods. In 2006, the 
FDA, thus, met face-to-face with a group of 
imaging stakeholders from imaging core lab, 
contract research organization (CRO), pharma-
ceutical industry, academia, and imaging device/
software vendors. This was because the FDA dis-
covered that medical imaging in clinical trials 
had been variously and widely used (Ford and 
Mozley 2008). Thereafter, the FDA and imaging 
stakeholders organized task force teams, and 

issued a consensus statement entitled “Report of 
Task Force II: Best Practices in the Use of 
Medical Imaging Techniques in Clinical Trials 
Consensus from a Public Meeting, October 
16–17, 2007 The Medical Imaging Stakeholders 
Call for Action: Harmonization Across Key 
Elements and Integration of Imaging in 
Therapeutic Development—Pharmaceutical 
Industry, CRO, FDA, and Allied Working Groups 
Collaborate for Regulatory Guidance” (Ford and 
Mozley 2008).

In 2007, the Quantitative Imaging Biomarkers 
Alliance (QIBA) was also established by the 
Radiological Society of North America (RSNA) 
to facilitate quantitative imaging techniques and 
biomarkers in clinical trials by engaging imag-
ing researchers and industry. The purpose of 
QIBA is to improve the value and practicality of 
quantitative imaging biomarkers by reducing 
variability across devices, patients, and time. So 
far, QIBA has closely cooperated with FDA, 
NIH, NCI, and other imaging organizations, and 
showed great achievements in standardization 
and industrialization of imaging biomarkers 
(Shukla-Dave et al. 2019; Nakahara et al. 2017; 
Sullivan et al. 2015).

2.3  New Regulation Compliance

During the 2000s, FDA had continuously raised 
concerns for objectivity and validity of imaging 
endpoints since there were several crucial biases, 
which could be highly effective towards the 
outcomes of clinical trial, such as validation of 

2000 2007 2011

Clinical trial
imaging

Co-clinical
imaging

2018

Imaging
technique

Cancer imaging Image standardization

QIBA,
QIN

Co-clinical Imaging
Research Resource
Program (CIRP)
in the NCI

FDA Guidance for Industry
- 2011: Intial draft
- 2015: Revised draft
- 2018: GuidanceReport of Task Force II

Pharmaceutical Industry, CRO,
FDA, and Allied Working Groups

Development of MDCT
Advance in MRI/PET

RECIST 1.0 (2000)

Cancer Imaging Program
(CIP) in the NCI

Fig. 1 History of clinical trial imaging. The major mile-
stones of clinical trial imaging includes development of 
imaging technique, emergence of cancer imaging field, 
efforts for imaging standardization, and emergence of 
clinical trial imaging and co-clinical imaging fields. 
Several important events are listed in the boxes 

(Abbreviations: CRO contract research organization, FDA 
Food and Drug Administration, MDCT multi-detector 
computed tomography, MRI magnetic resonance imaging, 
NCI National Cancer Institute, PET positron emission 
tomography, QIBA Quantitative Imaging Biomarker 
Alliance, QIN Quantitative Imaging Network)
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imaging biomarker in technical characteristics 
(e.g., precision and accuracy), biological/clinical 
utility (linkage of imaging biomarker and bio-
logic/pathologic process), and appropriateness of 
imaging data management based on good clinical 
practice (GCP), various FDA guidelines, and 
Health Insurance Portability and Accountability 
Act (HIPPA). The FDA, therefore, started to 
develop “Clinical Trial Imaging Endpoint Process 
Standards Guidance for Industry,” was issued the 
first draft guidance in 2011, the revised draft 
guidance in 2015, and the final guidance in 2018 
(US Food and Drug Administration 2018).

After the issue of the 2018 FDA Imaging 
Guidance, various imaging stakeholders includ-
ing imaging core lab, pharmaceutical companies, 
and imaging vendors should follow the guidance 
in order to conduct precise and standardized clin-
ical trials. To support imaging procedures in the 
trial and comply with this new regulation appro-
priately, special imaging professionals and insti-
tutions are required, which begin a new field of 
“Clinical Trial Imaging” (Murphy and Koh 
2010).

2.4  Integration of Preclinical Trial 
and Clinical Trial

Generally, in cancer drug development, there is a 
huge gap between preclinical trial and clinical 
trial processes. To increase efficiency in drug 
development, “translation from preclinical to 
clinical” concept has been emphasized, and 
imaging is a high valuable method for such trans-
lational research due to the use of imaging in 
both animal and human. Furthermore, in 2011, 
Dr. Pier Paolo Pandolfi (Professor in Dana- 
Farber/Harvard Cancer Center) proposed to con-
duct preclinical trials in parallel with clinical 
trials, emphasizing bidirectional translation from 
mouse to human as well as from human to mouse 
(Nardella et  al. 2011). Thereafter, several co- 
clinical trials were performed, and the results of 
these trials reported the beneficial effects of co- 
clinical trials (Chen et  al. 2012; Lunardi et  al. 
2013; Kwong et  al. 2015). In 2015, the NCI 
established the Co-clinical Imaging Research 

Resource Program (CIRP) in order to promote 
the development of quantitative imaging 
resources for therapeutic or prevention co- clinical 
trials (Colen et al. 2014). In near future, the value 
of co-clinical trial imaging would be more 
investigated.

3  Selection of Appropriate 
Imaging Biomarker

The FDA–NIH Biomarker Working Group 
defined a biomarker as “an indicator of normal 
biological processes, pathogenic processes or 
responses to exposure or intervention, including 
therapeutic interventions,” and also stated that 
“molecular, histologic, radiographic or physio-
logic characteristics are examples of biomarkers” 
(O’Connor et  al. 2016; FDA-NIH Biomarker 
Working Group 2016; Biomarkers, Definitions, 
Working, Group 2001). Not all the imaging bio-
marker can be used in the clinical trials. The 
approval of the medical imaging device and soft-
ware does not completely guarantee to adapt all 
the imaging biomarker derived from the imaging 
device/software (Suh et al. 2018). In order to use 
an appropriate imaging biomarker in the clinical 
trial, the regulatory agency should restrict the 
selection of imaging biomarker based on bio-
marker qualification, which is processed by the 
FDA Center for Drug Evaluation and Research 
(CDER) (Amur et al. 2015). The use of qualified 
biomarker, as a result, is especially important in 
the late phase of the clinical trial (phase III or IIb) 
when the imaging biomarker is used as primary 
endpoints.

In the clinical trial of oncology, the RECIST 
1.1 is the most widely used qualified biomarkers 
based on anatomical medical imaging and is 
adapted as a primary endpoint by the FDA 
(Eisenhauer et al. 2009). Nevertheless, RECIST 
1.1 has its own limitation in treatment response 
assessment, specifically in the brain tumor, lym-
phoma, and bone lesions. The NCI’s Cancer 
Imaging Program, therefore, allows to utilize 
other various imaging response criteria as sum-
marized in Table 1 (Young et al. 1999; Wahl et al. 
2009; Macdonald et  al. 1990; Wen et  al. 2010; 
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Lin et al. 2015; Chamberlain et al. 2017; Cheson 
et  al. 2007; Meignan et  al. 2009; Cheson et  al. 
2014; Hamaoka et al. 2004; Scher et al. 2008). In 
recent years, new imaging response criteria have 
been developed for a treatment response of new 

immunotherapeutic agents (Seymour et al. 2017; 
Okada et  al. 2015; Cheson et  al. 2016). These 
imaging response criteria are contributed by the 
conventional anatomical CT/MRI imaging or 
FDG-PET/CT imaging.

Table 1. Imaging response criteria commonly used in cancer clinical trials

Imaging response criteria Comments
For [18F]FDG-PET scan
European Organization for Research 
and Treatment of Cancer (EORTC) 
(Young et al. 1999)

Published in 1999, these set of recommendations are for measuring 
clinical and subclinical tumor response using FDG-PET scans

PET Response Criteria in Solid Tumors 
(PERCIST) (Wahl et al. 2009)

Published in 2009, PERCIST is a comprehensive set of response criteria 
for use with [18F]FDG-PET scans

For brain tumor
McDonald Criteria (Macdonald et al. 
1990)

Published in 1990 for use with contrast-enhanced CT and MRI scans of 
the head, response is based on changes in tumor size and interpreted in 
light of steroid use and neurologic findings

Response Assessment in Neuro-
Oncology (RANO) (Wen et al. 2010)

Published in 2010, RANO is an update to the McDonald Criteria which 
also takes into consideration enhancing components of the tumor and 
non-contrast CT/MRI findings seen on the T2-weighted and FLAIR 
sequences

RANO—Brain Metastases (Lin et al. 
2015)

Published in 2015, RANO-BM was developed by the RANO-BM 
Working Group as a standard response and progression criteria for use in 
clinical trials dealing with metastatic lesions to the brain

RANO—Leptomeningeal metastases 
(Chamberlain et al. 2017)

Published in 2017, RANO- leptomeningeal metastases was developed by 
the RANO Working Group and they proposed three basic elements: a 
standardized neurological examination, cerebral spinal fluid (CSF) 
cytology or flow cytometry, and radiographic evaluation

For lymphoma
International Working Group (Cheson) 
Criteria (Cheson et al. 2007)

Published in 2007, the Cheson criteria defines standardized response 
criteria for Hodgkin’s and non-Hodgkin’s lymphoma using [18F]FDG 
PET, immunohistochemistry, and flow cytometry

Deauville Criteria (Meignan et al. 
2009)

Published in 2009, Deauville Criteria describes a simplified 5 point scale 
to standardize interpretation of FDG-PET for lymphoma

Lugano Recommendations (Cheson 
et al. 2014)

Published in 2014 as a result of a workshop at the 12th International 
Conference on Malignant Lymphoma, the Lugano Recommendations 
represent a set of revised recommendations regarding the use of the 
Cheson and Deauville Criteria and formally incorporated [18F]FDG PET 
into standard staging and response evaluation for FDG-avid lymphomas

For bone lesions
MD Anderson Bone Response Criteria 
(MDA) (Hamaoka et al. 2004)

Published in 2004, the MDA defines response in bone lesions based on 
anatomic imaging such as XR, CT, and MRI

Prostate Cancer Working Group 2 
(PCWG2) (Scher et al. 2008)

Published in 2008, PCWG2 defines progression by imaging in prostate 
cancer but does not provide standardized definitions for treatment 
response by imaging

For immunotherapy
iRECIST (Seymour et al. 2017) Published in 2017, revised from the RECIST 1.1 for immunotherapy in 

solid tumor patients
iRANO (Okada et al. 2015) Published in 2015, revised from the RANO for immunotherapy in brain 

tumor patients
LYRIC (Cheson et al. 2016) Published in 2016, revised from the Lugano criteria for 

immunomodulatory therapy in lymphoma patients

Imaging response criteria are listed in the NCI’s Cancer imaging program (assessed at https://imaging.cancer.gov/
clinical_trials/imaging_response_criteria.htm)
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Diffusion-weight image (DWI) or dynamic 
contrast-enhanced MRI (DCE-MRI) are com-
monly used nowadays as other functional quanti-
tative imaging biomarkers in the clinical trials 
(Yankeelov et al. 2016; Murphy and Koh 2010; 
O’Connor et al. 2016). On the other hand, these 
functional quantitative imaging biomarkers have 
not fully qualified yet by the FDA, and it should 
be used as exploratory endpoints rather than pri-
mary endpoints. For instance, the DCE-MRI has 
been used in more than 80 cancer clinical trials of 
antiangiogenic and molecular targeted agents; 
however, the variability in DCE-MRI parameters 
and response criteria were very heterogeneous 
across studies (O’Connor et al. 2012).

4  Imaging Standardization

In order to accept medical imaging in clinical tri-
als, minimization of imaging process variability 
is one of the main critical perspectives to gener-
ate reliable imaging outcomes. In the clinical 
practice, each hospital has its own institutional 
policy for imaging acquisition/analysis. The utili-

zation of imaging for diagnosis and treatment 
response tends to be optimized by the hospital 
own setting, which can result in variability across 
hospitals. A hospital with specialized cancer cen-
ter, for example, optimizes imaging setup for 
cancer patients; in contrast, a hospital with a lot 
of trauma patients optimizes imaging setup for 
trauma patients. However, in multicenter clinical 
trials, such variability among hospitals may 
 hamper data reliability and reduce statistical 
power. Indeed, standardization of imaging acqui-
sition, display, anonymization/transfer, analysis, 
and report are mandatory in clinical trials. At 
least, the standards of trial-specific imaging pro-
cess should be achieved and detailed in a trial 
protocol or imaging charter, which is called 
“Trial-Specific Standardization” (Ford and 
Mozley 2008; Gillam et al. 2017).

The extent of trial-specific standardization is 
determined by the purpose of the clinical trial and 
imaging endpoints. The considering factors in the 
2018 FDA Imaging Guidance are represented in 
Table 2. In general, a sponsor (e.g., pharmaceuti-
cal company) delegates trial-specific standardiza-
tion process to specialized imaging teams such as 

Table 2 Items for trial-specific imaging standardization based on the 2018 FDA imaging guidance

Items
• Imaging modality availability and the modality’s technical performance variation across trial site
•  Performance features of the imaging modality at the trial sites or any other locations where subjects may undergo 

imaging
• Qualifications of the imaging technologists and any special technological needs for the trial
•  Proposed imaging measures’ reliance on phantoms and/or calibration standards to ensure consistency and 

imaging quality control among clinical sites
•  Any unique image acquisition features of the trial design, including subject positioning, anatomical coverage of 

imaging, use of contrast, timing of imaging, importance of subject sedation, and scanner settings for image 
acquisition

•  Image quality control standards, including those specifying the need for repeat imaging to obtain interpretable 
images

• Procedures for imaging display and interpretation, including technical variations in reader display stations
•  Nature of the primary endpoint image measurement, including the importance of training image readers in 

trial-specific quantification methods
• Extent that image archiving could be important to the trial’s conduct, monitoring, and data auditing
•  Potential for imaging modality upgrades or modality failures, as well as the potential variation in imaging drugs 

(such as contrast agents) across trial sites
•  Precedent for use of the imaging-based primary endpoint measure in investigational drug development, especially 

previously observed imaging methodological problems

These items are listed in the FDA’s Clinical Trial Imaging Endpoints Process Standards Guidance for Industry issued in 
2018 (assessed at https://www.fda.gov/downloads/drugs/guidances/ucm268555.pdf)
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imaging core lab or CRO.  The imaging team 
establishes trial-specific standardized imaging 
protocols. To achieve appropriate trial-specific 
standardization, information of imaging policy 
and protocol from each hospital should be col-
lected. For these information, each hospital or 
site is requested to fully complete a pre-study 
survey, which basically includes imaging modal-
ity and protocol information of the trial such as 
the number and type of scanners, desired mode of 
image transmittal, image storage capability, and 
the ability of sites to follow the trial-specific stan-
dardized imaging acquisition/analysis plan. If the 
usual institutional policy of a hospital/site is 
acceptable, it would be recommended to use dur-
ing the clinical trial. If not, the trial-specific 
imaging protocol should be generated by imag-
ing specialist in the hospital/site (Bae et al. 2018). 
Furthermore, the use of phantoms could also be 
significant to evaluate image acquisition stan-
dards, depending on the nature of the imaging 
endpoint.

Not only the standardization of imaging pro-
tocol but also integrated imaging management 
system to control image protocols, quality con-
trol, anonymization/transfer, and analysis 
enhance the efficiency of the overall imaging 
process. When a well-prepared imaging team and 
a technology-driven imaging management sys-
tem are well performed together, the medical 
imaging would demonstrate more accurate and 
consistent results in the clinical trials.

5  Central Independent Blinded 
Image Review

In clinical trials, images can be interpreted either 
at each hospital/site or at a central image review 
team (hereafter referred to as site reading and 
central reading, respectively) (Beaumont et  al. 
2018). The interpretation of the medical image is 
generally subjective, and several image response 
criteria are products of efforts to convert subjec-
tive interpretation into the quantitative or semi-
quantitative measure. Inter-reader variability of 
image interpretation, therefore, is inevitable. 

Especially, when a large number of sites are 
involved in large-scale trials, the variability 
between site readers may influence on the reli-
ability of imaging endpoints. Site readers, more-
over, are not blinded to the clinical and laboratory 
information which also may cause the objective 
imaging interpretation (Ford et al. 2009).

In order to overcome these drawbacks, central 
independent image review has gained emphasis 
in that it may increase the credibility and consis-
tency of image assessments (Ford et al. 2009). In 
addition, the image quality check performed by 
the central imaging team might be better to reduce 
imaging defects or violation (Gierada et al. 2009). 
The extent of blinding image readers from clini-
cal and laboratory information relies on the pur-
pose and phase of clinical trials. In general, image 
review with blinding to the demographic infor-
mation of the patient, site markings, clinical and 
laboratory information, and indicators of treat-
ment arm ensure the objective image interpreta-
tion. According to the 2018 FDA Imaging 
Guidance, the central independent blinded image 
review is not mandatory but recommended in 
clinical trials, especially in the large-scale multi-
center and randomized controlled trial (US Food 
and Drug Administration 2018).

There are several prerequisites to conduct suc-
cessful central reading. The standardized imag-
ing interpretation methods should be carefully 
designed in accordance with primary endpoints 
and documented in the imaging charter. The cen-
tral readers should be satisfied with qualification 
of reader’s skill, experience, conflict of interest, 
and availability. Reader training is also a very 
important step to minimize inter-reader variabil-
ity, and ensure consistent and reproducible inter-
pretation. The training manual for central readers 
and several sample cases for the specific trial 
should be prepared in advance, and mock tests 
for central readers are also recommended (Ford 
et al. 2009). During the central reading process, 
the reader performance and discrepancy rate 
between readers should be monitored continu-
ously. Further detailed process of central readers 
are represented in the operation of clinical trial 
imaging.
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6  Operation of Clinical Trial 
Imaging

As we discussed the above, the operation of 
imaging process for a clinical trial according to 
the 2018 FDA Imaging Guidance is very difficult 
and frequently requiring an imaging core lab and 
a computerized imaging system (US Food and 
Drug Administration 2018). Releasing guideline 
could be meant that regulation for imaging data 
collection, transfer, and analysis is strengthened 

to obligate. The guideline is the primary point to 
increase assurance for a clinical trial to analyze 
remedial effects. The standard procedure during 
image processing, for example, could minimize 
change or deviation. Imaging core lab, thus, is a 
necessity of system to perform optimized pro-
cesses for imaging in the clinical trials based on 
the strengthened regulations and guidelines to 
standardize. The overall scheme to operate clini-
cal trial imaging is summarized in Fig. 2 and a 
sample project is illustrated in Fig. 3.

Study Start-Up

Imaging Charter
& SOP
development

Reviewer
Selection
& Training

Site
Qualification,
and Training

Imaging
Acquisition

Transfer,
Archiving

Imaging
Quality Control

Independent
Image Review

Final Report &
Data Delivery

Site Management Image Management Image Review Study Closing

Fig. 2 Stepwise operation of clinical trial imaging. The 
operation of clinical trial imaging can be divided into five 
categories including study start-up, site management, 

image data management, image review, and study closing. 
In each category, there are several steps to perform follow-
ing a stepwise and integrative approach

Fig. 3 Example of operation of clinical trial imaging. In a 
clinical trial which uses brain MRI for treatment assess-
ment of brain tumors, an imaging core lab develops image 
charter which determines imaging biomarkers/endpoints 
and standardized imaging acquisition/analysis methods. 
Based on image charter, the imaging core lab manages 
multiple sites to get appropriate images acquired according 
to the predetermined imaging protocols. The image data 

are transferred and archived in the central server. Quality 
control of all acquired MRI images is performed. For the 
purpose of standardization and quality assurance, phan-
toms are developed and distributed to each site. The phan-
tom MRI images are scanned every 3 months and analyzed. 
Imaging core lab also organizes a central independent 
image review team and trains each central reviewer to fol-
low standardized imaging analysis methods
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6.1  Image Charter and Standard 
Operation Procedures

An imaging charter is referred to either a single 
or a series of document(s) to describe all essential 
processes of imaging for the clinical trial, includ-
ing imaging methodology, imaging modality 
with technical details, image interpretation, and 
the procedures for image archiving (US Food and 
Drug Administration 2018). This is simply indi-
cated as a protocol for only imaging parts of the 
trial as same as the clinical trial protocol, and it 
could be attached to the clinical trial protocol as 
an appendix. The purpose of imaging charter is 
also related to the standardization of imaging 
processes during the whole clinical trial. Imaging 
charter contents are organized as three main cat-
egories: (1) image acquisition, (2) image inter-
pretation, and (3) imaging data transfer and 
archiving. In these categories, image acquisition 
standard contains specific descriptions as imag-
ing endpoints, imaging modality and operation, 
and imaging drugs such as contrast or radiology 
medicine.

In addition, development of the standard oper-
ating procedures (SOPs) provides a better quality 
of clinical trial management since it maintains 
appropriate procedures for the trial. Imaging 
Core Lab should be familiar with both imaging 
charter and SOPs for imaging is able to guide to 
conduct and manage the imaging process in the 
trial.

6.2  Site Qualification/Training

After imaging charter development, clinical 
research associate (CRA) of imaging core lab 
trains personnel of each site/hospital, and 
 confirms physically the validation of imaging 
protocol and modalities through imaging modal-
ity calibration report for the clinical trial. Every 
trial has different imaging protocols, are devel-
oped based on the study type. During the site 
training, the main process is to confirm the imag-
ing protocol settings, calibration report for 
modalities, and imaging site binder to retain 
every document related with imaging. Not only 

for these processes but also for quantitative imag-
ing procedures, maintaining and controlling 
imaging hardware and software changes, includ-
ing software versions, are also significant proce-
dure to check the quality of site before and during 
the trial.

6.3  Image Acquisition

Based on imaging protocol in the imaging char-
ter, every site is recommended to set up the pro-
tocol with selected modalities for minimizing 
variability. To minimize variability of imaging 
data is a critical issue, the 2018 FDA Imaging 
Guidance indicates “the use of a tabular listing of 
the acceptable imaging equipment, including the 
key characteristics, of the acquisition, process-
ing, and display components of each scanner or 
review workstation.” As standards for image 
acquisition, moreover, the imaging charter should 
describe vendor-specific equipment/platform, 
equipment technical settings at each site, the role 
of site imaging technicians in equipment opera-
tion, phantoms use for site qualification, subject 
preparation, positioning, and comfort measures, 
imaging schedule, off-protocol imaging, and 
imaging risks (US Food and Drug Administration 
2018). Besides the above lists, the most impor-
tant part of image acquisition is to maintain tech-
nical consistency across each site during the 
clinical trial.

6.4  Image Quality Control

During the ongoing clinical trial, all images from 
the site/hospital are performed for quality control 
(QC). Quality control is another critical step of 
the imaging process in the trial by imaging ana-
lysts, and the procedure should be written in the 
imaging charter, as well. As QC process, imaging 
analyst performs to assess images whether it is 
appropriate image quality based on image proto-
col, including image sequence, scan manual, 
document, and approved device usage. In addi-
tion, an imaging data query is generated during 
the QC process, and analyst has a responsibility 
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to resolve the query before the image interpreta-
tion. The reason for QC importance is that it con-
trols the images across sites based on imaging 
protocols, which is another point to reduce 
variability.

6.5  Central Reader Management

Before image interpretation, central readers are 
selected on the basis of their background qualifi-
cation and experiences. Reader training is per-
formed once they are chosen, and the training 
session contains characteristics of the primary 
endpoint of the trial, the methodology of specific 
image acquisition, or quantitative analysis. 
Moreover, the timing of image reads and the read 
process should also be described in the imaging 
charter. The typical central reading process is that 
two primary readers independently review each 
case. However, if there is any discrepancy in the 
overall assessment between them, a third reader, 
adjudicator, joins to review the case. In this case, 
adjudicator only agrees with the result from one 
of the primary readers, and if it is necessary to 
re-review by primary readers, adjudicator enables 
to request. Through “double read with adjudica-
tion,” the validity of the outcome could be 
improved. Even though the design of the central 
reading process could be differed by the clinical 
trial, this process is mainly suggested at first 
point.

6.6  Imaging Data Management

One of the general workflows in the clinical trial 
is to manage imaging data. Imaging data contains 
demographic information, the imaging 
 modalities, and protocols for the study, and the 
result of imaging analysis, including RECIST, 
RANO, or LYRIC.  Data standardization is an 
essential point in the clinical trial because it 
makes easier to understand and communicate 
data from the multicenters, including different 
countries, among a diversity of parties with the 
uniform data. Not only for understanding but also 
for the purpose of the future study, data scientists 

review data efficiently from multiple studies. 
Furthermore, in order to submit the data to the 
FDA for new drug approval, all terminology of 
the document is guided to be a standardized for-
mats such as the National Drug File (NDF), 
Clinical Data Interchange Standards Consortium 
(CDISC) controlled terminology, and Medical 
Dictionary for Regulatory Activities (MedDRA). 
The FDA indicates, “The use of controlled 
terminology standards, also knowns as vocabu-
laries, is an important component of achieving 
semantically interoperable data exchange” 
(U.S. Department of Health and Human Services 
FDA 2014). In this case, CDISC terminology for 
imaging of clinical trial represents imaging pro-
tocol and analysis criteria. As a result, using the 
standardized data leads that all researchers and 
data scientists are on the same page to share the 
clinical trial information over the world.

7  Clinical Trial Imaging 
Management System

Increased number of multicenter clinical trials in 
the world results in data integration and manage-
ment issue. For instance, related parties for the 
trials such as sponsor (pharmaceutical company), 
CRO, principal investigator, and clinical research 
coordinator of site could track the status and data 
of trial using case report form (CRF) in real time. 
Since paper CRF is not efficient to maintain, 
update, and share real-time information, Clinical 
Trial Management System (CTMS) has been 
developed in recent years. Building an IT system 
as CTMS is another main perspective to support 
the process of standardized clinical trial, follow-
ing the relevant compliances. This is because the 
responsibility of the academic medical center is 
to retain sufficiently a high level of quality during 
the clinical trial.

As the CTMS is implemented to the site/hos-
pitals or research institutions, Clinical Trial 
Imaging Management System (CTIMS) has also 
been introduced, and it is primarily optimized for 
the medical images from the trials. The basic 
scheme of the CTIMS is illustrated in Fig.  4. 
Integrated imaging management system to 
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control image anonymization/transfer, central 
reading, and analysis enhance the efficiency of 
the whole imaging process. In general, the larger 
the study and the more complex the therapeutic 
indication, the more sponsors risk an overwhelm-
ing number of imaging data points and measure-
ments from many sites. The CTIMS, hence, could 
affect productive data management and integra-
tion in real time during the whole clinical trial 
period.

8  Co-clinical Trial Imaging

During the cancer drug discovery and develop-
ment, data obtained from preclinical trial usually 
provide valuable insights for the new drug candi-
date such as proof of concept, drug toxicity/
tolerability profiling, drug formulation and 
administration routes optimization, pharmacoki-
netics and pharmacodynamics information, 
determination of target tumors, drug efficacy 
evaluation, and drug resistance and its mecha-
nism (Damia and D’Incalci 2009). However, it is 
difficult to translate or incorporate these 

preclinical data into the clinical drug develop-
ment period. One of the main reasons is that the 
preclinical trials are usually performed separately 
(i.e., in advance) from the clinical trials con-
ducted by the different team (Nishino et al. 2017).

To enhance translatability and bridging the 
gap between preclinical and clinical drug devel-
opment process, several efforts have gained 
emphasis including the use of an appropriate ani-
mal models such as patient-derived xenograft 
model and use of translatable biomarkers such as 
medical imaging (Grassi et al. 2009). The recent 
co-clinical trial concept has been proposed, and 
the value of imaging in the co-clinical trial is 
actively being investigated (Nardella et al. 2011; 
Chen et  al. 2012; Lunardi et  al. 2013; Kwong 
et al. 2015).

The potential goals of co-clinical trials indi-
cate (Yankeelov et al. 2016) the rapid optimiza-
tion of therapy in patients based on concomitant 
mouse experiment of efficacy and tolerability/
toxicity, (Murphy and Koh 2010) the rapid 
identification of resistant populations and mecha-
nism of resistance through quick experiment 
using animal model, and (US Food and Drug 

CTIMS system
Hospital/Site PACS

Real-time Real-time

Independent Image
Reviewer 1

Independent Image
Reviewer 2

Independent Image
Reviewer 3

(Adjudicator)

Quality Control
Security Management

Data Backup
Long-Term Storage

Imaging case report form

Hospital/Site PACS

Hospital/Site PACS

Fig. 4 Basic scheme of clinical trial imaging manage-
ment system (CTIMS). In a multicenter clinical trial, the 
CTIMS enables each hospital/site to anonymize and trans-
fer image data to the central server. CTIMS also enables 

independent image reviewers to view the images and ana-
lyze them. In addition, CTIMS can provide many func-
tions to enhance image data management
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Administration 2018) better identification of 
molecular and imaging biomarker as illustrated 
in Fig. 5.

Important factors for successful co-clinical 
trial include to conduct a quick animal experi-
ment during the clinical trial process, and to use 
an appropriate animal model recapitulating 
human disease. In order to conduct a mouse 
experiment quickly, we have to use a small num-
ber of animals and use appropriate biomarkers, 
which are able to monitor the animal and tumor 
easily and noninvasively. Imaging is valuable to 
monitor animal repeatedly in a noninvasive man-
ner, and to detect any changes in tumor and body 
in a sensitive manner. Therefore, the majority of 
co-clinical trials for cancer drug development 
have used medical imaging (Nardella et al. 2011; 
Chen et  al. 2012; Lunardi et  al. 2013; Kwong 
et al. 2015).

Like clinical trial imaging, preclinical trial 
imaging also requires standards in imaging 
acquisition, reconstruction, display, data 
management, and interpretation.  To establish 

these standards, the NCI established the 
Co-clinical Imaging Research Resource Program 
(assessed at https://nciphub.org/groups/cirphub) 
in 2015 to promote the development of quantita-
tive imaging resources for co-clinical trials. Its 
mission is “to advance the practice of precision 
medicine by establishing consensus-based best 
practices for co-clinical imaging and developing 
optimized state-of-the-art translational quantita-
tive imaging methodologies in order to enable 
disease detection, risk stratification, and assess-
ment/prediction of response to therapy.” A multi-
disciplinary team should be involved, including 
imaging scientists, engineers, animal model spe-
cialists, and radiologists (Colen et  al. 2014). 
Radiologists can play a critical role in animal 
imaging and in the bidirectional translation of 
imaging results between animal and human 
study.

In order to facilitate the co-clinical trial, a spe-
cial institution that can integrate the preclinical 
and clinical research including infrastructure and 
human resources is required. In several academic 

Preclinic Imaging

4-hour post-treatment
Clinical Imaging

DCE-MRI set-upBefore treatment

Fig. 5 Integration of preclinical and clinical imaging. In 
a drug development process of a vascular-disrupting 
agent, dynamic contrast-enhanced (DCE) MRI is used to 
evaluate anti-vascular effect of the drug. In a preclinical 
imaging using a rabbit tumor model, investigators are able 

to identify the optimal DCE-MRI biomarker, Ktrans, to 
reflect anti-vascular effect and histopathological change. 
Based on these data, clinical DCE-MRI can be analyzed 
efficiently
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hospitals in the USA, they have both small ani-
mal imaging facilities and clinical trial centers. 
The co-clinical trial is possibly conducted when 
the small animal imaging facility and clinical 
trial center work together very closely. For exam-
ple, Dana-Farber/Harvard cancer center estab-
lished the Center for Biomedical Imaging in 
Oncology (CBIO), which is a seamless preclini-
cal/clinical integrated imaging research program. 
This program facilitates the bidirectional transla-
tion of imaging research and imaging for cancer 
research and serves as a resource to basic scien-
tists and clinical investigators by enabling trans-
lational cancer research and drug development. 
The CBIO might be an example of a translational 
multidisciplinary preclinical/clinical imaging 
facility which is optimized for co-clinical trial 
(Fig.  6). Indeed, the majority of previously 
reported co-clinical trials was conducted in the 
Dana-Farber/Harvard cancer center (Nishino 

et al. 2017; Nardella et al. 2011; Chen et al. 2012; 
Lunardi et al. 2013).

9  Conclusions

In recent years, the role of medical imaging in the 
drug development process from preclinical to 
clinical trial has greatly evolved, and it leads to 
rising of new research fields of clinical trial imag-
ing and co-clinical imaging. The clinical trial 
imaging and co-clinical imaging are truly transla-
tional and multidisciplinary fields, requiring the 
participation of various academic researchers, 
clinicians, pharmaceutical industry, CRO, aca-
demic societies, and regulatory agencies. To 
derive precise results of the clinical trial using 
medical images, complying with a diversity of 
standardizations from the agencies, including 
FDA, NIH, and NCI, is the critical point. Without 
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Fig. 6 Structure of the Center for Biomedical Imaging in 
Oncology (CBIO) in Dana-Farber/Harvard cancer center. 
The CBIO is composed of preclinical imaging center and 
clinical imaging research center, and works very closely 

with collaborators. These infrastructures facilitate a bidi-
rectional translational multidisciplinary imaging 
researches and enable co-clinical trials
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following the compliances, the outcomes of the 
trial could be resulted in negative effect towards 
drug development due to variabilities. Therefore, 
we, imaging professionals, should be aware of 
these global trends in imaging, and study to gen-
erate better quality of imaging interpretation for 
future drug development.
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Abstract
Molecular and functional imaging aims to 
assess oncologic therapy response by integrat-
ing molecular and functional tumor biology in 
order to assess therapeutic efficacy and 
improve patient outcome. Most oncologic 
processes reflect heterogeneous disease both 
functionally and morphologically. Further, 
clonal proliferations of cells may evolve with 
time becoming resistant to specific therapies. 
It is important to identify those cancer patients 
who derive benefit from therapy, such that 
expensive, toxic, or futile treatment is avoided 
in those who will not respond. The ultimate 
goal is to offer the right treatment to the right 
patient over time. Molecular and functional 
imaging either using positron emission tomog-
raphy (PET) or gamma cameras often through 
hybrid scanners that also include computed 
tomography (CT) and/or magnetic resonance 
imaging (MRI) are sensitive techniques with a 
major role in the precision medicine algorithm 
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of oncology patients. These modalities 
provide insight prior to, during, and following 
therapy. Further, they often serve as a bio-
marker of tumoral heterogeneity helping to 
direct the selection of appropriate treatment, 
and detect early response to therapy. Also, 
molecular and functional imaging is a power-
ful prognostic biomarker in oncology that can 
suggest patient outcome based on treatment 
response.

1  Introduction

Cancer is a spectrum of disease that is morpho-
logically and functionally heterogeneous. 
Further, the genetic profile of the disease can 
evolve with time leading to the development of 
resistance, and this evolution is not uniform 
throughout the body. Although localized dis-
ease may be cured following resection, meta-
static disease is a leading cause of cancer-related 
death. Over the past few years, several new 
therapies have become available for oncology 
patients. Today, there is a suite of therapies 
available including surgery, radiation, chemo-
therapy, immunotherapy, and radionuclide ther-
apy, among others. Further, technological 
advances have led to the creation of hybrid 
scanners such as positron emission tomography 
(PET)/ computed tomography (CT), single 
photon computed tomography(SPECT)/CT, 
and PET/magnetic resonance imaging (MRI). 
These scanners noninvasively assess morpho-
logical and functional tumor heterogeneity 
throughout the body, evaluate disease extent 
and biologic behavior before and after therapy, 
and identify sites of disease that are developing 
resistance. Multi-modality imaging is helpful, 
not only for staging but also to suggest the most 
appropriate ongoing therapy at a metabolic- 
molecular level. Understanding the genetic 
underpinnings and imaging signature of cancer 
is key if we wish to develop treatment algo-
rithms that use the most effective therapy tai-
lored to individual patients while limiting 
futile, toxic treatment.

2  A Bird’s Eye View 
of Radiopharmaceuticals

There are many radionuclides, such as 99mTc, 
111In, 123I, 131I, 18F, 11C, 68Ga, 64Cu, and 89Zr, among 
others, that can be used to label pharmaceuticals 
and create radiopharmaceuticals. Once all 
legal requirements and regulatory issues have 
been met (Schwarz et  al. 2019), these 
radiopharmaceuticals can be administered to 
patients and the patients can be imaged to deter-
mine functional and molecular information. 
Radiopharmaceuticals labeled with positron-
emitting radionuclides are imaged with PET, 
while those labeled with single photon-emitting 
radionuclides are typically imaged using gamma 
cameras with SPECT capability. Malignant cells 
often demonstrate increased glucose metabolism 
compared with normal tissue (Warburg et  al. 
1927; Warburg 1956), and 18F-labeled 2-fluoro- 2-
deoxy-d-glucose (18F-FDG), a radioactive glu-
cose analogue that decays by positron emission, 
is the most ubiquitous PET radiopharmaceutical 
used in oncology today. Since glucose metabo-
lism changes faster than tumor size, 18F-FDG 
PET often shows therapy response much earlier 
than anatomic imaging with CT or MRI.  Of 
course, it is important to recall that the intensity 
of 18F-FDG uptake is affected by several factors 
including cellular histology, density, aggressive-
ness, and technical parameters, among others. 
Thus, imaging should be performed with stan-
dardized techniques, and evaluated in the correct 
clinical context. There are many radiopharma-
ceuticals used in oncology, often designed to 
 target a cellular process, metabolism, receptor, or 
cell trafficking. For example: 3′-deoxy-3′-[18F] 
fluorothymidine (FLT) is used to study prolifera-
tion by imaging the DNA salvage pathway, [18F]
fluoromisonidazole(1-(2-nitroimidazolyl)-2- 
hydroxy- 3-fluoropropane (FMISO) and [18F]flu-
oroazomycin arabinofuranoside (FAZA) are used 
to assess tumor hypoxia, and O-[18F]fluoromethyl- 
L- tyrosine (FMT) is used to study amino acid 
transport. The idea is that through the use of dif-
ferent PET radiopharmaceuticals, imaging signa-
tures will detail disease phenotype, genotype, 
and heterogeneity (Gerbaudo and Garcia 2016). 
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What is becoming evident is that more than one 
biomarker may be needed to determine the effec-
tiveness of therapy and for the assessment of 
treatment response.

3  Functional and Molecular 
Imaging for Therapy 
Assessment in Oncology

Functional and molecular imaging has been used 
in therapy assessment for many years. Two 
examples are: (1) 99mTc-labeled methylene 
diphosphonate (99mTc-MDP) bone scans to 
assess response across a spectrum of oncologic 
disease and therapies (Fig. 1) (Scher et al. 2016) 
and (2) Iodine (123I or 131I) labeled metaiodoben-
zylguanidine (MIBG) in neuroblastoma (Fig. 2) 
(Ady et  al. 1995). Depending on the radionu-
clide chosen and the amount of activity adminis-
tered, radiolabeled MIBG can serve as an 
imaging agent and/or a therapeutic agent. For 
imaging, 123I is preferred because of the shorter 
half-life, ideal gamma photon energy (159 keV), 
lack of beta emission, and lower radiation dose 
to the patient; however, access may be limited 
and expense is higher. For therapy, 131I is 

required. In general, planar imaging is standard 
of care. The addition of SPECT increases the 
contrast of the planar scintigraphic images, thus 
providing improved functional information. The 
CT portion of the SPECT/CT, if performed, pro-
vides improved anatomical information by pin-
pointing the location of the abnormal activity 
seen on the SPECT images. Therefore, the addi-
tion of SPECT/CT usually provides a more 
accurate diagnosis than planar imaging alone. 
However, due to the increased time of acquisi-
tion and image interpretation as well as the radi-
ation exposure from the CT component of the 
study, SPECT/CT is often done as needed on an 
ad hoc basis.

When interpreting functional and molecular 
imaging, it is important to recall the underlying 
mechanism that leads to the imaging obtained. 
On 99mTc-MDP bone scans, radiopharmaceutical 
uptake correlates with increased osteoblastic 
activity and findings suggestive of osseous 
 disease reflect bone reaction to malignant cells, 
not the presence of the malignant cells them-
selves. Osteoblastic activity from healing fol-
lowing therapy is difficult to distinguish from 
progressive metastatic disease, confounding 
image interpretation. The flare phenomenon is 

a b

Fig. 1 Whole body planar 99mTc-MDP bone scan images 
in a man with symptomatic castration resistant prostate 
cancer bone metastases obtained prior to (a) and following 

(b) therapy with 223RaCl2 show decrease in intensity of 
osseous disease in the right proximal humerus, lumbar 
spine, and left iliac bone following therapy
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defined as apparent “disease progression” occur-
ring until approximately 3  months of therapy 
due to increased lesion intensity or number in 
the context of improved clinical findings and sta-
bility or improvement of bone scan findings on 
repeat bone scan after 6 months of therapy (Cook 
et  al. 2011; Pollen et  al. 1984; Coleman et  al. 
1988). Also, it is challenging to accurately quan-
tify the burden of osseous metastatic disease on 
99mTc-MDP bone scans. Larson et  al. proposed 
the Bone Scan Index (BSI) as a method to mea-
sure total skeletal disease by summing the prod-
uct of the weight and fractional involvement of 
each of 158 individual bones, where each bone is 
expressed as a percentage of the entire skeleton 
(Dennis et al. 2012). However, this is time con-
suming and rarely used in clinical practice. 
Quantitative analysis is easier with PET, and 
18F-labeled sodium fluoride (18F-NaF) is a high- 
affinity bone-seeking agent with higher affinity 
for osteoblastic activity and superior imaging 
characteristics than 99mTc-MDP (Grant et  al. 
2008). Even-Sapir et  al. compared MDP bone 
scans and 18F-NaF PET/CT in patients with 
localized high-risk or metastatic prostate cancer 
and found the sensitivity and specificity of 99mTc- 

MDP planar bone scans was 70% and 57%, 
respectively, whereas for 18F-NaF PET/CT it was 
100% and 100%, respectively (Even-Sapir et al. 
2006). Similar to 99mTc-MDP bone scans, 18F- 
NaF PET/CT detects bone turnover, not malig-
nant cells themselves, and thus generate an 
indirect marker of osseous malignancy. 18F-FDG 
is used to image glucose metabolism and has 
been compared with 18F-NaF in the evaluation of 
therapy response, for example, in men with pros-
tate cancer. 18F-FDG is taken up at sites of dis-
ease, while 18F-NaF is taken up at sites of 
osteoblastic reaction to the disease (Fig.  3). 
However, 18F-FDG uptake is variable and 
may be low at sites of specific cancer 
histology. Recently, there has been growing 
interest in radiopharmaceuticals targeting the 
prostate-specific membrane antigen (PSMA), a 
cell surface transmembrane glycoprotein that is 
overexpressed on prostate cancer cells 
(Bouchelouche et  al. 2010; Evans et  al. 2011; 
Barrett et al. 2013). This has potential for detec-
tion of disease, therapy planning as well as for 
the assessment of therapy response (Rowe et al. 
2016; Koerber et al. 2018; Emmett et al. 2018). 
Early results suggest response assessment may 

a b c

Fig. 2 Whole body planar 131I-MIBG images in a child 
with metastatic neuroblastoma prior to (a), during (b) and 
following (c) therapy show multifocal disease that is 

decreasing in intensity and extent with therapy consistent 
with response
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be confounded by flare (Zacho and Petersen 
2018; Zukotynski et al. 2018) and mixed interval 
change following therapy. Also, not all sites of 
disease show uptake of PSMA targeting 
radiopharmaceuticals, and the most helpful 
radiopharmaceutical to assess therapy response 
may be case specific (Figs. 4 and 5).

There are numerous cell-surface receptors 
involved in cell-signaling pathways and radio-
pharmaceuticals targeting cell receptors have 
become powerful imaging and therapy tools. 
The somatostatin receptor (SSTR)-binding 

radiopharmaceutical [68Ga-DOTA0,Tyr3]
octreotate (68Ga-DOTATATE) and peptide 
receptor radionuclide therapy (PRRT) with 
SSTR-binding peptide [177Lu-DOTA0,Tyr3]
octreotate (177Lu-DOTATATE) have been used to 
image and treat neuroendocrine disease, respec-
tively (Figs. 6 and 7). Since radiopharmaceutical 
uptake is affected by tumor heterogeneity, 
volumes of interest obtained from imaging done 
prior to therapy can be used to compute the frac-
tion of administered radiopharmaceutical seques-
tered in normal parenchyma as well as at sites of 

a b

Fig. 3 Mechanism of radiopharmaceutical uptake. Axial 
PET, CT, and fused PET/CT images from an 18F-NaF 
PET/CT shows radiotracer uptake at the periphery of a 
site of prostate cancer due to osteoblastic turnover (a), 

while axial PET, CT, and fused PET/CT images from an 
18F-FDG PET/CT show subtle radiotracer uptake within 
the tumor, likely involving the bone marrow (b)
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a b c

Fig. 4 More than one radiopharmaceutical may be help-
ful to assess therapy response in oncology. Change in 
radiopharmaceutical uptake is more pronounced on the 
18F-FDG PET/CT than on 18F-DCFPyL PET/CT at a site 

of lytic metastatic prostate cancer. Axial CT at baseline, 
3  months and 10  months of therapy (a), axial fused 
18F-DCFPyL PET/CT (b) and 18F-FDG PET/CT (c) at 
baseline and 3 months of therapy

a b c

Fig. 5 More than one radiopharmaceutical may be help-
ful to assess therapy response in oncology. Change in 
radiopharmaceutical uptake is more pronounced on 
18F-DCFPyL PET/CT than on 18F-FDG PET/CT at a site 

of lytic metastatic prostate cancer. Axial CT images at 
baseline and 3  months of therapy (a), axial fused 
18F-DCFPyL PET/CT (b) and 18F-FDG PET/CT (c) 
images at baseline and 3 months of therapy
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Fig. 6 Coronal fused 
and PET images from a 
68Ga-DOTATATE PET/
CT show multifocal 
osseous and soft tissue 
disease prior to 
177Lu-DOTATATE 
therapy

a b

Fig. 7 Whole body planar images of the subject from 
Fig.  6 show multifocal osseous and soft tissue disease 
immediately following cycle 1 (a) and cycle 2 (b) of 

177Lu-DOTATATE therapy with interval decrease in 
intensity and extent of radiopharmaceutical uptake at sites 
of disease following therapy
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disease (Beauregard et al. 2012). This can then be 
used to adjust the amount of administered thera-
peutic radiopharmaceutical to minimize toxicity 
while maximizing patient benefit.

4  Prognostic Value of Functional 
and Molecular Imaging 
Oncologic Imaging Response

Molecular and functional imaging response 
assessment has been studied across the spectrum 
of oncologic disease. Since metabolic and patho-
physiological changes often precede alterations 
in morphology, PET is helpful to assess response 
to cytotoxic and cytostatic therapy and often pre-
dicts response before morphologic imaging (i.e., 
CT and MRI). In general, the earlier the response, 
the better the progression-free survival (PFS) and 
overall survival (OS) of the oncology patient. 
Thus, there is a concept of prognostic value of the 
reduction in FDG uptake related to treatment. For 
example, Weber et al. showed that in stage IIIB 
and IV non-small cell lung cancer (NSCLC), a 
reduction in tumor FDG uptake of more than 
20% after one cycle of platinum-based chemo-
therapy was predictive of long-term survival 
(Weber et  al. 2003). Vansteenkiste et  al. found 
that in stage IIIA-N2 NSCLC, a reduction in 
tumor uptake by more than 50% on FDG-PET 
after 3 cycles of neoadjuvant chemotherapy was 
predictive of longer survival (Vansteenkiste et al. 
2004). Hoekstra et  al. reported that in stage 
IIIA-N2 NSCLC, a 35% reduction in tumor FDG 
uptake after one cycle of induction therapy 
showed prolonged overall survival (Hoekstra 
et al. 2005). MacManus and colleagues showed 
that tumor metabolic response predicts outcome 
following radiation therapy (Mac Manus et  al. 
2005). Complete metabolic responders had a 
1-year survival rate of 93% compared to 47% for 
nonresponders, and 2-year survival rate of 62% 
versus 30%, respectively. Although imaging 
patients 3–4  months after radiotherapy mini-
mizes false-positive FDG uptake in radiation- 
induced inflammation, a shorter time frame may 
be acceptable in certain cases (Hicks et al. 2004).

5  The Development of Molecular 
and Functional Therapy 
Response Assessment Criteria

Determining the effectiveness of cancer therapy 
requires a standardized, reproducible, and 
objective method for evaluating therapy 
response. Over the years several efforts were 
made to meet this clinical need resulting in the 
creation of multiple guidelines. The history of 
therapy response assessment in oncology is 
complex. As imaging techniques developed, so 
too did criteria for therapy response assessment. 
Morphologic imaging therapy response assess-
ment criteria such as Response Evaluation 
Criteria In Solid Tumors (RECIST 1.1 
(Eisenhauer et al. 2009)) are effective to moni-
tor cytolytic therapy effect, in which clinical 
efficacy typically translates into tumor mass 
reduction. However, targeted cytostatic thera-
pies (e.g., tyrosine kinase inhibitors such as 
erlotinib and gefitinib) primarily slow or stop 
tumor cell proliferation and may not result in a 
significant change in tumor mass, limiting size-
based criteria for therapy response assessment. 
Initial 18F-FDG-PET studies showed that suc-
cessful response to erlotinib and gefitinib could 
be predicted within days of therapy (Sunaga 
et al. 2008; Takahashi et al. 2012). Also, meta-
bolic treatment response was linked with sur-
vival and quality of life (Sunaga et  al. 2008; 
Takahashi et al. 2012; van Gool et al. 2014a, b; 
Benz et al. 2011; Hachemi et al. 2014).

In 1999, the European Organization for 
Research and Treatment of Cancer (EORTC) 
published criteria for tumor response classifica-
tion which were among the first to include the 
assessment of tumor metabolism using functional 
imaging with FDG PET (Young et  al. 1999). 
These criteria used the standardized uptake value 
(SUV) as a metric for quantifying radiopharma-
ceutical uptake at sites of disease, a metric that 
reflects radiopharmaceutical uptake corrected for 
total body mass (patient weight) and injected 
radiopharmaceutical activity. According to 
EORTC criteria: (1) A complete metabolic 
response (CMR) was when there was no site of 
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disease distinguishable from adjacent 
background activity; (2) progressive metabolic 
disease (PMD) was an increase in maximum 
SUV (SUVmax) of 25% or more from baseline 
or the appearance of new disease sites; (3) a par-
tial metabolic response (PMR) was a reduction in 
SUVmax between 15 and 25% after one or more 
cycles of chemotherapy; and (4) stable metabolic 
disease (SMD) was disease response that could 
not be classified into another category. The num-
ber of lesions to measure and minimum measur-
able lesion activity was not defined. Anatomic 
information was not included.

In 2009, Wahl et  al. proposed Positron 
Emission Tomography Response Criteria In 
Solid Tumors (PERCIST) for FDG PET (Wahl 
et  al. 2009). Main differences between EORTC 
and PERCIST were (Table 1, Aide et al. 2018): 
(1) use of SULpeak (radiopharmaceutical activ-
ity measured in a 1 cm3 sphere at the site of high-
est tumor activity corrected for lean body mass) 
rather than SUVmax, (2) specification of five 
sites of disease (up to two per organ) or target 
lesions to be measured, and (3) definition of a 
measurable lesion as having at least 1.5 times the 
mean SUL of liver.

With the advent of standardized criteria for 
molecular and functional imaging therapy 
response assessment, debate flourished con-
cerning the value of using a qualitative (visual) 
versus a quantitative (objective) approach. A 
study by Lin et  al. comparing qualitative and 
quantitative FDG PET analysis in patients with 
diffuse large B cell lymphoma DLBCL (Lin 
et al. 2007) found the qualitative analysis pre-
dicted event-free survival with an accuracy of 
65.2%, whereas the quantitative SUV-based 
analysis had an accuracy of 76.1%. However, 
quantitative analyses have limitations: (1) 
There are several methods for calculating and 
reporting radiopharmaceutical uptake at dis-
ease sites e.g., correcting for total body mass 
versus lean body mass, reporting maximal 
activity (SUVmax) versus average activity in a 
defined region (SUVpeak, SUVmean), use of 
metabolically active tumor bulk defined by 
indices of metabolic tumor volume (MTV) and 

total lesion glycolysis (TLG) as well as tumor 
metabolic heterogeneity estimated through tex-
ture analysis, among others. (2) Differences in 
scanner hardware, image reconstruction, and 
patient characteristics, among other factors, 
affect radiopharmaceutical uptake at disease 
sites and can impact metrics of response assess-
ment (Ziai et al. 2016).

In an effort to achieve repeatability and repro-
ducibility of response assessment metrics, guide-
lines were produced detailing how oncologic 
PET/CT scans should be performed (Boellaard 
et al. 2015; Fendler et al. 2017). Recommendations 
include the use of a standardized protocol for 
scan acquisition and maintenance of consistency 
between scanners, image acquisition and recon-
struction parameters, dose of radiopharmaceuti-
cal administered and uptake time between 
baseline and follow-up imaging, among others. 
Also phantom derived parameters may help align 
quantification metrics between scanners and 
image reconstructions (Lasnon et al. 2013, 2017; 
Quak et al. 2016). Finally, inclusion of activity in 
a reference region of interest (ROI) such as liver 
or aortic blood pool is suggested in an oncologic 
PET/CT report to serve as an alert for potential 
technical issues if/when this is outside the 
expected range.

Currently, therapy response assessment crite-
ria often include a combination of anatomic, 
molecular, and functional imaging. There are cri-
teria for response assessment that are used in 
clinical trials and are not specific to cancer histol-
ogy. In most cases there are no clinical guidelines 
or standards directing the use of these measure-
ments in patient care and these criteria (such as 
PERCIST) are rarely used in routine clinical 
practice. A few criteria for molecular and func-
tional disease response classification are specific 
to cancer histology (e.g., Deauville/Lugano). 
These criteria are incorporated into clinical 
guidelines (e.g., NCCN [National Comprehensive 
Cancer Network]) and included in clinical PET/
CT reporting. Although the clinical and research 
communities remain fragmented in their use of 
molecular and functional imaging therapy 
response assessment criteria, there is momentum 
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to converge on a common approach for the 
 purposes of PET/CT reporting and the most 
illustrative example of this is lymphoma.

6  Molecular and Functional 
Imaging Response Assessment 
in Lymphoma

Lymphoma is a heterogeneous spectrum of lym-
phoproliferative disease classified as Hodgkin’s 
lymphoma (HL) or non-Hodgkin’s lymphoma 
(NHL) that encompasses a spectrum of disease of 
variable metabolic activity. It is estimated that 
approximately 40% of non-Hodgkin’s lymphoma 
patients and 20% of Hodgkin’s lymphoma 
patients have a residual mediastinal or abdominal 
mass following therapy, and that most are non- 
malignant on pathology (Orlandi et  al. 1990; 
Aisner and Wiernik 1982; Mikhaeel et al. 2000). 
It is difficult to distinguish inflammatory, 
necrotic, or fibrotic tissue from residual lym-
phoma based on anatomic evaluation alone 

(Canellos 1988; Reske 2003; Lewis et al. 1982; 
Surbone et  al. 1988). Molecular and functional 
imaging with PET can distinguish metabolically 
active from non-metabolically active disease and 
helps overcome the limitation of anatomically 
based response assessment for lymphoma. 
Molecular and functional response criteria have 
been used in the evaluation of patients with lym-
phoma for many years.

Following a workshop held in Deauville, 
France, in 2009 (Meignan et  al. 2009), the 
Deauville 5-point scoring system was created 
based on FDG PET, with treatment response 
assessed qualitatively on a 5-point scale according 
to the intensity of uptake at sites of disease rela-
tive to reference activity in mediastinal blood pool 
and liver. Scores of 3 or below (comparable to 
liver activity or less) are considered negative for 
metabolically active residual disease (Fig.  8). 
Scores of 4–5 (above liver activity) are considered 
positive for residual metabolically active disease. 
Several studies have shown interobserver agree-
ment of this system. For example, Barrington 

a b
Fig. 8 Baseline 
18F-FDG PET/CT MIP 
image in a young man 
with Hodgkin’s 
lymphoma shows 
metabolically active 
lymph nodes above the 
diaphragm (a). Interim 
18F-FDG PET/CT MIP 
image shows response to 
therapy, Deauville score 
2 (b)

Molecular and Functional Imaging in Oncology Therapy Response
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et al., Furth et al., and Gallamini et al. comparing 
interobserver agreement in HL reported κ values 
of 0.79–0.85, 0.748, and 0.69–0.84, respectively 
(Barrington et  al. 2010; Furth et  al. 2011; 
Gallamini et al. 2009, 2014). The system was easy 
to apply and was the first molecular and functional 
response criteria to become part of routine clinical 
oncologic PET/CT reporting for patients with HL 
(Meignan et al. 2010, 2012; Le Roux et al. 2011). 
In 2014, following the 12th International 
Conference on Malignant Lymphomas (ICML) in 
Lugano, Switzerland, the Lugano classification 
system was created (Barrington et  al. 2014; 
Cheson et  al. 2014). The Lugano classification 
includes both PET and CT response assessment as 
well as a combination of qualitative and quantita-
tive metrics. The PET criteria are based on the 
Deauville 5-point scoring system, while the inclu-
sion of CT criteria overcame the limitation of 
response in lymphomas with low or variable FDG 
avidity. Reproducibility of the Lugano classifica-
tion system is being determined.

Among the advantages of a standardized 
response assessment in lymphoma is the 
predictive value and ability to modify treatment 

early in the disease course to improve outcome. 
In limited HL, the prognosis is excellent and so 
characterization of functional and molecular 
imaging therapy response on interim FDG PET/
CT (typically after 2 or 4 chemotherapy cycles) 
has failed to distinguish between patients in terms 
of outcome. However, as the disease becomes 
more extensive, an interim positive PET suggests 
poorer outcome (Moghbel et al. 2017). Further, 
inclusion of both PET and CT response assess-
ment typically show improved patient stratifica-
tion and clinical outcome. For example, a study 
of interim PET and CT in HL reported 2-year 
PFS of 95%, 78%, 71%, and 36% with PET−/
CT−, PET−/CT+, PET+/CT−, and PET+/CT+ 
patients, respectively (Kostakoglu et  al. 2012). 
Further, the results of interim PET can show 
complications of therapy (Fig.  9) and enable 
early treatment modification resulting in 
improved outcome. For example, in a study of 
patients with HL and positive interim PET after 
2 cycles of ABVD, escalating therapy (2 cycles 
of BEACOPP + involved node radiotherapy) 
resulted in improved PFS (90.6% versus 77.4%) 
(André et al. 2017).

a b c

Fig. 9 Baseline 18F-FDG PET/CT MIP image in a man 
with Hodgkin’s lymphoma shows metabolically active 
lymph nodes above and below the diaphragm as well as 
osseous and right renal disease (a). Interim 18F-FDG PET/
CT MIP image shows response to therapy; however, there 

was development of pneumonitis likely related to drug 
toxicity (b). 18F-FDG PET/CT MIP image at the comple-
tion of therapy shows response to therapy with resolution 
of the pneumonitis

K. A. Zukotynski et al.
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Of course, in specific scenarios such as 
patients on immunotherapy, certain modifica-
tions to the criteria must be considered. In 2016, 
modification to the Lugano criteria (LYRIC cri-
teria) was suggested to account for immunother-
apy response assessment. The main change 
compared with the Lugano criteria was the addi-
tion of an indeterminate response category 
(Cheson et al. 2016).

7  Molecular and Functional 
Therapy Response Assessment 
and Immune Therapy

In recent years, there has been investigation into 
immunotherapy (Popovic et al. 2018). Today, the 
most ubiquitous agents include: (1) T lymphocyte- 
associated protein 4 (CTLA-4) inhibitors (e.g., 
ipilimumab) and (2) programmed cell death pro-
tein 1 (PD1) or PD1/programmed cell death pro-
tein ligand 1 (PD1/PD-L1) axis inhibitors (e.g., 
pembrolizumab and nivolumab). The idea is that 
CTLA-4 is a protein recruited to the surface of 
regulatory T cells where it interacts with B7 

receptors on antigen-presenting cells resulting in 
T cell downregulation. Thus, inhibition of 
CTLA-4 results in enhanced T cell activation and 
immune response expansion. PD1 is a transmem-
brane glycoprotein expressed on immune cells 
and PD-L1 is a ligand for PD1 that may be 
expressed on tumor cells. When PD1 is bound by 
PD-L1, it inhibits kinases involved in T cell acti-
vation. Thus, inhibition of this process can also 
enhance immunity. Current research in the area is 
focused, at least in part, on blocking additional 
immune regulatory checkpoints, inducing 
immune responses with vaccines or increasing 
tumor traffic of lymphocytes. The literature sug-
gests ipilimumab monotherapy results in overall 
benefit for about 20% of patients with melanoma 
(Hodi et al. 2010) and that this can be improved 
to over 50% using a combination of ipilimumab 
and nivolumab (Fig. 10), albeit with higher risk 
of toxicity (Larkin et  al. 2015). Interestingly, 
radiation provides immune co-stimulatory sig-
nals, hence the rationale for combining external 
beam or radionuclide therapy with immunother-
apy. It has been postulated that PET may 
noninvasively provide information of the tumor 

a b

Fig. 10 18F-FDG PET/CT images in a woman with meta-
bolically active melanoma. Axial CT, PET, fused and MIP 
images obtained prior to (a) and following (b) ipilimumab 
and nivolumab therapy show complete response. The 

focal radiopharmaceutical uptake in the right central neck 
(orange arrow) was in a thyroid nodule and likely reflects 
primary thyroid pathology (results of biopsy pending)
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microenvironment predictive of response; how-
ever, this remains to be rigorously proven.

By enhancing the immune response, immune- 
related adverse events may be induced (e.g., 
dermatitis (pruritus/rash/vitiligo), endocrine dis-
orders (hypophysitis, thyroiditis, etc.), pneumo-
nitis, gastrointestinal symptoms (diarrhea, colitis, 
etc.), hepatitis, pancreatitis, and myalgia among 
other things). Following immunotherapy, reac-
tive splenic enlargement and reactive lymph node 
enlargement in the tumor drainage basin are also 
common. Since inflammation is typically FDG-
avid, PET can detect immune-related adverse 
events, sometimes weeks before these become 
clinically apparent (Fig. 11) (Kwak et al. 2015). 
Although this is helpful since rapid initiation of 
systemic therapy (e.g., systemic corticosteroids) 
can improve patient outcome, it can make the dis-
ease response difficult to assess.

Clinical and imaging response to immuno-
therapy is variable. Often an early response is 
seen. Inflammatory reactions can occur at tumor 
sites within days of therapy (Reusch et al. 2006). 
In some cases a response can be delayed for 

weeks or months (Le et al. 2013). Further, tumor 
flare cannot be distinguished from progression 
based on morphologic, imaging or even on FDG 
PET/CT. It is estimated that approximately 15% 
of patients with melanoma on ipilimumab show 
increasing disease burden on imaging despite 
clinical benefit (e.g., pseudoprogression or flare), 
although this is lower (less than 3%) with other 
agents (Wolchok et al. 2009). In a small number 
of cases, immunotherapy can provoke rapid dis-
ease progression or hyperprogression (Champiat 
et al. 2017; Saâda-Bouzid et al. 2017). As such it 
is key to correlate imaging findings with the 
patient’s clinical condition: (1) those patients 
with improving or stable clinical condition and 
progression on imaging may be experiencing 
pseudoprogression and, in this case, treatment 
may be continued with response confirmed by 
follow-up imaging; (2) those patients who are 
deteriorating are most likely progressing and dis-
continuing therapy may be warranted since wait-
ing for imaging confirmation could lead to 
deterioration rendering a new therapy 
nonviable.

a b
Fig. 11 18F-FDG PET/
CT MIP images in a 
woman with 
chemotherapy refractory 
non-small cell lung 
cancer obtained prior to 
(a) and following (b) 
immunotherapy show 
partial metabolic 
response as well as 
development of 
thyroiditis (orange 
arrow)
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Recently, two new molecular and functional 
imaging response assessment criteria have been 
proposed in the setting of immunotherapy: (1) 
PET/CT Criteria for Early Prediction of Response 
to Immune Checkpoint Inhibitor Therapy 
(PECRIT) (Cho et  al. 2017) and (2) PET 
Response Evaluation Criteria for Immunotherapy 
(PERCIMT) (Anwar et  al. 2018; Sachpekidis 
et al. 2018). In both cases, the evaluation of clini-
cal benefit is incorporated as well as the use of 
morphologic and functional metrics (Table  1). 
Currently, it is suggested that a baseline PET be 
performed prior to immunotherapy with follow-
 up 8–9 weeks or more after immunotherapy ini-
tiation (typically after 2 or 3 cycles of therapy) 
and at therapy completion. It is thought that the 
value of FDG PET is most pronounced in patients 
with limited morphological response on ana-
tomic imaging, or who develop signs/ symptoms 
of immune-related adverse events. Further, clini-
cal benefit and the presence of a metabolic 
response despite morphologic progression can be 
helpful for clinical decision-making.

Functional and molecular response assess-
ment imaging in oncologic patients receiving 
immunotherapy remains imperfect, and research 
into more specific imaging biomarkers is ongo-
ing, including clinical trials using 89Zr-labeled 
immune checkpoint inhibitors as well as investi-
gation into the use of radiolabeled antibody 
fragments.

8  Conclusion

We have come a long way from the crude manual 
disease assessment of yesterday to the standard-
ized staging and response assessment criteria of 
today. Further, as our technology improves, so 
too does the possibility of more advanced imag-
ing assessment including complex structural and 
functional data acquisition with parametric map-
ping and kinetic modeling allowing evaluation of 
tumor heterogeneity throughout the body. Also, 
the recent proliferation of hybrid scanners that 
include anatomic, functional, and molecular 
imaging capabilities has enhanced our ability to 
assess disease response, adjust therapy regimens, 

and develop an accurate measure of patient prog-
nosis. It has been recognized that standardization 
of image acquisition and analysis parameters as 
well as harmonization of criteria used for 
response assessment across the clinical and 
research landscape is important. As our under-
standing of the biological effects of therapeutic 
interventions improves, so too does our under-
standing of the best time-points for therapy 
response assessment. Although further studies 
are necessary we are starting to converge on a 
universal system, particularly in certain tumors 
such as lymphoma.
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