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Preface

Although cancer is still the leading cause of death in many countries, recent epoch-
making advance in molecular biology facilitates to reveal the nature of cancer at the
level of gene and the era of “precision medicine” has come. New therapeutic strate-
gies for cancer are established based on these genomic information. In response to
this progress in cancer treatment, the concept of molecular imaging has also been
introduced in the field of diagnostic imaging sciences. Nuclear medicine tests that
can evaluate the functional features of lesions would be clinical molecular imaging
tests. Among them, F-18 FDG PET tests that can provide metabolic activity of glu-
cose in tissues including cancer lesions are attracting a strong attention in oncology.

Many research works in the field of nuclear medicine have demonstrated the
usefulness of FDG PET tests in clinical oncology. However, FDG PET tests have
not been so familiar in routine clinical practice in many countries maybe due to its
very high cost.

In Japan, more than 50 years have passed since the universal public health insur-
ance system was established. According to this unique system, every people can
rather easily receive advanced health care when it is covered by public health insur-
ance. Fortunately, FDG PET test is now covered by public health insurance for a
wide variety of cancer except for early stage of gastric cancer in Japan and is a
popular imaging tests for many clinicians in the field of oncology.

This book introduces the current situation of FDG PET tests under unique health-
care system in Japan from the viewpoints of experts of clinical oncology, and this
book will contribute to the global spread of FDG PET test.

An introduction to the subject of the book should not be confused with a preface.
A preface concerns the book itself (e.g., why it is important, why it was written),
while an introduction presents the subject matter of the book.

Kashiwa, Japan Hirofumi Fujii
Ibaraki, Japan Hiroyuki Nakamura
Tokyo, Japan Seiei Yasuda
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Chapter 1
Overview of FDG PET in Oncology

in Japan

Takahiro Morita and Hirofumi Fujii

1.1 Introduction

Currently, the quality of life is important in the treatment of cancer patients and
minimally invasive and individualized therapy is required. Accurate evaluation of
the characteristics of a tumor is very important for optimized cancer therapy and
imaging tests play an important role in the management of cancer. Computed
tomography (CT) and magnetic resonance imaging (MRI) are popular imaging tests
and they can provide minute morphological information about tumor lesions.
However, recently nonsurgical treatments such as chemotherapy and radiotherapy
are often used and the evaluation of functional aspects of tumors is very important
to successfully perform these kinds of therapies. For example, tumors do not always
decrease in size after successful chemotherapy using molecular targeted agents such
as imatinib mesylate [1]. Under such situations, F-18 fluorodeoxyglucose (FDG)
positron emission tomography (PET) is commonly performed to evaluate metabolic
activity of tumors and this imaging test is getting popular in Japan as in other devel-
oped countries.

Japanese greatly contributed to clinical introduction of this useful PET agent.
FDG was first synthesized by Ido, a Japanese researcher [2]. The clinical usefulness
of this PET agent in the field of oncology was also first reported by a Japanese
nuclear medicine physician. Yonekura reported increased accumulation of FDG in
metastatic liver tumors of colon cancer patients [3]. That is why we Japanese are
closely linked with the application of FDG to clinical oncology. In this chapter, we
review the current situation of FDG PET tests in Japan.

T. Morita
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1.2 Clinical Application of FDG PET Tests in the Field
of Oncology

FDG accumulates in tissues according to their metabolic activity of glucose.
Although FDG is phosphorylated inside cells as glucose, phosphorylated FDG is
metabolized no more unlike glucose. Phosphorylated FDG is dephosphorylated in
normal cells while this phosphorylated compound cannot be dephosphorylated in
most tumor cells due to their weak dephosphorylase activity. As a result, FDG stays
in tumor tissues according to their metabolic activity. This accumulation mecha-
nism of FDG is called metabolic trapping.

As PET can quantitatively evaluate the accumulation of probes in lesions, FDG
PET can objectively examine the metabolic activity of glucose using indices.
Standardized uptake value (SUV) is the most common index.

The main roles of FDG PET are as follows: (1) differential diagnosis of already-
known lesions, (2) staging of malignant tumors, (3) evaluation of therapeutic effects
of nonsurgical treatment, and (4) surveillance of recurrent tumors.

The second and fourth roles are to detect malignant lesions and the first and third
ones are to evaluate the functional aspect of already-known lesions. Although these
four roles of FDG PET are all important in the field of oncology, the second and
fourth roles are covered by public health insurance in Japan. However, the remain-
ing first and third roles are not clearly covered by public health insurance although
these roles are undoubtfully important in clinical practice. This situation should be
improved. More detailed information about the coverage of FDG PET by public
health insurance is described later.

Currently, FDG PET test is usually performed combined with morphological
imaging tests such as CT and MRI. These kinds of hybrid imaging can provide both
anatomical and functional information about tumor lesions at the same time and
fusion of both kinds of images is very useful to understand the features of tumors.

Recently, combined scanners such as PET/CT scanners and PET/MRI are getting
popular and we can get clear superimposed images using these hybrid scanners.

After this, four major roles of FDG PET in clinical oncology are concretely
explained showing fusion images obtained by combined scanners.

1.2.1 Differential Diagnosis of Already-Known Lesions

FDG PET can evaluate the metabolic activity of glucose in a lesion. Generally
speaking, malignant tumors are avid of glucose due to increased glycolysis called
Warburg effects [4]. Therefore, malignant tumors are likely to show higher uptake
of FDG than benign lesions (Fig. 1.1). However, some inflammatory and benign
diseases such as sarcoidosis, uterine leiomyoma, and neurogenic tumor show rather
high activity in FDG PET tests and it is not easy to distinguish malignant tumor
from nonmalignant disease only by FDG PET test.
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Fig. 1.1 A 60s’ female with nonmalignant pulmonary lesion. (a) A high-resolution CT image
shows an irregular shaped lesion in the upper lobe of the right lung. Lung cancer cannot be ruled
out. (b) An FDG/PET fusion image shows faint uptake in this irregular-shaped lesion, suggesting
its low metabolic activity. Surgical resection confirmed the diagnosis of no malignancy 2 years later

FDG PET is also useful to judge the grade of malignancy of neoplasms.
Neuroendocrine tumor (NET) is a unique neoplasm showing a variety of malig-
nancy and the evaluation of its grade of malignancy is important to receive the
optimal therapy. Kubota reported that FDG PET and somatostatin receptor scintig-
raphy (SRS) play different roles in the evaluation of NET [5]. FDG PET can reflect
the grade of malignancy, while SRS can reflect the degree of differentiation. He
demonstrated the inverse correlation between SRS uptake and FDG uptake in meta-
static NET lesions. (Figs. 1.2 and 1.3)

1.2.2 Staging of Malignant Tumors

Accurate staging is essential to optimized cancer therapy. Tumor stages are often
judged using TNM classification determined by International Union Against Cancer
[6]. T factor is the extent of the primary tumor. N factor is the extent of regional
lymph node metastasis and M factor is the absence or presence of distant metastasis.
FDG PET is often useful to determine the N factor and M factor. FDG PET can
detect metastatic lesions in regional lymph nodes whose size are within normal
limits and those located in unusual areas such as abdominal metastases from lung
cancer (Fig. 1.4).
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Fig. 1.2 A 30s’ female with multiple liver metastases from G2 NET originated in the small intes-
tine. (a) A contrast-enhanced CT image depicts poorly enhanced lesions in the right hepatic lobe
(arrows). (b) Somatostatin receptor scintigraphy (SRS) (24 h after the injection) reveals strong
expression of receptors on these lesions, indicating that lesions are well-differentiated. (¢) An
FDG/PET fusion image shows faint uptake in these lesions, suggesting their low metabolic activity

Fig. 1.3 A 60s’ male with multiple liver metastases from primary unknown G3 NET. (a) A
contrast-enhanced CT image depicts poorly enhanced irregular-shaped lesions in the right hepatic
lobe (arrow). (b) Somatostatin receptor scintigraphy (SRS) (24 h after the injection) reveals weak
expression of receptors on these lesions, indicating that lesions are poorly differentiated. (¢) An
FDG/PET fusion image shows strong uptake in these lesions, suggesting their high metabolic
activity
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Fig. 1.3 (continued)

Fig. 1.4 A 70s’ male with lung cancer. (a) A high-resolution CT image depicts an irregular-shaped
lesion in the left upper lobe (S4b) (arrow). Interstitial pneumonitis is shown in the peripheral
regions of both lungs. (b) An FDG/PET fusion image shows increased uptake in this lesion indicat-
ing malignant tumor. (¢) A CT image detects multiple swollen lymph nodes in the mediastinum.
(d) An FDG/PET fusion image shows strong activity only in some ipsilateral mediastinal lymph
nodes, suggesting that hot nodes are metastatic (arrow in (¢)) and others are reactive. These find-
ings were confirmed by histopathological diagnosis after the surgery. The histological type was
poorly differentiated adenocarcinoma and the pathological stage was pT1b, pN2, cMO, p-Stage
IITA according to UICC 8th
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1.2.3 Evaluation of Therapeutic Effects
of Nonsurgical Treatment

When tumors are treated by chemotherapy and/or radiotherapy, lesions do not rap-
idly disappear unlike surgical resection. Tumors usually decrease in size after suc-
cessful nonsurgical treatment. Under such situations, therapeutic effects are usually
assessed using some criteria. The most popular one is the Response Evaluation
Criteria in Solid Tumors (RECIST) (version 1.1) [7]. The longitudinal change of
tumor size is an important parameter in this criterion. However, new therapeutic
drugs such as molecular targeted agents do not always shrink lesions even after suc-
cessful therapy. In such cases, the evaluation of the metabolic activity of tumors is
useful and FDG PET can provide useful information about the glucose metabolism
of lesions [8]. Recently, Wahl proposed the PET Response Criteria in Solid Tumors
(PERCIST). The PERCIST can help clinicians with valuable information of thera-
peutic response at an earlier stage because FDG PET can correctly evaluate the
therapeutic effects before morphological changes appear [9] (Fig. 1.5).

Fig. 1.5 A 40s’ female with primary gastrointestinal stromal tumors of duodenum. (a) A pretreat-
ment contrast-enhanced CT image depicts a lesion with heterogeneous density as large as 90 mm.
(b) A contrast-enhanced CT image obtained at 2 weeks after the initiation of the treatment using
imatinib mesylate shows a mildly shrunken tumor. (¢) A contrast-enhanced CT image obtained at
8 months later shows a shrunken tumor as small as 50 mm. (d) A pretreatment FDG/PET fusion
image shows strong activity in the tumor (SUVmax = 8.13). (e) An FDG/PET fusion image
obtained at 2 weeks larger shows dramatically decreased activity in the tumor (SUVmax = 2.99).
(f) An FDG/PET fusion image obtained at 8 months larger indicates low activity in the tumor
(SUVmax = 1.70). These images demonstrate that FDG PET can predict the therapeutic effects
earlier than morphological imaging tests
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1.2.4 Surveillance of Recurrent Tumors

Malignant tumors can recur even when the initial treatment was quite successful.
Patients must have regular checkups. The regular checkup schedules depend on the
type and stage of cancer and so on. Metastatic lesions can appear in unexpected
areas. When recurrence was suspected by tumor marker tests and CT tests failed to
identify recurrence, survey of whole body using FDG PET might be useful to detect
recurrent tumors with unusual locations (Figs. 1.6 and 1.7).

1.3 The Role of FDG PET Tests Appeared in Japanese
Clinical Guidelines for Major Cancer

Currently, clinical guidelines for various kinds of diseases are published in many
countries. These guidelines explain standard management methods at that time to

Fig. 1.6 A 70s’ male with surgically treated left lung cancer. (a) A postoperative FDG/PET fusion
coronal section image indicates strong uptake in the chest and left kidney (arrows), suggesting
recurrent tumors. (b) A chest FDG/PET fusion image shows strong uptake in the remaining left
lung and mediastinum, compatible with recurrence. (¢) An abdominal FDG/PET fusion image
shows strong activity in the left kidney (arrow), indicating malignant tumor. (d) However, an
abdominal contrast-enhanced CT image fails to clearly depict recurrence in the left kidney
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Fig. 1.7 A 50s’ male with surgically treated esophageal cancer. (a) A preoperative contrast-
enhanced CT depicts a tumor in the upper third of the thoracic esophagus. (b) The postoperative
follow-up FDG maximum intensity projection image detects abnormal strong uptake around the
left shoulder. (¢) A FDG/PET fusion image depicts strong uptake in the muscle around the left
shoulder joint. (d) A MRI gadolinium-enhanced T1-weighted image shows a heterogeneously
enhanced mass in the muscle around the left shoulder joint. The subsequent biopsy confirmed the
diagnosis of intramuscular metastasis from esophageal carcinoma

provide appropriate medical procedures for every cancer patient. In the field of
oncology, one of the most famous ones is NCCN guidelines published by the
National Comprehensive Cancer Network (NCCN) in the USA. NCCN provides
clinical guidelines for more than 50 kinds of malignancy and they are open for the
public (https://www.nccn.org/). Although their contents are well organized, these
guidelines are published based on the clinical evidence obtained mainly in the USA
and the contents are not always fit for Japanese cancer patients.

After this, we explain how FDG PET test is recommended in Japanese clinical
guidelines for major cancer.


https://www.nccn.org/
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1.3.1 Lung Cancer

The following five clinical questions (CQs) appear in Guidelines for Diagnosis and
Treatment of Lung Cancer 2019 issued by the Japan Lung Cancer Society [10].

CQ 2. Is PET/CT useful to detect lung cancer?

Recommendations: It is recommended not to perform PET/CT test to detect
lung cancer.

(Recommendation grade 2, evidence level C, agreement rate 94%)

CQ 4. When it is difficult to diagnose a nodule as lung cancer by high resolution
CT test, are contrast-enhanced CT, MRI and/or FDG-PET/CT useful?

Recommendations: FDG-PET/CT is recommended.

(Recommendation grade 1, evidence level C, agreement rate 67%)

CQ 19. Which tests are required to diagnose T factor?

Recommendations: FDG-PET/CT is recommended when invasion to mediasti-
num, chest wall and/or atelectasis surrounding lung tissues must be judged.

(Recommendation grade 1, evidence level C, agreement rate 100%)

CQ 20. Which tests are required to diagnose N factor?

Recommendations: Contrast-enhanced chest CT and FDG-PET/CT are
recommended.

(Recommendation grade 1, evidence level A, agreement rate 100%)

CQ 21. Which tests are required to diagnose M factor?

(a) FDG-PET/CT and contrast-enhanced brain MRI are recommended.
(Recommendation grade 1, evidence level A, agreement rate 100%)

(b) When a solitary metastatic lesion is suspected by FDG PET/CT, it is recom-
mended to confirm the diagnosis by other imaging tests and/or pathological
tests as far as possible.

(Recommendation grade 2, evidence level B, agreement rate 100%)

1.3.2 Breast Cancer

The following contents appear in The Japanese Breast Cancer Society Clinical
Practice Guidelines for Breast Cancer issued by the Japanese Breast Cancer Society.
These guidelines appear on the following website described by Japanese: http://
jbes.gr.jp/guidline/2018/

In the section of “Overview 6: Follow-up after the initial treatment”, the useful-
ness of FDG-PET is described as follows:

There is no prospective study about the usefulness of FDG-PET after the initial
treatment. FDG-PET shows higher sensitivity and specificity in the detection of
recurrent breast cancer, compared to conventional imaging (CI) such as mammog-
raphy, ultrasonography, CT, MRI, X-ray test and bone scintigraphy. However, vari-
ous sensitivity and specificity of FDG-PET were reported. Although the combination
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of FDG-PET and CI is useful, CI should not be replaced by FDG-PET. There are no
reports that demonstrate the benefit of FDG PET in the light of survival rate, quality
of life and medical economics.

The usefulness of FDG PET is also described in the following questions.

CQ 7. Is preoperative whole-body screening using CT, PET, PET-CT is recom-
mended for patients with stage I and II breast cancer?

Recommendation: It is mildly recommended not to do preoperative whole-body
screening using CT, PET, PET-CT.

(Recommendation grade 3, evidence level very weak, agreement rate
92% 11/12)

Future research question (FQ) 3. Is mammoPET recommended to dense breast
cases as additional screening test for breast cancer?

Statement: When an examinee agreed after sufficient explanation about risk and
benefit, screening test using mammoPET would be acceptable.

FQ 7. Is mammoPET recommended for the prediction of pathological CR and
the early evaluation of therapeutic effects to preoperative chemotherapy?

Statement: There is some evidence that demonstrates the usefulness of mam-
moPET in the prediction of pathological CR and the early evaluation of therapeutic
effects to preoperative chemotherapy.

1.3.3 Head and Neck Cancer

The following contents appear in Japanese Clinical Practice Guidelines for
Head and Neck Cancer 2018 issued by the Japan Society for Head and Neck
Cancer [11].

In the section of overview, the usefulness of FDG PET and PET/CT in the diag-
nosis of lymph node metastases and distant metastases is described. FDG PET and
PET/CT are useful for metastatic cervical lymph nodes with unknown pri-
mary tumors.

The usefulness of FDG PET is also described in following clinical questions.

CQ 1-1Is CT useful in the diagnosis of N factor of head and neck cancer?

Recommendation: CT is useful in the diagnosis of N factor of head and neck
cancer. (Recommendation grade B)

In the explanation of this clinical question, the additional role of PET and PET/
CT is described.

CQ 1-6 Is FDG-PET useful in the staging of head and neck cancer?

Recommendation: PET is useful in the diagnosis of N factor and M factor in the
staging as well as the diagnosis of recurrent tumor. (Recommendation grade B)

CQ 1-7 Are imaging tests useful in the follow-up after the treatment?

Recommendation: It is reported that PET-CT is useful in the evaluation of thera-
peutic effects of chemotherapy. (Recommendation grade B)
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1.3.4 Colorectal Cancer

The following description appears in guidelines 2019 for the treatment of colorectal
cancer issued by the Japanese Society for Cancer of the Colon and Rectum [12].

PET/CT test is useful to detect and diagnose the recurrence in case with suspi-
cious findings. But, this test is not recommended for the surveillance.

1.3.5 Malignant Soft Tissue Tumor

The following two CQs appear in the draft version of Clinical Practice Guidelines
on the Management of Soft Tissue Tumors 2020 issued by the Japanese Orthopaedic
Association [13].

CQ 4 Is preoperative PET recommended for patients with malignant soft tissue
sarcoma?

Recommendation: Preoperative PET is recommended for patients with malig-
nant soft tissue sarcoma.

(Recommendation grade 2, evidence level C, agreement rate 100%)

CQ 5 Is postoperative PET recommended for patients with malignant soft tissue
sarcoma?

Recommendation: Postoperative PET is recommended for patients with malig-
nant soft tissue sarcoma.

(Recommendation grade 2, evidence level C, agreement rate 92%)

1.3.6 Skin Cancer

The following two CQs appear in Skin Cancer Clinical Guidelines (version 2)
issued by the Japanese Dermatological Association and Japan Skin Cancer
Society [14].

CQ 8 Is preoperative imaging tests recommended to detect metastatic lesions of
malignant melanoma?

Recommendation: For clinical stage (CS) 0, it is not recommended to perform
chest X-ray, ultrasonography, CT and PET. (Recommendation grade C2)

For CS I to IIB, it can be considered to perform chest X-ray, ultrasonography, CT
and PET. However, it cannot be recommended for all cases. (Recommendation
grade C1)

For CS Ilc to I11, it is recommended to perform some of chest X-ray, ultrasonog-
raphy, CT and PET depending on the location of metastatic lymph nodes and poten-
tial risk of metastatic lesions. (Recommendation grade B)

CQ 20 Are routine whole-body imaging tests recommended to patients who
received complete resection of tumors?
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Recommendation: For CS 0, routine whole-body imaging tests cannot be recom-
mended. (Recommendation grade C2)

For CS I to IIB, it can be considered to perform routine whole-body imaging
tests. However, it cannot be recommended for all cases. The types of imaging tests
and their intervals depend on the condition of each patient. (Recommendation
grade C1).

For CS Ilc to II1, it is recommended to perform routine whole-body imaging tests
to detect occult lymph node metastases and unexpected distant metastases. The
types of imaging tests and their intervals depend on the condition of each patient.
(Recommendation grade B)

1.3.7 Malignant Lymphoma

The following contents concerning malignant lymphoma appear in JSH practical
guidelines for hematological malignancies, 2018 issued by the Japanese Society of
Hematology [15].

In the section of “Overview” of malignant lymphoma, the usefulness of FDG
PET for staging and evaluation of therapeutic effects are described.

Although gallium scintigraphy was previously used for staging of malignant
lymphoma, PET-CT is currently used for staging due to its excellent sensitivity and
specificity. Since FDG uptake in lymphoma lesions depends on their histological
type, FDG PET or, if possible, PET-CT should be performed before treatment when
FDG PET or PET-CT will be used for the evaluation of therapeutic effects.

As for the evaluation of therapeutic effects of lymphoma, ‘“Report of an
International Workshop to standardize response criteria for non-Hodgkin’s lympho-
mas” was issued in 1999 and this criterion has been widely used. CT plays an
important role in this criterion. But, recently, FDG PET is getting popular and its
usefulness has been reported. In 2007, “Revised response criteria for malignant
lymphoma” using FDG PET was issued for the evaluation of therapeutic effects of
diffuse large B cell lymphoma and non-Hodgkin lymphoma. Five-point scale is
recommended when FDG PET is used for the evaluation of therapeutic effects.
Although this criterion was published for international clinical trials, it can be
applied to clinical practice.

The usefulness of FDG PET for routine follow-up is not recommended due to no
established evidence.

The following two CQs concerning FDG PET appear in JSH practical guidelines
for hematological malignancies, 2018.

One is for diffuse large B cell lymphoma (DLBCL) and not otherwise speci-
fied (NOS).

CQ 11 Is interim PET, which is PET performed during the initial treatment, use-
ful to predict the prognosis of DLBCL?

Answer: Although negative interim PET suggests a good prognosis, positive
interim PET does not always mean a poor prognosis. Therefore, prognostic value of
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interim PET is limited. There are insufficient data to recommend interim PET to
clinical practice. Further clinical trial is required. (Recommendation grade 2B)

Another clinical question is for Hodgkin lymphoma (HL).

CQ 9 Is interim PET useful to predict the prognosis of advanced-stage clas-
sical HL?

Answer: Interim PET has prognostic value in patients with advanced-stage clas-
sical HL. (Recommendation grade 2A)

1.4 Nationwide Survey of FDG PET Tests

In Japan, a nationwide survey of in vivo nuclear medicine practice has been per-
formed by Japan Radioisotope Association (JRIA) every 5 years since 1982 and the
data concerning PET tests have been collected since 1987.

In this survey, a set of questionnaire sheets are sent to all medical institutes and
hospitals with nuclear medicine facilities by JRIA and each institute or hospital
answered the types and numbers of PET tests that were performed in the previ-
ous year.

Since more than 90% of questionnaire sheets are sent back to JRIA, the obtained
data are considered reliable to overview the situation of nuclear medicine practice
in Japan at that time.

The most recent survey was the eigth one, which was performed in 2017 [16, 17].
The questionnaire sheets were sent to 1249 nuclear medicine facilities in Japan and
1132 responded. Since the response rate exceeded 90%, we think that the obtained
results rather accurately reflect the current situation of FDG PET in Japan.

This newest survey revealed that the number of clinical PET facilities was 389
and that of F-18 tests was 56,686 per month.

This survey also indicated a dramatic increase of the number of facilities with
PET cameras and that of FDG PET tests in these 30 years as shown in Figs. 1.8, 1.9
and 1.10.

Fig. 1.8 The number of 500
medical facilities with PET
cameras (modification of 400 389
Fig. 1-1 in Reference [17])
295
300
212
200
100

10 14 24 36

1987 1992 1997 2002 2007 2012 2017
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Fig. 1.9 The number of 500
medical facilities according
to the source of PET drugs 400
(modification of
Fig. 1-2 in Reference [17]) 300
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Fig. 1.10 The number of 60,000
FDG PET per month
(modification of Fig. 8 in 50,000
Ref 17
eference [17]) 40,000
30,000 6/88p
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As for the number of facilities with PET scanners, only 10 facilities had PET
scanners in 1987 and 389 facilities have installed PET scanners in 2017. The num-
ber of facilities with PET scanners increased approximately 40 times in these
30 years.

As for the number of FDG PET tests, only 45 tests were performed in 1 month in
1987 and 56,686 tests were done in 1 month in 2017. The number of FDG PET tests
increased more than 1000 times, compared to the first data obtained in 1987. It was
found that more than 97% of FDG PET tests were performed as oncology tests in
2017. FDG PET test is also useful to evaluate the metabolic activity of brain and
myocardium and this test can be applied to diagnose dementia and myocardial dis-
order such as ischemic heart disease. However, the ratio of FDG PET tests used for
these purposes are less than 3%.

This marked increase of PET tests in Japan owes to the broad coverage of FDG
PET tests by public health insurance and the introduction of commercial distribu-
tion system of this PET agent. The commercial distribution system of FDG started
in Japan in 2005. The number of FDG drugs provided by this system is increasing
and approximately 40% of these PET tests (22,111 tests of total 56,686 tests) were
performed using commercially distributed drugs in 2017.
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1.5 The Coverage of FDG PET by Public Health Insurance
in Japan

The wide coverage by public health insurance is one of the unique features of FDG
PET tests in Japan.

The FDG PET tests for malignant tumors were first covered by public health
insurance in Japan in 2002. The following ten kinds of malignant tumors were cov-
ered: lung cancer, breast cancer, colon cancer, head and neck cancer, brain tumor,
pancreatic cancer, malignant lymphoma, metastatic liver tumors, malignant mela-
noma, and primary unknown cancer. Many additional conditions were also indi-
cated. The detailed conditions are shown in Table 1.1.

As described in the previous section, this wide coverage by public health insur-
ance facilitated the spread of FDG PET for malignant tumors in Japan. Although the
number of FDG PET tests performed in a month in 1997 was only 464, the numbers
in 2002 and 2007 dramatically increased up to 2223 and 32,812, respectively.

The coverage of FDG PET by public health insurance was revised in 2006. Three
kinds of additional cancer, esophageal cancer, uterine cancer, and ovarian cancer,
were covered and some conditions for previously covered tumors were also changed
(Table 1.1).

The coverage of FDG PET by public health insurance was revised in 2010 again
and all malignant tumors except for the early stage of gastric cancer are now cov-
ered when other clinical tests including CI tests failed to confirm the stage of malig-
nant tumors or the diagnoses of metastases and/or recurrences.

Recently, FDG PET has been one of the most popular imaging tests in the field
of clinical oncology in Japan due to this broad coverage by public health insurance.
However, there is a problem in the coverage of FDG PET test by public health insur-
ance in Japan. As previously mentioned, there are many reports to demonstrate the
usefulness of FDG PET in the evaluation of the therapeutic effects of nonsurgical
cancer treatments such as chemotherapy and radiotherapy. But, FDG PET for this
purpose is not covered well by public health insurance in Japan. In 2012, the
Ministry of Health, Labour and Welfare in Japan notified that FDG PET to evaluate
the therapeutic effects of patients suffering from malignant lymphoma is covered by
public health insurance. However, no notification for other malignancies has been
promulgated yet.

As mentioned previously, a pharmaceutical company started commercial distri-
bution of FDG in Japan in 2005 and another company also initiate the sale of this
PET drug in 2017. The clinical indication of these commercially available drugs is
limited to the following tumors: lung cancer, breast cancer, colon cancer, head and
neck cancer, brain tumor, pancreatic cancer, malignant lymphoma, malignant mela-
noma, and primary unknown cancer (Table 1.2).

When institutes and hospitals have their own cyclotrons, FDG is produced using
their in-house synthesis system. To perform PET using this homemade FDG under
public health insurance, it is necessary to use an approved FDG synthesizer. This
would be a unique rule in Japan.
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Table 1.2 The clinical indication of commercially available FDG

Company Clinical indications and their conditions

Nihon Medi- Lung cancer

physics co., Itd. | Breast cancer

(2005~) The following conditions are required:

FUJIFILM 1 Although these malignant tumors are suspected by other clinical tests

Toyama chemical
co., Itd.
(2017~)

and imaging tests, it is difficult to confirm the pathological diagnosis.
2 Itis difficult to confirm the diagnosis of staging and recurrence and/or
metastasis by other clinical tests and imaging tests.

Colon cancer
Head and neck cancer
The following condition is required:
1 Itis difficult to confirm the diagnosis of staging and recurrence and/or
metastasis by other clinical tests and imaging tests.

Brain tumor
The following condition is required:
1 itis difficult to confirm the diagnosis of recurrence and/or metastasis
by other clinical tests and imaging tests.

Pancreatic cancer
The following condition is required:
1 Although these malignant tumors are suspected by other clinical tests
and imaging tests, it is difficult to confirm the pathological diagnosis.

Malignant lymphoma
Malignant melanoma
The following condition is required:
1 Itis difficult to confirm the diagnosis of staging and recurrence and/or
metastasis by other clinical tests and imaging tests.

Primary unknown cancer

The following condition is required:

1 Although the results of pathological diagnosis of lymph node biopsy
and/or those of CT tests strongly suggest metastatic tumors and there
is strong evidence suggesting malignant tumors such as elevated
tumor markers, no primary tumors are identified.

Recently, PET/MRI combined scanners are commercially available in Japan and
PET/MRI tests have been covered by public health insurance since 2013. But,
tumors that are covered by insurance is limited to the following 12 kinds of tumors:
brain tumor, head and neck cancer, mediastinal tumor, pleural tumors, breast cancer,
rectal cancer, urological cancer, ovarian cancer, uterus cancer, bone and soft tissue
tumor, hematological malignancy, and malignant melanoma. PET/MRI tests can be
performed when it is difficult to confirm the diagnosis of staging and recurrence
and/or metastasis by other clinical tests and imaging tests.

1.6 Cancer Screening Using FDG PET Tests

FDG PET or FDG PET/CT is performed for a unique purpose in Japan. PET is used
in some cancer screening programs for healthy subjects.
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Recent studies revealed that screening tests are useful to reduce the mortality of
some kinds of cancer such as breast cancer, colorectal cancer, cervical cancer, and
lung cancer [18]. Mammography is recommended to detect breast cancer and colo-
noscopy and/or fecal occult blood test is useful to find colorectal cancer. However,
these conventional tests can detect limited types of cancer. Since FDG PET tests can
detect many kinds of malignant tumors at a time, the usefulness of cancer screening
using FDG PET would be worth investigating. The unique trial started at HIMEDIC
Imaging Center at Lake Yamanaka in 1994 [19, 20]. The cancer screening program
of this imaging center consisted of FDG PET and conventional modalities such as
chest CT. This imaging center reported interesting results. Yasuda evaluated 3165
asymptomatic individuals by 5575 PET tests. Some examinees received multiple
FDG PET tests. Finally, 67 cases of malignant tumors (2.1%) were detected in this
cancer screening program. Among 67 cases, 36 tumors were detected by FDG PET
and most of them could receive curative treatment [21]. After this successful report,
many PET imaging centers for cancer screening were built in Japan. Minamimoto
investigated the performance of FDG PET for cancer screening [22]. He reported
that 50,558 healthy subjects received FDG PET for cancer screening at 46 facilities
in Japan in 2005. He analyzed the results of 43,996 subjects at 38 facilities and
found the detection rate of cancer was 1.14% and 79% among them showed positive
PET findings. According to this report, thyroid cancer, colorectal cancer, lung can-
cer, and breast cancer are commonly found. Although cancer screening using FDG
PET test seems useful to detect early stage of cancer that can receive curative treat-
ment, the risk of radiation exposure should be considered. Murano evaluated the
radiation exposure by cancer screening program using FDG PET test and performed
risk-benefit analysis [23]. He reported that the benefit would be superior to the risk
for men over 40 and women over 30 when dedicated PET scanner were used. When
PET/CT combined scanner were used, the risk-benefit break-even age would
be higher.

1.7 Summary and Key Points

In this chapter, we overviewed the important roles of FDG PET in current clinical
oncology in the first half. In the latter half, we described the current situation of
FDG PET in Japan, introducing the description about FDG PET in clinical cancer
guidelines, the results of a nationwide survey of FDG PET, the coverage of FDG
PET by public health insurance, and the unique application of FDG PET in cancer
screening programs.

The followings are key points to understand the contents of this review.

* Imaging tests that can provide functional information about cancer such as FDG
PET play an important role in current clinical oncology.

e There are four main roles in FDG PET for cancer patients as follows: (1) differ-
ential diagnosis of already-known lesions, (2) staging of malignant tumors, (3)
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evaluation of therapeutic effects of non-surgical treatment, and (4) surveillance
of recurrent tumors.

There are many descriptions about the usefulness of FDG PET in Japanese clini-
cal guidelines for various types of malignancy.

Nationwide surveys of FDG PET performed every 5 years demonstrate the dra-
matic spread of this PET test in Japan due to wide coverage of FDG PET by
public health insurance and commercial distribution of FDG.

However, Japanese public health insurance does not cover FDG PET for evalua-
tion of therapeutic effects except for malignant lymphoma.

Unique application of FDG PET to cancer screening program is popular in Japan.

Although it is reported that FDG PET is a very useful tool in clinical oncology in

the era of precision medicine, we should pile up reliable clinical evidence of this
functional imaging test more and more and improve the contents about FDG PET in
clinical guidelines for various kinds of cancer.
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Chapter 2
The Role of 8F-FDG-PET as Therapeutic
Monitoring in Patients with Lung Cancer

Kyoichi Kaira

2.1 Introduction

In recent years, molecular targeted therapies such as epidermal growth factor recep-
tor (EGFR)-tyrosine kinase inhibitor (TKI) and anaplastic lymphoma kinase (ALK)
inhibitors have been proven to improve the treatment outcome and efficacy of
patients with advanced non-small cell lung cancer (NSCLC) [1, 2]. Patients with
advanced NSCLC harboring EGFR mutations who received EGFR-TKI (gefitinib,
erlotinib, afatinib, and osimertinib) had a better prognosis than that in patients
treated with platinum-based combination chemotherapy [1, 3, 4]. Although some
targeting biomarkers are useful to predict the efficacy in patients administered suit-
able targeted drugs, there is no evidence of radiological modalities that provide
early detection of response or non-response after the administration of molecular
targeted therapy.

Recently, immunotherapy such as anti-programmed death-1 (PD-1)/programmed
death-ligand 1 (PD-L1) antibodies has improved the clinical outcomes of patients
with several types of cancers [5—7]. Clinical studies have also demonstrated that
immune checkpoint inhibitors (ICIs) such as nivolumab, pembrolizumab, and
atezolizumab provide significantly better prognosis in patients with previously
treated NSCLC compared to docetaxel as standard treatment [5, 8, 9]. In advanced
NSCLC patients with PD-L1 expression levels above 50%, pembrolizumab mono-
therapy was shown to have higher efficacy than that of platinum-based combination
chemotherapy as first-line treatment [8]. However, the efficacy of ICIs differs
according to PD-L1 expression level in patients with NSCLC [8]. The overall
response rate (ORR) of ICI monotherapy is approximately 20% and approximately
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50% of patients with advanced NSCLC develop progressive disease (PD), indicat-
ing complete resistance to ICIs [5]. Therefore, early detection of ICI response for
example, within 1 month, is critical. Previous evidence has demonstrated that com-
puted tomography (CT) can differentiate responders from non-responders 9 weeks
after ICI initiation [5]. At this time, progressive disease was observed in approxi-
mately 50% of NSCLC patients who received ICIs. Although it remains unknown
whether positron emission tomography (PET) with 2’-deoxy-2'-[(18)F] fluoro-D-
glucose (8F-FDG) could be for the early detection of ICI efficacy, it may be a
promising radiological modality compared to conventional evaluation such as CT.

This study discussed the usefulness and potential of PET as an imaging modality
to predict the efficacy of molecularly targeted drugs and ICIs in patients with
advanced NSCLC.

2.1.1 The Potential of ®*F-FDG-PET for Response Evaluation
in EGFR-TKI

Patients with advanced NSCLC harboring sensitive EGFR mutations experience
marked tumor shrinkage after the administration of EGFR-TKIs. However, it had
remained unclear whether the response was significant in the early phase after treat-
ment administration. Lee et al. recently reported the potential of 8F-FDG-PET for
early prediction of response to first-line treatment in 31 patients with advanced/
metastatic NSCLC [10]. Their study included 26 patients administered cytotoxic
regimens including platinum-based chemotherapy and five patients administered
gefitinib. The authors concluded that *F-FDG-PET after one cycle of treatment
could predict progressive disease earlier than standard radiographic assessment, but
that an early metabolic response did not reflect better survival prognosis. However,
there was no information on the role of the early prediction of response to gefitinib
by ®F-FDG-PET. Sunaga et al. described the potential of FDG-PET for early pre-
diction of response to gefitinib in patients with advanced NSCLC [11]. The authors
evaluated five patients with NSCLC for changes in ¥F-FDG uptake on day 2 and
4 weeks after the initiation of gefitinib treatment compared to "*F-FDG-PET prior to
therapy. Their results suggested that 'F-FDG-PET could predict the therapeutic
response to gefitinib at an early stage (day 2) regardless of preliminary assessment
(Fig. 2.1). PET with both ®F-FDG and 3’-[(18)F]fluoro-3’-deoxy-L-thymidine
(FLT) was compared for the early prediction of nonprogression following erlotinib
independent of EGFR mutation status in 34 patients with untreated stage IV NSCLC
[12]. In that study, changes in '®F-FDG uptake after 1 week of erlotinib could pre-
dict nonprogression after 6 weeks of therapy. Moreover, patients with an early meta-
bolic response by FDG uptake had significantly longer progression-free survival
(PFS) and overall survival (OS), whereas an early response by FLT predicted sig-
nificantly longer PFS but not OS. The results of this study suggested the usefulness
of early prediction by ®F-FDG-PET to assess EGFR-TKI response. Benz et al. also
reported that changes in FDG uptake at 2 weeks after the initiation of erlotinib
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Fig. 2.1 A representative case referred from reference number 11 (Sunaga, et al.). The tumor in
the right lung field (a, white arrow) yielded no shrinkage on CT after 4 weeks (b) from the start of
gefitinib. FDG-PET corresponding to this tumor on CT showed increased accumulation (¢, white
arrow) before the initiation of gefitinib, then, the accumulation decreased on 2 days (d) and
4 weeks from the start of gefitinib (e)

treatment were helpful to identify patients who would benefit from EGFR-TKI [13].
Several previous studies support that the detection of early metabolic response by
BE-FDG-PET can predict EGFR-TKI response in patients with advanced
NSCLC. However, patients with NSCLC harboring EGFR mutations have a high
response rate of approximately 70%; therefore, the prediction of tumor shrinkage by
BE-FDG-PET at the early stage may be limited in daily practice. It is expected that
BE-FDG-PET could predict a longer survival after the initiation of EGFR-TKI.

2.1.2 BF-FDG-PET in Angiogenetic Inhibitors

The combination of bevacizumab as a vascular epidermal growth factor (VEGF)
inhibitor with cytotoxic chemotherapy significantly improved the response rate and
PFS of patients with advanced non-squamous NSCLC [14]. Decreased '*F-FDG
uptake at 3 weeks from the start of bevacizumab plus erlotinib treatment was linked
to a significantly favorable PFS in 47 patients with advanced non-squamous NSCLC
[15]. Dingemans et al. also reported that a 30% decrease in maximal standardized
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uptake value (SUV,,,) by ®F-FDG uptake at 3 weeks from the initiation of a com-
bination chemotherapy of carboplatin and paclitaxel plus bevacizumab could iden-
tify responders compared to changes by CT in 223 patients with advanced
non-squamous NSCLC [16]. Although little is known about the usefulness of
BE-FDG-PET to predict the clinical benefit of bevacizumab as a single arm in
patients with NSCLC, '*F-FDG-PET may be useful to identify responders to angio-
genetic inhibitors. Previous translational research showed a significant correlation
between '®F-FDG uptake and angiogenetic markers such as VEGF and microvessel
density (MVD) in lung cancer [17]. Therefore, the amount of '®F-FDG uptake
within tumor cells reflects VEGF expression.

2.1.3 The Usefulness of *F-FDG-PET in Immunotherapy

According to two phase II studies, nivolumab as a single agent has a reported over-
all response rate (ORR) of approximately 20% and progressive disease (PD) rate of
more than 40% in patients with previously treated NSCLC [5, 18]. In these studies,
the ORR was initially assessed at 9 weeks after nivolumab administration. Therefore,
it remains unknown whether tumor shrinkage appears in early phases such as
1 month after nivolumab initiation. When the therapeutic efficacy of nivolumab at
9 weeks was confirmed, approximately half of the patients who received ICI mono-
therapy had a therapeutic assessment of PD, contributing to their poor prognosis.
Therefore, several studies reported the potential of '*F-FDG-PET to predict the effi-
cacy of ICI monotherapy at an early stage [19-21].

We have previously described that metabolic response by *F-FDG-PET was
effective for the prediction of efficacy and survival at 1 month after nivolumab treat-
ment initiation [19]. The predictive probability of partial response (100% versus
29%, p = 0.021) and progressive disease (100% versus 22.2%, p = 0.002) at 1 month
after treatment initiation was significantly higher in '"F-FDG-PET than in CT and
BE-FDG uptake after nivolumab administration was an independent prognostic factor
in multivariate analysis. Recently, Jreige et al. proposed the ratio of metabolic to
morphological lesion volumes as a new 'F-FDG-PET imaging biomarker to predict
clinical benefit from ICI in NSCLC [20]. Although the clinical significance of thera-
peutic monitoring of early response following ICI administration by '*F-FDG-PET
remains uncertain, several studies have demonstrated its use for the assessment of ICI
treatment efficacy [19, 20]. 'F-FDG-PET may be a useful radiographic modality for
immune monitoring to predict ICI efficacy; however, the optimal timing for assessing
the efficacy and the measurement of 'F-FDG uptake such as SUV,,,, metabolic
tumor volume (MTV) and total lesion glycolysis (TLG) remain unknown. We found
that metabolic response according to '®F-FDG uptake by measurement of TLG was a
stronger biomarker for predicting response and survival at 1 month after nivolumab
treatment than that of SUV,,,, and MTV [19]. Moreover, morphological changes on
CT have a critical limitation in distinguishing between responders and non-respond-
ers. Figs. 2.2 and 2.3 show therapeutic monitoring by *F-FDG-PET. Several previous
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Fig. 2.2 A 74-year-old male with pulmonary squamous cell carcinoma who received nivolumab
because of recurrence after platinum-based chemotherapy as first-line. PET imaging shows mark-
edly decreased uptake of FDG in the primary site (white and black arrow) and right adrenal meta-
static site (white arrow) between before (a, b) and after 1 month (¢, d) from nivolumab initiation.
The values of SUV,,,, in the primary and metastatic sites are 12.0 and 10.5, respectively, before
nivolumab treatment, and 5.5 and 3.8, respectively, at 1 month after nivolumab
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Fig. 2.3 A 48-year-old male with pulmonary adenocarcinoma who was treated with nivolumab as
ninth-line treatment. PET imaging shows markedly decreased uptake of FDG in lymph node
metastasis (black arrow) between before (a) and after 1 month (b) from nivolumab initiation. The
values of SUV,,,, in the metastatic lesion before and after nivolumab are 17.1 and 1.9, respectively

studies included small sample sizes, which may have biased their results. Further
investigation is warranted to assess the relationship between early ICI response and
therapeutic efficacy and survival in patients with advanced or metastatic NSCLC.

2.1.4 The Relationship Between '*F-FDG Uptake
and PD-L1 Expression

PD-L1 expression within tumor cells is closely associated with tumor response after
the administration of anti-PD-1/PD-L1 antibodies [5, 8, 9]. However, little is known
about the relationship between PD-L1 expression and metabolic activity in human
neoplasms. The mechanism by which tumor cells uptake ¥*F-FDG requires glucose
metabolism, hypoxia, and angiogenesis and the uptake of '*F-FDG is closely associ-
ated with the expression of these markers [21]. Several researchers have reported
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that PD-L1 expression is significantly related to the expression of glucose trans-
porter 1 (Glutl) and hypoxia-inducible factor 1o (HIF-1ar) in patients with pulmo-
nary pleomorphic and renal cell carcinomas [22, 23]. The close correlation between
SUV .x 00 BF-FDG uptake and PD-L1 expression in patients with NSCLC has been
reported in different institutions [24-27]. A clinicopathological study with a large
sample size of more than 500 patients with surgically resected NSCLC reported that
high accumulation of ¥*F-FDG was an independent predictor of PD-L1 positivity in
multivariate analysis and a significant correlation between *F-FDG uptake and
PD-L1 expression was observed regardless of histological type, including adenocar-
cinoma (AC) and squamous cell carcinoma (SQC) [24]. Two recent translational
studies reported that PD-L1 expression was closely linked to the presence of glu-
cose metabolism and hypoxia in patients with NSCLC [26, 27]. As the mechanism
of BF-FDG uptake, HIF-lo is an essential factor linked to upregulated
Glutlexpression, which is supported by the evidence that suppression of HIF-1a
decreased '8F-FDG uptake and Glut1 expression [17]. Therefore, HIF-1a is an alter-
native marker for the measurement of 'F-FDG accumulation. HIF-1a upregulation
is significantly related to increased PD-L1 expression and contributes to the down-
regulation of T cell function and the activation of mitogen-activated protein kinase
(MARK) and phosphoinositide 3-kinase (PI3K) signaling pathways as well as
HIF-1 [28]. Moreover, HIF-1a directly binds to the hypoxia response element in the
PD-L1 proximal promoter and controls its expression under hypoxic conditions
[29]. Based on this evidence, PD-L1 is a potential marker for targeting HIF-1o and
simultaneous inhibition of PD-L1 and HIF-1a may be a promising target for cancer
immunotherapy. As there are a few reports regarding the relationship between
PD-L1 and HIF-1a expression, further study is warranted to elucidate the detailed
mechanism for the association between |F-FDG uptake and PD-L1 expression
within tumor cells.

2.2 Future Directions of *F-FDG-PET as a Molecular
Biomarker in Advanced NSCLC

BE-FDG-PET is a useful radiographic modality for cancer diagnosis in relation to
the presence of glucose metabolism of primary and metastatic lesions. Molecular
imaging by 8F-FDG-PET provides easy and clear visualization; thus, many oncolo-
gists usually utilize its modality in daily practice to assess the presence of recurrent
sites and expansion of neoplasms, sometimes followed by pathological approaches.
Although ¥F-FDG-PET is considered a cancer diagnostic device, its clinical signifi-
cance for therapeutic monitoring of cancer treatment remains unclear. Among
patients with different neoplasms, the clinical significance of therapeutic monitor-
ing by BF-FDG-PET in those with malignant lymphoma has been established.
However, the radiological role of *F-FDG-PET for therapeutic monitoring in
patients with other cancers remains unclear.
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The present review demonstrated that *F-FDG-PET may play a crucial role in
the therapeutic monitoring of tumor response after the administration of molecu-
larly targeted drugs, angiogenetic inhibitors, and ICIs in patients with
NSCLC. Molecularly targeted therapies such as EGFR-TKI or combination chemo-
therapy including bevacizumab yielded better responses compared to those for other
cytotoxic agents; therefore, evaluation of therapeutic response at an early stage from
the start of any drugs may not be necessary. However, the ORR of anti-PD-1/PD-L1
antibodies as a single arm was approximately 20%, with a PD rate of more than
40%; thus, early detection of responders and non-responders is necessary to pre-
serve the quality of life of patients with cancer. Considering the slight association
between PD-L1 expression and '®F-FDG uptake within tumor cells, SF-FDG-PET
may be a useful modality for predicting the efficacy of cancer immunotherapy dur-
ing the early phase from treatment initiation in patients with advanced
NSCLC. Although metabolic indicators such as TLG or MTV for measurement of
BE-FDG uptake may be better to measure tumor glucose metabolism than SUV ,,,
the development of established markers that accurately reflect the metabolic activity
of BF-FDG accumulation is necessary. One future direction of 8F-FDG-PET for
therapeutic monitoring in addition to cancer diagnosis may be improvement of the
efficacy of cancer treatment.

Amino acid PET tracers have been developed to overcome the limitation of false-
positive findings on 'F-FDG-PET [30-32]. PET imaging using these amino acid
transporters exhibits higher specificity to detect malignant lesions than that using
BE-FDG; however, the sensitivity to visualize tumor sites is higher in F-FDG than
that for amino acid tracers [30]. L-[3-!®F]-a-methyltyrosine ("8F-FAMT) has been
developed as an amino acid tracer for PET imaging [33] and accumulates in tumor
cells solely via L-type amino acid transporter 1 (LAT1) [30]. ®F-FAMT is specific
to neoplasms and 'SF-FAMT uptake was closely correlated with LAT1 expression in
patients with NSCLC [30]. According to a recent report, '*F-FAMT accumulation
within the primary tumor is significantly linked to poor prognosis of NSCLC and
BE-FAMT uptake was a stronger prognostic factor than *F-FDG uptake [34]. Since
the clinical significance of the therapeutic monitoring of '*F-FAMT-PET in advanced
human neoplasms remains unknown, ®F-FAMT-PET was recently compared to
BE-FDG-PET regarding therapeutic response and outcome after systemic chemo-
therapy in 96 patients with advanced lung cancer [35]. Metabolic response and
SUV,.x in BF-FAMT-PET after one cycle of systemic chemotherapy were signifi-
cantly associated with the response according to the Response Evaluation Criteria
in Solid Tumors (RECIST) and metabolic response in *F-FAMT PET was an inde-
pendent prognostic factor after one cycle of the first-line chemotherapy [35].
Therefore, 'SF-FAMT PET may be a useful radiographic modality for immune
monitoring to predict ICI efficacy. Although 'F-FAMT PET is an exploratory imag-
ing modality, the relationship between PD-L1 expression and "*F-FAMT accumula-
tion within tumor cells requires further study. Moreover, further investigation is
warranted to elucidate the biological association of PD-L1 with the upregulation of
amino acid metabolism such as LAT1 within cancer cells.
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2.3 Conclusion

BE-FDG-PET is a useful modality for cancer diagnosis; moreover, its role will
expand to therapeutic monitoring of cancer chemotherapy. While clinical data
regarding the association between ICI treatment and glucose metabolism deter-
mined by 8F-FDG uptake is immature, the clinical significance of therapeutic mon-
itoring of the efficacy of ICI treatment by *F-FDG-PET in patients with lung cancer
is expected to increase.

Key Points

e BE-FDG-PET is identified as a significant therapeutic monitoring on the molecu-
lar target agents, angiogenetic inhibitors, and immune checkpoint inhibitors in
lung cancer patients.

e There are close relationship between 'F-FDG uptake and PD-L1 expression
within tumor cells.

e The changes in F-FDG uptake were closely associated with an early response
to immune checkpoint inhibitors in lung cancer.
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F-18 FDG PET Tests in Breast Cancer

Rikako Hashimoto, Sadako Akashi-Tanaka, and Seigo Nakamura

Abbreviations

CT Computed tomography (CT)
DM Distant metastasis

ER Estrogen receptor

FDG Fluorodeoxyglucose

HER2 Human epithelial growth factor receptor 2
MG Mammography (MG)

MRI Magnetic resonance imaging
NAC Neoadjuvant chemotherapy
PET Positron emission tomography
PgR Progesterone receptor

SUv Standardized uptake value

SUVmax Maximum SUV

3.1 Introduction

Breast cancer is the highest morbidity among women in the world. In Japan, it is
also the highest morbidity rates. That age-specific morbidity trend peaked at 45-49,
thereafter decreased with age in 2000-2010 [1]. The age-specific breast cancer mor-
tality recently decreased older than 50s. The reasons of breast cancer mortality
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change may be improvement of diagnostic imaging modality and development of
medications (endocrine therapy, chemotherapy, and molecular target drugs).

Perou et al. [2] have characterized gene expression profiling of breast cancer
using cDNA microarray (gene expression profiling; GEP) and reported intrinsic
subtypes classification based on GEP. Tumor morphology, proliferative ability,
recurrence risk, and drug sensitivity differ among intrinsic subtypes. In recent years,
alternative classification of intrinsic subtypes is defined using immunohistological
definition and clinically it is widely used [3-5]. F-18 fluorodeoxyglucose positron
emission tomography (FDG PET) can quantitatively assess and make an image mir-
roring tumor glucose metabolism as tumor activity differences among intrinsic
subtype.

In this issue, We reviewed the positioning of FDG PET, dbPET, and some other
possible radiopharmaceuticals in the management of breast cancer.

3.1.1 FDG Uptake Trend
3.1.1.1 FDG Uptake Trend of Normal or Benign Breast Tissue

On FDG PET, breast cancer with overexpression of the glucose transporter tends to
show a high FDG uptake than normal mammary gland. On the other hand, when we
read FDG PET images, it is very important to consider accumulation in normal
mammary glands. The accumulation in normal mammary gland depends on the
changes of their environments such as hormone status, age, and menstrual cycle.
Individual differences in the concentration of normal mammary gland and benign
changes associated with lactation and mastopathy also affect mammary uptake of
FDG. Kumar et al. [6] reported on normal mammary gland, dense breast apparently
showing higher FDG uptake (SUVs peak and average) compared to non-dense
breast (P = 0.003 and 0.003, respectively). In the study, reported by Lin C. Y. et al.
[7], there was no high-level FDG uptake in the normal breast tissues in menopause
women without using exogenous hormones and in proliferative phase women the
intensity of FDG uptake significantly correlated with normal breast tissues and
menstrual cycle (P < 0.001). Moreover, lactating mammary gland takes signifi-
cantly high FDG uptake because of the changes in hormone levels, development of
mammary gland tissue with edema and inflammation [8]. About 60% of women
have fibrocystic change in the breast, this would be assumed as change with estro-
gen and progesterone levels. Fibrocystic change is classified as non-proliferative
lesions (fibrosis, fluid-filled cysts, apocrine metaplasia of the ductal epithelium, and
adenoma) and proliferative adenosis (sclerosing adenosis, ductal epithelial hyper-
plasia, lobular epithelial hyperplasia) on pathological findings [9]. According to
Tateishi U et al. [10], diffuse FDG accumulation in the background mammary gland
is associated with fibrocystic change on FDG PET/CT. Litmanovich D et al. [11]
analyzed 4038 women who underwent FDG PET/CT. In this study, 33 (0.82%)
patients had unexpected FDG accumulation in the breast, 17 of 30 patients were
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diagnosed with breast cancer, and 13 with benign; there was a borderline statisti-
cally significant difference in FDG uptake between malignant (3.13 +/— 2.25) and
benign (1.85 +/— 1.18) lesions (p = 0.05).

3.1.1.2 The Association Between FDG Uptake and Histology or
Prognostic Factors

First, breast cancer is classified into noninvasive cancer and invasive cancer. Second,
histological type of invasive breast cancer is classified into invasive ductal carci-
noma (53-75%), invasive lobular carcinoma (5-16%), and special types of invasive
breast cancer [12—14]. FDG PET has high sensitivity and specificity for the detec-
tion of malignant lesions.

According to a meta-analysis on 13 published articles evaluating whole-body
FDG PET and breast cancer detection performed by Samson et al. [15], FDG PET
was 88% sensitive and 80% specific for breast cancer. False-negative detection by
FDG PET and PET/CT is related to smaller size, histologic low-growing and well-
differentiated histologic types; moreover, FDG uptake (SUVmax) is significantly
correlated with pathological and immunohistological factors [16-21] (Table 3.1).
However, due to the limited spatial resolution of PET, most of the breast tumors
smaller than 10 mm are usually missed by PET. The PET/CT has spatial resolutions
of approximately 4 mm [22]. Kumar and colleagues [23] showed a sensitivity of
23% in primary breast cancers, smaller than 10 mm.

Generally, invasive lobular carcinoma (ILC) shows lower sensitivity and
SUVmax than invasive ductal carcinoma (IDC) on FDG PET or PET/CT [16-18,
24-26]. The reasons are caused by histopathological features such as diffuse scat-
tering growth patterns, lower tumor cellularity, low glucose transporter 1 (GLUT-1)
expression, and low proliferation rate [18, 27, 28].

One retrospective study by Molly P. H. et al. [29] compared the upstage rates by
FDG PET and PET/CT between ILC (n = 88) and IDC (n = 89) of Stage III. The
relative risk of PET/CT revealing unsuspected distant metastases in stage III IDC
patients was 1.98 times (95% confidence interval, 0.98-3.98, P = 0.049) higher than
ILC patients.

Poor prognostic factors including larger (22 cm) tumor size, negative estrogen
receptor (ER), negative progesterone receptor (PgR), higher Ki67, and high histo-
logical grade are correlated with high-level SUVmax [16-21].

HER?2 positive is known as one of the poor prognostic factors. However, HER2
positivity was not correlated with high SUVmax [16, 17, 20, 21] except for one
analysis [18]. Higuchi et al. [30] analyzed the association between SUVmax and
immunohistological subtypes in the 387 breast cancer patients, retrospectively. In
this study, SUVmax of ER+/HER2+ (median: 5.15, 25-75 percentiles: 3.08-8.54,
p < 0.0001), ER—/HER2+ (4.36, 2.73-9.08, p = 0.0005), and ER—/HER2— (6.30,
3.59-8.22, p < 0.0001) were significantly higher compared with those of ER+/
HER2- (2.90, 1.70-5.10). In most of the studies, triple-negative breast cancer
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(ER—/HER2-) reported as showing highest SUVmax level compared with the other
subtypes [16, 21, 24, 31-34].

3.1.2 Staging and Detection of Distant Metastases
3.1.2.1 Locoregional Staging with FDG PET or PET/CT

Breast cancer metastasizes in the ipsilateral axillary lymph nodes as a first site.
Evaluation of the axillary lymph node before surgery is definitely diagnosed by
performing cytology if the metastasis is suspected by US and CT. About 30% of
cases diagnosed as cNO by US or CT changes positive when sentinel lymph node
biopsy (SNB) is performed [35]. Diagnostic performance for axillary lymph node
metastasis by FDG PET and PET/CT tends to be lower sensitive and higher speci-
ficity. In the systematic review for assessment of axillary lymph node status in early
breast cancer on FDG PET, Cooper et al. [36] reported that across 26 studies
(n = 2591 patients), the mean sensitivity was 63% (95% confidence interval (CI):
52-74%; range 20-100%) and mean specificity was 94% (95% CI: 91-96%; range
75-100%). Mean sensitivity was 11% (5-22%) for micro-metastases (X2 mm; five
studies; n = 63) and 57% (47-66%) for macro-metastases (>2 mm; four studies;
n = 111). Clinical N3 diagnosis (infra- or supraclavicular and internal mammary
nodes) is very important for operable patients because it is strongly related to the
treatment procedure and the determination of radiation area. Groheux [37] reported
that 8F-FDG PET/CT confirmed N3 nodal involvement in stage 3C patients and
revealed 32% unsuspected N3 in 117 local advanced breast cancer patients; there-
fore, they had lymph node dissection and radiation fields were adapted on the basis
of the PET/CT results.

3.1.2.2 Role of Staging with FDG PET or PET/CT

Routine systemic staging is not indicated for early breast cancer in absence of
symptoms. When signs or symptoms exist in operative breast cancer patient (within
stage3C), the staging is directed to add conventional modalities (CT, MRI, US,
chest X-P, bone scan), and using PET/CT is optional and limited by National
Comprehensive Cancer Network (NCCN) guidelines (Table 3.2) [38]. In the study
by Bonner ME and colleagues [39], median sensitivity/specificity for distant metas-
tasis were 78.0%/91.4% with combined conventional imaging, bone scintigraphy
98.0%/93.5%, chest X-ray 100%/97.9%, liver ultrasound 100%/96.7%, CT chest/
abdomen 100%/93.1%, FDG PET 100.0%/96.5%, FDG PET/CT 100%/98.1%,
respectively. From those results, FDG PET and PET/CT is sufficiently useful if they
are used for distant metastasis diagnosis.

In early operable breast cancer patients, there are certain cases diagnosed as dis-
tant metastasis unexpectedly by systemic staging tests [40-43] (Table 3.3).
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Table 3.2 Recommended systemic imaging tests to evaluate distant metastasis for breast cancer
patients (Modified from National Comprehensive Cancer Network (NCCN) guidelines)

Recommended systemic imaging tests to evaluate distant metastasis

Preoperative workup
(initial clinical
stagel-3)

Consider additional studies only if directed by signs or symptoms

e Chest diagnostic CT with contrast (if pulmonary symptoms present)

e Abdominal + pelvic diagnostic CT with contrast or MRI with contrast
indicated if elevated alkaline phosphatase, abnormal liver function
tests, abdominal symptoms or abdominal physical examination of the
abdomen or pelvis

¢ Bone scan indicate if localized bone pain or elevated alkaline

phosphatase or sodium fluoride PET/CT (category 2B)

¢ FDG PET/CT*" (optional)

Recurrent or stage 4

e Chest diagnostic CT with contrast

Abdominal+pelvic diagnostic CT with contrast or MRI with contrast
¢ Bone scan or sodium fluoride PET/CT* (category 2B)
¢ Spine MRI, brain MRI with contrast if suspicious, symptoms.
e FDG PET/CT"" (optional)

*FDG PET/CT is not indicated in the staging of clinical stage I, II or operable stage III breast can-
cer. FDG PET/CT is most helpful in situations where standard staging studies are equivocal or
suspicious, especially in the setting of locally advanced or metastatic disease
"FDG PET/CT may also be helpful in identifying unsuspected regional nodal disease and/or distant
metastases in locally advanced breast cancer when used in addition to standard staging studies

‘If FDG PET/CT is performed and clearly indicates bone metastasis, on both the PET and CT
component, bone scan or sodium fluoride PET/CT may not be needed

Table 3.3 Upstaged rates to stage 4 by PET/CT in operable breast cancer patients

Initial stage

Total upstaged
Stagel | Stage2A | Stage2B | Stage3A | Stage3B | Stage3C | rates to stage 4
Riedl et al. 2014 5% 5% 17% 31% 50% 50% 14.9%
[40] (1720) | (2/44) | (8/47) | (4/13) | (4/8) (172) (20/134)
n =134 (only
younger than 40 y)
Ulaner et al. 2016 | 0% 5% 15% 17% 57% 33% 12.9%
[41] (0/23) | (4/82) | (13/87) | (4/23) | (8/14) |(1/3) (30/232)
n =232 (only TN
breast cnacer)
Caballero Ontanaya |[N/R | 2.3% 10.7% | 17.5% 36.5% |47.1% | 20.8%
et al. 2012 [42] (1/44) (6/56) | (11/63) | (27/74) |(8/17) | (53/254)
n =254
Yararbas et al. 2018 | 0% 18.6% 303% 463% |68.8% 20.8% |27.3%
[66] 0/3) | (7/143) | (18/66) | (24/82) |(10/16) |(5/24) | (64/234)
n=234
David et al. 2011 N/R |2.8% 8.3% 21.3% | N/R N/R 11.4%
[43] (1/736) | (4/48) | (10/47) (14/131)
n=131

N/R Not reported
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According to the studies, 8-30% breast cancer patients in stage 2B were revealed
distant metastasis by PET/CT. If operable early breast cancer patients upstage to
stage 4, the management of treatment will be modified.

Gnerlich et al. [44] reported that younger women (younger than 40 years of age)
diagnosed with early-stage breast cancer had higher breast cancer mortality rate
compared with older women, stage 1 (adjusted HR (aHR) = 1.44; CI: 1.27-1.64),
stage 2 (aHR = 1.09; CI: 1.03-1.15), and stage 4 disease (aHR = 0.85; CI:
0.76-0.95). Riedl CC and colleagues [40] reported on asymptomatic breast cancer
patients younger than 40 years of age, PET/CT revealed distant metastases in 17%
of asymptomatic stage IIB. According to this study, the systemic staging for
asymptomatic younger patients with early breast cancer would be more important
than older patients.

Breast cancer subtypes are strongly correlated to prognosis and high-grade breast
cancer, even if they are in early stage, require accurate staging and qualified treat-
ment options. Jones et al. [45] reported that 10-year outcomes differed by breast
cancer subtype, with early-stage (stagel and 2) TN and HER?2 subtypes having the
worse overall, disease-free and distant metastasis-free survival. In the study by
Ulaner GA and colleagues [41], 15% (n = 13/87) initial stage 2B triple-negative
breast cancer patients revealed distant metastasis by PET/CT, and they have signifi-
cantly shorter survival compared to initial stage 2B patients not upstaged (3 years
Kaplan Meier estimate 33%, 95% CI: 13-55 vs. 97%, CI: 76-93, p < 0.0001).

3.1.3 Evaluation for Recurrence and Follow-Up

For postoperative breast cancer patients, there is no significant difference in survival
rate and recurrence-free survival rate between only MMG and intensive follow-up
using conventional imaging (US, CT, MRI). Moreover, no significant difference
was found in subgroup analysis according to age, tumor diameter, and lymph node
metastasis status [46]. In meta-analysis including 12 studies, 5045 patients [47],
pooling data showed 40% of isolated locoregional recurrences diagnosed during
routine visits or routine tests in asymptomatic patients (95% CI: 35-45). Even if
distant metastasis or relapse is detected in very early stage, very few patients will be
cured, unfortunately [48]. Cochet et al. [49] reported that 30 (21%) of 142 preopera-
tive patients were upstaged by PET/CT, including 12 (8%) from stage II or III to
stage IV. On the other hand, 23 patients (16%) were downstaged by PET/CT, includ-
ing 4 (3%) from stage IV to stage II or III.

Among distant metastasis of breast cancer, bone metastasis is the most fre-
quent in metastatic organs of breast cancer. Accurate diagnosis and monitoring for
bone metastasis is important to decrease the risk of fracture and loss of quality of
life due to pain. There are osteoblastic and osteolytic changes in breast cancer
bone metastasis. Conventionally, screening of bone metastases has used bone scan
(BS) with * ™Tc-methylene bisphosphonate. Bone scintigraphy relies on the
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osteoblastic response to bone destruction by cancer cells. Moreover, benign pro-
cesses (such as osteoarthritis, fractures, and degenerative changes) may lead to a
high false-positive rate and decrease the specificity of BS [50]. FDG PET can
detect both osteoblastic and osteolytic change [51]. In the meta-analysis across
seven studies (668 patients) [52], sensitivity and specificity for detection of bone
metastases in breast cancer patients of PET/CT were 93% (95% CI: 82-98%) and
99% (95% CI: 95-100%), and that of bone scintigraphy were 81% (95% CI:
58-93%) and 96% (95% CI: 76—100%), respectively. In addition to lesion detec-
tion and staging, it is feasible to quantify skeletal tumor burden using FDG PET
[53, 54]. Ana et al. [53] reported that skeletal tumor burden was significantly and
independently associated with overall survival (p < 0.0001) and progression-free
survival (p < 0.0001).

3.1.4 Breast PET

Dedicated breast PET (dbPET) scans were included in the Japanese medical
insurance coverage from July 2013 under the combination with whole-body PET
on the same day. dbPET scanners are classified into two types: Opposing detector
type and ring-shaped detector type. The former is positron emission tomography
(PEM) and the latter is tomographic technique performed with ring-shaped scan-
ner. Furthermore, ring-shaped detectors are classified into two basic types:
C-shaped type and O-shaped type. The PEM compresses the breast like X-ray
mammography and it is possible to obtain multiple plane slices with a mobile
detector. On the other hand, with the newly developed ring-shaped scanner with
arranged detectors circumferentially, it is possible to image the breast in the sit-
ting position or supine position, comparable to the tomographic images of MRI
and create MIP images.

The dbPET has shown higher sensitivity than whole-body PET, especially small
tumors less than 10 mm and noninvasive lesions. Nishimatsu et al. [55] reported a
study comparing of sensitivity and specificity of dbPET and whole-body PET/CT
for a total of 179 histologically proven breast cancer lesions. In the study, lesion-
based sensitivity of dbPET and whole-body PET/CT were 92% and 88%, respec-
tively (p =0.06). SUVmax mean of dbPET and whole-body PET/CT were 13.0+9.7
and 6.4 + 4.8, respectively (p < 0.0001). Raylman and colleagues [56] performed
Positron emission mammography-guided breast biopsy and reported its potential
for guiding the biopsy of breast lesions optimally detected with PEM. We studied
the sensitivity and utility of preoperative breast cancer patient with O type ring-
shaped detector (Elmammo®) (Fig. 3.1). The image mirrored the pathological inva-
sive and ductal component.
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Fig. 3.1 Comparison between FDG uptake of each FDG PET, PET/MRI, and dbPET. 60-year-old
woman with Lt. invasive ductal carcinoma. (a, a’) dbPET (Elmammo®) and imaging: Multiple
FDG hot spots in lower bottom area from nipple to peripheral site (SUVmax5.81). (b, ¢) Whole-
body FDG PET and FDG PET/MRI: Lower FDG hot spot in Lt breast (SUVmax 1.8). (d)
Pathological findings: invasive ductal carcinoma (Red: 1.5 cm invasive lesion, Green: 4.5 cm duc-
tal carcinoma in situ) ER90%, PgR30%, HER2 1+, Ki67 20%. Source: Hashimoto R. et al. The
usefulness and future aspect of Dedicated Breast Positron Emission Tomography in the clinical
settings. Shiniryo 2016, 43(11), 33
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3.1.5 Evaluation of Treatment Response
3.1.5.1 Evaluation of Neoadjuvant Setting

There are mainly two purposes of neoadjuvant chemotherapy (NAC) for breast can-
cer patients. First, it is to reduce the tumor volume and to increase the chance of
breast-conserving surgery. The second is to enable to have surgery for inoperable
patients by downstage as well as the improvement of long-term prognosis.

Breast cancer patients who achieved pathological complete response (pCR) after
NAC have better prognosis than those with non-pCR. Moreover, if we can diagnose
precisely pCR after NAC, they could avoid surgery in the future.

In a meta-analysis by Chen et al. [57], for PET/CT and breast MRI, the pooled
sensitivity was 87% (95% CI: 71-95%) and 79% (95% CI: 68-87%), respectively.
The diagnostic performance of PET/CT is similar to that of MRI for the assessment
of breast cancer response to NAC.

Sometimes, it is difficult to evaluate accurately pCR or non-pCR by imaging, due
to pathological changes with the response to chemotherapy, including inflamma-
tion, fibrosis, and edema in tumor. Breast MRI has been generally used to assess the
response to NAC.

3.1.5.2 Early Evaluation of Response to NAC

The optimal parameters for evaluating response to NAC have not been determined
yet and varied among subtypes. SUVmax, SUVmean, SUVpeak, metabolic tumor
volume (MTV), and total lesion glycolysis (TLG) have been used as the imaging
parameters of PET/CT for NAC. Groheux et al. [58] reported that the mean
change in SUVmax (ASUVmax) after two cycles of NAC in triple-negative breast
cancer was 72% in patients who achieved PCR vs. 42% in patients who did not
(P < 0.0001). There was no significant difference in the evaluation parameter’s
AUC (AUC for ASUVmax vs. ASUVpeak). In HER2-positive phenotype, abso-
lute SUVmax (or SUVpeak) values at PET imaging after two cycles of chemo-
therapy (AUC for each cycle, 0.93) were better correlated with pCR than
ASUVmax (AUC, 0.78; P =0.11) or ATLG (AUC, 0.62; P = 0.005). Cheng et al.
[59] showed similar results in the HER2-positive group, ASUV could predict
neither overall nor ALN pCR. Hence, the ASUV after two cycles of neoadjuvant
therapy could predict pCR in HER2-negative patients treated with Cytotoxic
NAC alone.

PET/CT has superior specificity to MRI [94% (95% CI: 78-98%) vs. 83% (95%
CI: 81-87%), respectively, p = 0.015]. When the second imaging scan is performed
before three cycles of NAC, PET/CT is similar or more sensitive than MRI and
more specific [57, 60]. In recent years, several clinical trials with response guided
design using the early evaluation of FDG PET have been attempted (Table 3.4). In
the AVATAXHER trial [61], patients with HER2-positive breast cancer who received
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neoadjuvant trastuzumab plus docetaxel scanned PET/CT after two cycle. When
ASUV is less than 70%, which means low likelihood of achieving pCR, patients
were randomized to receive two more cycles of the same regimen or to receive add-
ing bevacizumab. As a result, adding bevacizumab rose pCR rate from 24.0 to
42.5% of the same regimen group. This means early evaluation of response using
FDG PET is effective to reach higher pCR rates by optimizing regimen in
breast cancer.

Early prediction of monitoring the response to chemotherapy or endocrine ther-
apy is important for optimal management by improving the ability to individual
therapies, such as avoiding ineffective chemotherapy or additional effective one in
nonresponding patients [62].

3.1.5.3 Other Promising Tracers for Breast Cancer

In recent years, various tracers such as "*F-fluoro-L thymidine (FLT), 160—:'°F-
fluoro-17p-estradiol (FES), and *Cu-DOTA-trastuzumab have been developed for
specific molecular targets in breast cancer [63]. Although approximately 70% of
breast cancers are hormone receptor positive, not every HR-positive tumor respond
to endocrine therapy. FES was developed as a receptor ligand for ER [64]. FES PET
can reflect ER status. There is a report suggesting the usefulness of FES-dbPET in
evaluating the neoadjuvant endocrine treatment [65]. FES PET and these new trac-
ers would predict the response to each therapy and could advance personalized
treatment.

Summary and Key Points
We overviewed the important roles of FDG PET in current clinical breast oncology
in this chapter. We have described the roles and features of FDG PET in each of the
clinical settings that are diagnosis, staging, recurrence assessment, evaluation for
response to chemotherapy, and prognosis prediction.

The following are key points to understand the contents of this review.

* FDG uptake trend of normal, benign breast tissue and histological factors of
breast cancer.

* The roles of FDG PET for breast cancer patients are as follows: (1) locoregional
or systemic staging, (2) Dedicated breast PET, (3) evaluation for recurrence and
follow-up, and (4) evaluation of therapeutic effects.

* Routine systemic staging is not indicated for early breast cancer in the absence
of symptoms. However high-grade breast cancer subtypes such as triple-negative
or HER?2 are required accurate staging and qualified treatment options, even if
they are in early stage.

e Dedicated breast PET has been developed to find small tumors less than 10 mm
and noninvasive lesions and shown higher sensitivity than whole-body PET.

* In japan, evaluation of therapeutic effects of breast cancer is not covered with
Japanese public health insurance. However, achieving pathological complete
response after neoadjuvant chemotherapy shows better prognosis than non-



3

F-18 FDG PET Tests in Breast Cancer 47

pCR. Therefore, in recent years, several clinical trials with response guided
design using the early evaluation of FDG PET have been attempted and various
tracers have been developed for specific molecular targets in breast cancer.
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Chapter 4
F-18 FDG PET Tests in Head and
Neck Cancer

Masahiro Kikuchi

4.1 FDG PET/CT for HNSCC
4.1.1 Utility During Initial Staging
4.1.1.1 T Staging

For T staging, contrast-enhanced magnetic resonance imaging (MRI) or CT is gen-
erally preferred over FDG PET/CT because the resolution of the latter is relatively
poor. However, PET/CT is superior in the detection of bone invasion. Li et al.
reported that the mean sensitivity and specificity of PET/CT for the detection of
mandibular invasion were 83% and 90%, respectively [1]. Therefore, PET/CT is
more useful than MRI or CT for T stage assessment in cases of oral/oropharyngeal
carcinoma with clinically suspected mandibular invasion. Moreover, hybrid PET/
MRI or fused PET/MRI may be superior to PET/CT because of lesser influence
from dental artifacts [2] (Fig. 4.1a).

4.1.1.2 N Staging

PET/CT is useful for clinical N staging [3, 4], with a meta-analysis [4] showing
sensitivity and specificity values of 79% [95% confidence interval (CI): 72-85%]
and 86% (95% CI: 83-89%), respectively.

However, the detection of occult lymph node (LN) metastasis by PET/CT
remains a diagnostic challenge in clinically node-negative (cNO) cases of HNSCC
subjected to clinical examinations such as neck palpation, CT, MRI, and
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PET/CT

Fig. 4.1 Initial staging of head and neck cancer using PET/CT. (a) An 85-year-old woman with a
right lower gingival SCC (UICC eighth edition: cT4aN1MO0). Contrast-enhanced MRI (left), PET/
CT (second left), PET (second right), and CT (right). PET/CT clearly shows the tumor which
invades into the mandible (orange arrow). (b) A 62-year-old man with a p16-positive oropharyngeal
SCC involving the left tonsil. Contrast-enhanced CT (left), contrast-enhanced MRI (middle), and
PET/CT (right) were performed. Retropharyngeal node metastasis on the left side (blue arrow) is
most clearly identified by PET/CT, followed by MRI and CT. (¢) A 79-year-old woman with a left
tongue SCC (UICC eighth edition: cT4aN2bMO0). Contrast-enhanced MRI (left), PET/CT (second
left), PET (second right), and CT (right). A lateral lingual lymph node on the left side (yellow arrow)
is not detected by contrast-enhanced MRI, while it is clearly identified by PET/CT. (d) A 52-year-
old man with a left p16 positive oropharyngeal SCC (UICC eighth edition: cTIN2MO). Contrast-
enhanced CT (left), PET/CT (second left), PET (second right), and CT (right). The primary tumor
was in the left palatine tonsil (red arrow) with bilateral cervical lymph node metastases (arrowhead
and hollow arrowhead). Contrast-enhanced CT shows cystic lymph node metastasis on the right side
(arrowhead). This lymph node is not FDG-avid on PET/CT. In contrast, metastatic lymph node on
the left side (hollow arrowhead) is clearly identified by contrast-enhanced CT and PET/CT
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ultrasonography [5]. In a recently reported meta-analysis of 18 studies including
1044 patients with cNO HNSCC, the pooled sensitivity, specificity, positive predic-
tive value, and negative predictive value of PET or PET/CT for the detection of
occult cervical LN metastasis were 58% (95% CI. 42-72%), 87% (95% CI.:
79-92%), 62% (95% CI: 55-69%), and 83% (95% CI: 79-86%), respectively [6].
Thus, the sensitivity was low while the specificity was moderate. The authors sug-
gested that elective neck dissection should be considered when the pretest probabil-
ity of LN metastasis is 30% because the posttest probability would be as high as
87% as per the level analysis [6]. In a recently reported prospective, nonrandom-
ized, multicenter cohort study of PET/CT performed for 212 patients with clinical
T2-T4NO HNSCC (oral cavity, oropharynx, and larynx), the sensitivity, specificity,
positive predictive value, and negative predictive value specific to visual assess-
ments for the clinical NO sides were 75%, 64%, 56%, and 87%, respectively [7].
The authors suggested that PET/CT may assist the clinician in making decisions
about the optimal treatment for clinically NO neck (elective neck dissection or
observation) in HNSCC [7].

In addition, PET/CT is extremely useful for the detection of retropharyngeal
LNs [8] or lingual LNs [9], which are located outside the boundaries of routine
neck dissections (Figs. 4.1b,c). The most common primary tumor site associated
with retropharyngeal LN metastasis is the nasopharynx, followed by the posterior
pharyngeal wall. Lingual LN metastases mostly originate from tumors in the
oral cavity.

Clinicians should note that necrotic LNs are occasionally overlooked by PET/CT
because of the lack of FDG uptake by the necrotic tissue. Oropharyngeal carcinoma
with HPV positivity has been proposed as an additional factor for cystic/necrotic
LN transformation [10] (Fig. 4.1d), and contrast-enhanced PET/CT may be better
than nonenhanced PET/CT for the detection of cystic LN metastasis in such
cases [11].

4.1.1.3 M Staging

The lung is the most frequent site of distant metastasis (approximately 70% cases),
followed by the bone and liver [12]. The incidence of brain metastases is only 0.4%;
however, it can increase to 2—8% if distant metastases are already present at other
sites [13].

In a meta-analysis of 12 studies involving the use of PET/CT for the detection of
distant metastasis and second primary cancers before and after treatment in patients
with HNSCC, the pooled sensitivity and specificity values were 89% (95% CI:
80-95%) and 93% (95% CI: 91-95%), respectively [14]. Subgroup analysis showed
similar pooled estimates for initial staging and restaging.

PET/CT is also useful for the diagnosis of pulmonary nodules; however, it should
be noted that small lung nodules measuring <1 cm are often non-FDG-avid and can
result in false-negative findings [15].
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4.1.2 Utility for the Diagnosis of Primary Unknown
Carcinoma with Cervical Node Metastasis

The term HNSCC of unknown primary (HNSCCUP) is used for cases of HNSCC
with cervical node metastasis where the primary site cannot be identified after ini-
tial clinical evaluation. It accounts for 2—10% of all presenting HNSCCs [16].

PET/CT is highly recommended for the identification of the primary site in
HNSCCUP [17]. In a meta-analysis of seven studies with 246 cases of HNSCCUP
subjected to PET/CT for the detection of primary sites, the primary tumor detection
rate and the sensitivity and specificity of PET/CT were 44% (95% CI: 31-58%),
97% (95% CI: 63-99%), and 68% (95% CI: 49-83%), respectively [18].

In patients whose primary sites are not initially detected but finally known, the
most common primary site is the tonsil (lateral tonsil or base of tongue), which is
associated with HPV infection (Figs. 4.2a, b). HPV is occasionally detected in met-
astatic cervical LNs; the expression of its surrogate marker p16 in metastatic cervi-
cal LNs can help in the identification of oropharyngeal primary lesions in patients
with HNSCCUP [19]. In a systematic review of 14 studies including 416 patients
with HNSCCUP who underwent palatine tonsillectomies, occult tonsillar malig-
nancies were identified in 34% patients [20]. Among these, 89% lesions were ipsi-
lateral, 1% were contralateral, and 10% were synchronous bilateral. Therefore,
bilateral palatine tonsillectomy is recommended for the identification of the primary
lesion. Other primary sites include the hypopharynx (Fig. 4.2c) and nasopharynx.
Confirmation by panendoscopy and biopsy after PET/CT is of utmost impor-
tance [16].

4.1.3 Utility for the Detection of Recurrence
4.1.3.1 Early Detection of Recurrence and Superiority to CT and MRI

Despite aggressive treatment, the locoregional recurrence rate is as high as 45%
[21], and most recurrences develop within the first 2 years after treatment [22]. The
prognosis of patients with recurrent HNSCC is poor, with a median survival dura-
tion of <1 year [23]; however, the average 5-year survival rate was found to be 39%
if salvage surgery was successfully performed for the recurrence [24]. Thus, early
detection of recurrent lesions is important because it may improve the curative sal-
vage treatment [25]. PET/CT is beneficial for the early detection of recurrence and
can facilitate appropriate salvage treatments for recurrences [26].

Furthermore, PET/CT is superior to CT or MRI in the detection of recurrent lesions
[3]. In a meta-analysis of 1195 patients with residual or recurrent HNSCC, the pooled
sensitivity and specificity of PET or PET/CT for the detection of residual or recurrent
disease at the primary site were 86% (95% CI: 80-91%) and 82% (95% CI: 79-85%),
respectively. These values were 72% (95% CI: 63—80%) and 88% (95% CI: 85-91%),
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Fig. 4.2 Detection of the unknown primary tumor in cases of head and neck squamous cell carci-
noma of unknown primary (HNSCCUP) using FDG PET/CT. (a) A 55-year-old man with a left
cervical lymph node metastasis from SCC. The left palatine tonsil is not swollen (blue arrowhead).
In PET/CT, FDG accumulation is more intense in the left palatine tonsil than in the right one (blue
arrow). The patient underwent tonsillectomy, and histopathological analyses revealed a pl16-
positive oropharyngeal SCC (3 mm). (b) A 65-year-old man with a left cervical lymph node metas-
tasis from SCC. A fiberscope shows a slightly swollen base of tongue on the left side (yellow
arrowheads), with equivocal findings for malignancy. In contrast, PET/CT shows apparent FDG
uptake at the base of tongue. Subsequent biopsy revealed a p16-positive oropharyngeal SCC. (¢) A
65-year-old man with multiple left cervical LN metastases from SCC. A fiberscope shows no
abnormal findings in the laryngopharyngeal regions. PET/CT shows the primary tumor in the left
pyriform sinus (red arrow). Subsequent biopsy of the correspondent area (red arrowhead) revealed
a hypopharyngeal SCC
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respectively, for residual and recurrent neck disease and 85% (95% CI: 65-96%) and
95% (95% CI: 90-98%), respectively, for distant metastases [27].

4.1.3.2 Recurrence After Surgery

Clinical follow-up after surgery for HNSCC is difficult, particularly if the surgery
involves defect reconstruction using regional or free tissue transfer [28]. Moreover,
treatment-related anatomical changes complicate accurate CT or MRI assessments.
PET/CT is the most reliable tool for locoregional surveillance after surgery with or
without reconstruction (Fig. 4.3a).

4.1.3.3 Perineural Tumor Spread (PNTS)

Head and neck malignancies, including adenoid cystic carcinoma, salivary ductal
carcinoma, and HNSCC, can relapse along a cranial nerve (V1, V2, V3, VII, XII,
etc.) extending from the primary tumor; this is known as PNTS and associated with
poor outcomes. The early detection of PNTS is important for patient management.
Although MRI is the most sensitive imaging tool for the detection of PNTS, recent
studies have investigated the role of PET/CT [29, 30] (Fig. 4.3b). It was found that
the detection of PNTS at the skull base using PET/CT can be difficult because of
high physiological FDG uptake in the nearby brain tissue. However, coronal PET/
CT may be helpful for the detection of PNTS (Fig. 4.3c).

4.1.3.4 Follow-Up PET/CT for Patients Without Clinical Symptoms

Surveillance PET/CT can detect subclinical lesions in 5-36% patients without
symptoms after definitive therapy [31-33]. The optimal timing for the initial sur-
veillance PET/CT procedure after treatment appears to be 3—6 months; this maxi-
mizes the time for the resolution of inflammation and identifies the need for salvage
treatment as early as possible [34]. Further studies evaluating the cost-effectiveness
of surveillance PET/CT and its efficacy in terms of survival are necessary [34].

4.1.4 Utility for Assessment of the Response to Radiotherapy
4.1.4.1 Detection of Residual Lymph Nodes After Radiotherapy

There is a general consensus that PET/CT should be performed at least 12 weeks
after radiotherapy, in accordance with the NCCN Clinical Practice Guidelines for
the detection of residual node disease in head and neck cancer [35]. This is because
early PET/CT performed <12 weeks after the completion of radiotherapy would
generate high false-positive rates caused by radiotherapy-induced inflammation
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Fig. 4.3 Detection of recurrence of head and neck cancer using FDG PET/CT. (a) An 84-year-old
woman with a right maxillary sinus squamous cell carcinoma (SCC). The patient underwent right
total maxillectomy with reconstruction using a free rectus abdominis myocutaneous flap. Follow-up
PET/CT at 8 months (left) shows local recurrence (yellow arrow). Contrast-enhanced MRI shows
equivocal findings (right). (b) An 81-year-old man with a left superior gingival SCC. The patient
underwent left partial maxillectomy without reconstruction. Follow-up PET/CT at 9 months (left)
reveals perineural spread of a recurrent tumor along the left inferior orbital nerve (blue arrow).
Contrast-enhanced MRI (right) also clearly identifies the perineural spread. (¢) A 49-year-old
woman with a right parotid gland adenocarcinoma not otherwise specified. The patient underwent
right total parotidectomy. Follow-up PET/CT at 4 months reveals perineural spread of a recurrent
tumor along the right mandibular nerve (V3) beneath the foramen ovale (red arrow). The tumor is
located near the brain, where there is high physiological FDG uptake; however, coronal PET/CT
images can clearly identify the lesion
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Fig. 4.3 (continued)

[36-38]. In a meta-analysis of 1293 patients with HNSCC who received radiother-
apy with or without chemotherapy and underwent PET/CT for residual neck disease
within 6 months after treatment, the pooled sensitivity and specificity of PET/CT
were 72% (95% CI: 63—-80%) and 88% (95% CI: 85-91%), respectively [39]. In this
meta-analysis, HPV-positive tumors were associated with lower sensitivity and
specificity values than HPV-negative tumors and the authors suggested that PET/CT
may be less reliable in cases involving HPV-positive tumors than in those involving
HPV-negative tumors [39].

In a prospective, randomized controlled trial for assessing the noninferiority of
PET/CT-guided surveillance (performed 12 weeks after the end of chemoradiother-
apy) in HNSCC cases involving stage N2 or N3 disease, neck dissection was planned
or performed only if PET/CT showed an incomplete or equivocal response. The
authors found similar survival data for patients who underwent PET/CT-guided sur-
veillance and those who underwent planned neck dissection, which indicated that
PET/CT-guided surveillance was noninferior to planned neck dissection. Moreover,
it was equally effective in both HPV-positive and HPV-negative patient groups [40].

4.1.4.2 Detection of Residual Primary Lesions After Radiotherapy

There is no consensus regarding the optimal timing for PET/CT for the detection of
the residual primary lesions after definitive radiotherapy with or without chemo-
therapy. However, PET/CT is generally performed at least 12 weeks after therapy,
similar to the recommended timing for nodal assessment.

Laryngopharyngeal edema is a common side effect of radiotherapy for head and
neck cancer, particularly when the mean laryngopharyngeal dose is >50 Gy [41].
Fibrotic changes, lymphatic vessel blockade, exogenous stimulation, infection [42],
and increased thickening of the pharyngeal constrictors beneath the hypopharyngeal
mucosa [43] may induce persistent laryngopharyngeal edema, which can be difficult
to distinguish from a residual or recurrent tumor using a flexible rhino-pharyngo-
laryngo-fiberscope, CT, or MRI, particularly in cases involving especially laryngeal
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or hypopharyngeal cancer. In cases of HNSCC, PET/CT permits early and reliable
assessment of the response to radiotherapy, performing better than CT or MRI in this
regard [41, 44, 45]. However, false-positive PET findings at the primary site, par-
ticularly the larynx [44], are frequently observed because of persistent radiotherapy-
induced inflammation or mucositis [46]. Schoder et al. [45] suggested that PET/CT
should not be performed before 10-12 weeks after the completion of radiotherapy
because posttreatment inflammatory changes increase the false-positive rate during
this period. Small-volume residual disease may also escape detection on PET/CT,
increasing the false-negative rate during the first 4-8 weeks after the completion of
radiotherapy [47, 48]. Gupta et al. found that PET/CT identified residual disease at
a primary site (oropharynx, hypopharynx, and larynx) at a median of 9 weeks after
radiotherapy, with a sensitivity, specificity, positive predictive value, negative pre-
dictive value, and accuracy of 50%, 92%, 50%, 92%, and 86%, respectively [49].
Thus, the overall diagnostic accuracy of PET/CT for the detection of residual pri-
mary lesions after radiotherapy is good, although the sensitivity and positive predic-
tive value are relatively low. For patients with persistent laryngopharyngeal edema/
mucositis and those with a region of focal and/or asymmetrical high FDG uptake in
the primary lesion, biopsy should be performed to rule out local residual disease
even if other examinations do not show a residual tumor (Fig. 4.4).

4.1.5 Utility for the Prediction of Survival Outcomes and/or
Treatment Response

4.1.5.1 Prediction of Survival Outcomes

The maximum standardized uptake value (SUVmax) for the primary tumor is com-
monly used as a basis for the prognostic capacity of pretreatment PET/CT [50-53].
Two volume-based FDG parameters, namely the metabolic tumor volume (MTV)
and total lesion glycolysis (TLG), have been described as better diagnostic and
prognostic imaging biomarkers relative to SUVmax [54-59]. In two recently pub-
lished systematic reviews, tumors with high volumetric parameters were associated
with worse survival outcomes [60, 61].

Heterogeneity of FDG uptake may be another significant predictor of survival
[62-68] in patients with head and neck cancer.

4.1.5.2 Prediction of the Treatment Response
(Neoadjuvant Chemotherapy)

In the treatment of HNSCC, neoadjuvant chemotherapy (NAC) has not been associ-
ated with survival benefits [69]. Important roles of NAC include prediction of the
further response to subsequent radiotherapy and selection of patients for treatment
adaptation (i.e., radiotherapy or surgery). Conventional diagnostic imaging
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PET/CR

Fig. 4.4 All cases in a—d involved patients with hypopharyngeal SCC who underwent definitive
radiotherapy with or without chemotherapy. PET/CT and fiberscopy were performed 3 months
after the completion of therapy for evaluation of the treatment response. Moderate to intense FDG
accumulation suggesting the existence of a residual tumor (arrows) can be seen on PET/CT; how-
ever, apparent residual tumors cannot be observed during fiberscopy because of moderate to severe
laryngopharyngeal edema in each case (arrowheads). Cases a—c exhibit false-positive PET/CT
findings. In cases a and b, FDG shows diffuse accumulation in the postcricoid region [maximum
standardized uptake value (SUVmax), 6.1 and 3.8, respectively]. In case ¢, FDG shows focal accu-
mulation in the left pyriform sinus (SUVmax, 3.6). These false-positive findings were caused by
persistent radiation-induced mucositis. Only Case d shows true-positive findings on PET/
CT. Intense FDG accumulation (SUVmax, 9.9) can be observed in the left pyriform sinus around
the edematous laryngopharyngeal region, which shows diffuse/moderate FDG accumulation

modalities such as CT and MRI have been used for evaluation of the response to
NAC, and the Response Evaluation Criteria in Solid Tumors’ (RECIST) are widely
accepted for this purpose [70]. However, evaluation requires the completion of at
least two courses of chemotherapy [71], which is often time-consuming and leads
to heavy financial and physical burdens for nonresponders. Therefore, response
assessment should preferably be performed after only one cycle in order to avoid
further unnecessary chemotherapy and the associated adverse effects [71, 72]. In a
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Fig. 4.5 Prediction of the response to neoadjuvant chemotherapy (NAC) for head and neck cancer
using FDG PET/CT. A 75-year-old man with a right pyriform sinus squamous cell carcinoma
(UICC eighth edition: cT4aN2aMO0). The patient underwent fiberscopy, magnetic resonance imag-
ing (MRI), and FDG PET/CT before (a) and 3 weeks after (b) one cycle of NAC (the platinum
complex nedaplatin and the oral fluoropyrimidine derivate S-1). The arrowheads indicate a hypo-
pharyngeal tumor observed with the fiberscope. The arrows indicate the tumor on the contrast-
enhanced MR and PET/CT images. On MRI, the maximal diameter after NAC was almost
comparable with that before NAC, whereas the maximum standardized uptake value in PET/CT
showed a 79% decrease (from 21.7 to 4.5), indicating good response to NAC. The patient subse-
quently underwent definitive chemoradiotherapy and exhibited a complete response

systematic review [73], PET/CT allowed early evaluation of the NAC response and
predicted the survival outcomes. A decline of 30-35% in the standardized uptake
value (SUV) for the primary tumor is generally associated with a good outcome.
Although there is no gold standard for the scan timing, PET/CT is a promising tool
for early evaluation of the treatment response (even after one cycle) in patients
receiving NAC [71, 74-77] (Fig. 4.5).

4.1.5.3 Prediction of the Treatment Response (Radiotherapy)

In a systematic review of 52 studies involving 1623 patients who underwent
functional imaging, including PET/CT, within 4 weeks after the initiation of
(chemo)radiotherapy, it was found that early tumoral changes induced by the
treatment could be detected by PET/CT [78]. A low intra-treatment FDG uptake
(SUVmax and TLG) was predictive of not only locoregional control but also
overall survival. The optimal timing for PET/CT was 2-3 weeks after treatment
initiation.
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4.2 Clinical Pitfalls of FDG PET/CT

4.2.1 Physiological FDG Uptake in the Head and Neck

Physiological accumulation of FDG is commonly observed in several regions in the
head and neck, with the most common sites being the brain, external ocular muscle,
palatine tonsil, lingual tonsil, soft palate, salivary gland (sublingual gland > sub-
mandibular gland > parotid gland), and vocal cords [79]. Physiological uptake is
generally symmetrical, although asymmetrical uptake is occasionally observed. As
a result, differentiation of abnormal uptake from physiological uptake can be diffi-
cult in some cases.

4.2.2 PET/CT for Salivary Gland Tumors

A systematic review of 22 articles regarding PET/CT performed for patients with
salivary gland tumors suggested that PET/CT was not useful for discriminating
benign and malignant salivary gland tumors because of similar FDG uptake in both
conditions [80]. For example, Warthin’s tumor, which is the second most common
benign parotid gland tumor, generally exhibits high FDG uptake [81], whereas
intermediate-grade adenoid cystic carcinoma generally exhibits low FDG uptake. In
a meta-analysis of incidental FDG uptake in the parotid glands, increased uptake in
the salivary glands was more frequently observed in cases involving benign tumors
than in those involving malignant tumors [82].

With regard to staging or restaging, PET/CT can be used as a complementary
tool with conventional imaging for the detection of metastatic cervical LNs and
distant metastasis, particularly in cases involving high-grade malignancies.
However, there is no recommendation concerning the use of PET/CT for initial
staging and/or follow-up [80].

4.2.3 PET/CT for Thyroid Gland Tumors

PET/CT is not recommended for the evaluation of patients with newly detected
thyroid nodules [83]. Focal FDG uptake in the thyroid is incidentally detected in
1-2% patients, and fine needle aspiration cytology is recommended if the inciden-
taloma measures >1 cm.

Routine preoperative PET/CT is not recommended for differentiated thyroid
cancer (DTC) [83] because of low sensitivity for the detection of cervical LN metas-
tases (30-40%). In case of poor DTCs, PET/CT may be considered for initial
staging.
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In the postoperative setting, PET/CT should be considered for high-risk patients
with DTC who are treated by total thyroidectomy and exhibit an elevated serum
thyroglobulin level (>10 ng/mL) with negative findings in radioactive iodine (RAI)
imaging [83]. FDG uptake in metastatic DTC is a major negative predictor of the
response to RAI treatment and an independent prognostic factor for survival
[84, 85].

Summary and Key Points

In this chapter, the clinical utilities and pitfalls of FDG PET in patients with head
and neck cancer are overviewed. FDG PET is useful for staging, identification of
unknown primary tumors, early detection of recurrent lesion after definitive therapy,
early evaluation of chemotherapy/radiotherapy response, and prediction of survival
outcomes for patients with head and neck squamous cell carcinoma. In contrast,
FDG PET may not be recommended for the initial evaluation of patients with sali-
vary gland tumors or thyroid gland tumors.

The followings are key points to understand the contents of this review.

e For T staging, contrast-enhanced MRI or CT is generally preferred over
FDG PET.

» For N staging, FDG PET is useful but the sensitivity is low for the detection of
occult cervical lymph node (LN) metastasis. Moreover, clinicians should note
that necrotic/cystic LN metastasis is occasionally overlooked by FDG PET
because of the lack of FDG uptake. Human papillomavirus (HPV) related oro-
pharyngeal squamous cell carcinoma often produces necrotic/cystic LN
metastasis.

e FDG PET is extremely useful for the detection of retropharyngeal LN or lingual
LN, which are located outside the boundaries of routine neck dissections.

e The lung is the most frequent site of distant metastasis of HNSCC, but it should
be noted that small lung nodules measuring <1 cm are often non-FDG-avid and
can result in false-negative findings.

* FDG PET is useful to identify primary site in HNSCC of unknown primary. The
most common site is the tonsil (lateral tonsil or base of tongue), which is associ-
ated with HPV infection.

* For patients who underwent head and neck surgery with reconstruction, FDG
PET is useful for the early detection of recurrence because treatment-related
anatomical changes complicate accurate assessments with CT or MRI.

* Coronal fusion image of FDG PET/CT can be helpful for the detection of a
lesion at the skull base.

* For assessment of radiotherapy response, FDG PET should be performed at least
12 weeks after the completion of therapy to reduce the rate of false-positive and/
or negative results.

* FDG PET can allow early evaluation of neoadjuvant chemotherapy/radiotherapy
response and predict the survival outcomes.

* FDG PET is not useful for discriminating benign and malignant salivary gland
tumors because of similar FDG uptake in both conditions. Warthin’s tumor,
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which is the second most common benign parotid gland tumor, generally exhib-
its high FDG uptake.

Preoperative FDG PET is not recommended for differentiated thyroid cancer
because of low sensitivity for the detection of cervical LN metastases.
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Chapter 5
Positron Emission Tomography/Computed
Tomography in Colorectal Cancer

Check for
updates

Yoshiko Bamba and Michio Itabashi

Compared with other modalities, positron emission tomography/computed tomog-
raphy (PET/CT) has higher sensitivity and specificity in the diagnosis and treatment
of colorectal cancer. PET/CT is a whole-body imaging and qualitative diagnostic
technique. However, owing to the high cost, it must be used cost-effectively.

Based on the lesion size and degree of fluorine-18 deoxyglucose (FDG) accumu-
lation, it is possible to diagnose the presence and degree of the primary lesion using
PET/CT (Fig. 5.1). In the interpretation of PET/CT findings, it should be noted that
there is a physiological accumulation in benign neoplastic lesions such as in colon
polyps. However, it is difficult to distinguish between benign and malignant lesions
depending on the degree of accumulation. Because taking laxatives can increase
such accumulation in the large intestine, careful consideration is required. PET
examination was performed in 1750 cases of colon cancer or suspected colon can-
cer, and 53 cases (3.3%) showed non-primary FDG accumulation [1]. Based on
histological examination, malignant tumors were present in 42 cases (71%). In
order to prevent false positives, accumulation patterns, standard uptake values
(SUV), and anatomical features must be considered during assessment. Size of the
tumor is important, and detection of those <1 cm is difficult. At our hospital, in 169
cases before surgery for colorectal cancer 160 cases (94.7%) were found to show
clustering, but 9 cases that did not show clustering were those whose tumor diam-
eter was <25 mm.

In the diagnosis of lymph node metastasis, proximal lymph node diagnosis is
more difficult than that of distant lymph node metastasis (Fig. 5.2). In colorectal
cancer, the lymph nodes are classified as three types based on the extent of metasta-
sis according to the Japanese Classification of Colorectal, Appendiceal, and Anal
Carcinoma. Moreover, the Japanese Society for Cancer of the Colon and Rectum
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SPIO-MRI SUVmax=5.02 PET/CT

Fig. 5.1 The patient was a 55-year-old man with rectal cancer and liver metastasis. The liver
metastasis was undetectable on CT and MRI, but was revealed from a PET/CT

N (SUVmax2.44)

Main tumour
(SUVmax10.30)

~T"Resected colon

Fig. 5.2 The patient was a 78-year-old man with rectal cancer with proximal lymph node metas-
tasis. Accumulation of FDG-PET was detected in the proximal lymph node

has established a set of guidelines for the management of colorectal cancer in Japan
[2]. The sensitivity of diagnosis of group 3 lymph nodes using PET/CT is about
35-60%. The difficulty in the diagnosis of proximal lymph node metastasis is due
to its proximity to the primary lesion. Lowering the cut-off value may improve the
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Table 5.1 Diagnostic ability of lateral lymph node dissection

Accuracy (%) | Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%)
Right lateral LN |CT | 61.9 50.0 66.7 37.5 76.9
MRI | 66.7 100 533 46.2 100
PET | 90.5 66.7 100 100 88.2
Left lateral LN | CT | 72.0 57.1 77.8 50.0 82.4
MRI | 76.0 85.7 72.2 54.5 92.9
PET | 88.0 57.1 100 100 65.7

diagnosis of lymph node metastasis. In the diagnostic ability of lateral pelvic lymph,
a qualitative diagnosis by PET/CT is useful. The diagnostic results of CT, magnetic
resonance imaging (MRI), and PET/CT were high in sensitivity and negative pre-
dictive value of MRI, and high in specificity and positive predictive value of PET/
CT test (Table 5.1).

In the evaluation of the recurrence of metastasis in colorectal cancer, the whole-
body scan is preferable and its sensitivity and specificity are excellent, and the treat-
ment strategy was changed to 29% by performing PET/CT examination [3]. There
are reports of correctly diagnosing 90% of unresectable cases using PET examina-
tion [4].

In the diagnosis of colorectal liver metastases, the sensitivity was 94% and 87%
and the specificity was 98% and 90% when compared with PET/CT and other
modalities [5]. There are reports in which PET/CT was the best compared to MRI
in liver metastases [6].

In a meta-analysis of lung metastases, the sensitivity and specificity of CT were
59% and 79%, respectively, compared with 55.6% and 99.1% for PET/CT [5]. One
of the factors associated with low sensitivity is the volume of metastases, and the
size detected by PET is approximately 10 mm [7]. Diagnosis of early lung metasta-
ses is made by chest CT examination, and chest CT examination is important for
follow-up after surgery for colorectal cancer.

In the diagnosis of local recurrence, it is often difficult to distinguish between
postoperative scar and recurrence. The sensitivity and specificity in the diagnosis of
local recurrence, in our hospital, were 95.5% and 100%, respectively, by PET/CT
[8]. Possibility of qualitative diagnosis is the difference between PET/CT examina-
tions and other modalities such as MRI; additionally, it is possible to have important
information regarding the potential for recurrence

Peritonitis carcinomatosis, peritoneal and lymph node recurrence, and metastasis
are difficult to diagnose [9]. Therefore, it is important to avoid unnecessary surgery
by making a qualitative diagnosis using PET/CT.

For the response assessment of colorectal cancer, SUVmax and SUV response
index are reported to be the best predictors of radiation chemotherapy (Fig. 5.3).
Especially, early metabolic response assessment performed after one cycle of tar-
geted therapy in metastatic colorectal cancer is highly predictive of non-response at
a standard response assessment time [10].
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PET/CT PET/CT
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Liver metastasis detected 6 months after chemotherapy 12 months after chemotherapy

Fig. 5.3 The patient was a 59-year-old woman with postoperative sigmoid colon cancer.
Chemotherapy was performed for liver metastases. They were negative of accumulation in 6
months after chemotherapy and became positive for SUV in 12 months

5.1 Summary and Key Points

In this chapter, we overviewed the roles of PET/CT in colorectal cancer diagnosis
and treatment. PET/CT is a whole-body imaging and qualitative diagnostic tech-
nique. We should use it cost-effectively.

The following are key points to understand the contents of this review.

e It is possible to diagnose the presence and degree of the primary lesion of
colorectal cancer using PET/CT. In order to prevent false positives, accumulation
patterns, standardized uptake values (SUV), and anatomical features must be
considered to make an accurate evaluation.

e In the diagnosis of lymph node metastasis, proximal lymph node diagnosis is
more difficult than that of distant lymph node metastasis, because the difficulty
in the diagnosis of proximal lymph node metastasis is due to its proximity to the
primary lesion.

* In the evaluation of the recurrence of metastasis in colorectal cancer, the whole-
body scan is preferable and its sensitivity and specificity are excellent.

e SUVmax and SUV response index are reported to be the best predictors of radia-
tion chemotherapy for the response assessment.



5 Positron Emission Tomography/Computed Tomography in Colorectal Cancer 75

References

10.

. Agress HJ, Cooper B. Detection of clinically unexpected malignant and premalignant tumors

with whole-body FDG PET: histopathologic comparison. Radiology. 2004;230:417-22.

. Hashiguchi Y, Muro K, Saito Y, et al. Japanese Society for Cancer of the Colon and Rectum

(JSCCR) guidelines 2019 for the treatment of colorectal cancer. Int J Clin Oncol. 2020;25:1-42.

. Huebner RH, Park KC, Shepherd JE, et al. A meta-analysis of the literature for whole-body

FDG PET detection of recurrent colorectal cancer. J Nucl Med. 2000;41:1177-89.

. Wang JY, Tang R, Chiang JM. Value of carcinoembryonic antigen in the management of

colorectal cancer. Dis Colon Rectum. 1994;37:272-7.

. Watson AJM, Lolohea S, Frizelle FA. The role of positron emission tomography in the man-

agement of recurrent colorectal cancer: a review. Dis Colon Rectum. 2006;50:102—14.

. Maninenti PP, Mancini M, Mainolfi C, et al. Detection of colo-rectal liver metastases: pro-

spective comparison of contrast enhanced US, multidetector CT, PET/CT, and 1.5 Tesla MR
with extracellular and reticulo-endothelial cell specific contrast agents. Abdom Imaging.
2010;35:511-21.

. Bamba Y, Itabashi M, Kameoka S. Value of PET/CT imaging for diagnosing pulmonary

metastasis of colorectal cancer. Hepatogastroenterology. 2011;58(112):1972—4.

. Bamba Y, Itabashi M, Kameoka S. Management of local recurrence of colorectal cancer the

role of PET/CT. Abdom Imaging. 2011;36(3):322-6.

. Bamba Y, Itabashi M, Kameoka S. Clinical use of PET/CT in peritoneal carcinomatosis from

colorectal cancer. Hepatogastroenterology. 2012;59(117):1408-11.

Woff E, Hendlisz A, Garcia C, et al. Monitoring metabolic response using FDG PET-CT
during targeted therapy for metastatic colorectal cancer. Eur J Nucl Med Mol Imaging.
2016;43:1792-801.



®

Check for
updates

Chapter 6
Urological Cancer

Noboru Nakaigawa

6.1 Introduction

Cancer cells switch their energy source from mitochondrial oxidative phosphorylation
to a glycolytic pathway which does not require oxygen. This metabolic phenomenon
in cancer cells is well known as the Warburg effect [1]. As a result, cancer cells
accelerate glucose uptake to maintain their survival and proliferation. '¥F-2-fluoro-2-
deoxyglucose positron emission (FDG PET) is a useful noninvasive tool to evaluate
glucose accumulation status and applied mainly as a local diagnosis method for
various malignant disease using this metabolic phenomenon in cancer cells. But,
FDG PET was not generally used for urological cancer, because the FDG accumula-
tion in targeted cancer was masked by tracer excreted into urinary tract. The devel-
opment of positron emission tomography/computed tomography (PET/CT), which
provided precise anatomic localization of suspicious areas of increased FDG uptake
resolved this problem to some extent. Recently, the validlity of FDG PET/CT for the
local diagnosis of urological cancer has becoming recognized. Additionally, many
investigators reported the potencies of FDG PET/CT as the tool for the qualitative
diagnosis of various urological cancers. In this chapter, various attempts using FDG
PET or FDG PET/CT effectively were reviewed, especially focusing on renal cell
carcinoma (RCC) for which we have investigated the usefulness of FDG PET/CT
under various conditions for the recent decade.
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6.2 Renal Cell Carcinoma

Renal cell carcinoma (RCC) accounts for 3% of all adult cancers [2]. The standard
treatment for localized RCC is radical or partial nephrectomy with curative intent,
but approximately 30% of patients are diagnosed with metastases and an additional
20-40% of patients develop metastases after nephrectomy [3, 4]. The recommended
treatments for metastatic RCC were molecular targeted therapy including vascular
endothelial growth factor-receptor tyrosine kinase (VEGFr-TKI) and mammalian
target of rapamycin inhibitor (mTORIi) for the last decade, and recently the immune
checkpoint inhibitors are applied and attracting the most attention as novel therapies.
The antitumor effect of these systematic therapies is evaluated by CT imaging
mainly, and MRI or bone scintigram occasionally, because the blood biomarker
which can evaluate the response of RCC to systematic therapies has not been
developed.

6.3 The Diagnostic Ability of FDG PET/CT for RCC

FDG PET has not been generally used for renal cell carcinoma (RCC) for two
reasons. The first reason is that the urinary excretion of the radiotracer masks the
presence of primary lesions, and the second is that the individual RCC demonstrates
various degree of FDG accumulation and the accumulation of FDG is too weak to
detect in some RCC. Actually, Aide et al. indicated the high rate of false-negative
results, when they evaluated the 35 primary renal tumors by FDG PET prospectively.
They reported that the sensitivity, specificity, and accuracy of FDG PET were 47%,
80%, and 51%, respectively [5]. Kang et al. reviewed 66 patients retrospectively and
reported that the sensitivity for primary RCC was 60% [6]. However, FDG PET/CT
is useful for the diagnosis of metastatic lesions from RCC, which is not masked by
the tracer excreted in urinary tract. Majhail et al. evaluated the 33 distant RCC
metastases by FDG PET and investigated the usefulness of FDG PET histologically
using the samples obtained by following biopsy or surgical resection. They reported
that sensitivity and specificity were 63.6% and 100%, respectively [7]. There were
several reports suggesting the availability of FDG PET/CT as the localizing
diagnostic tool of metastatic lesions from RCC. Aide et al. reported that the
sensitivity and specificity for RCC metastasis were 100% and 99% [5]. Kang et al.
reported that the sensitivity and specificity for retroperitoneal lymph node metastases
and/or renal bed recurrence was 75.0% and 100.0%, those for lung metastases were
75.0% and 97.1%, and those for bone metastases were 77.3% and 100.0% [6]. The
development of an inline PET/CT system which provides not only functional
imaging but also anatomical information improved the diagnostic ability. When we
evaluated 243 lesions in 26 patients with metastatic RCC using FDG PET/CT, FDG
uptake was detected in 230 of 243 lesions (94.7%) excluding lung or liver metastases
with diameters less than 1 cm [8].
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6.4 The Prediction of Survival by FDG PET/CT

One of the unique characteristics of metastatic RCC is the variation of their
prognosis. Some patients show aggressive progression of disease and die within a
few months, and some patients can survive for a few years without treatment. In the
era of molecular targeted therapy, Heng et al. advocated the prognostic classification
using the following six risk factors; low-performance status, anemia, short interval
between the initial diagnosis and treatment, hypercalcemia, hyperplateletemia, and
neutrophilia [9]. The median overall survival (OS) of the patients with three or more
risk factors (26% of all patients) was between 8.8 months and 2 years and OS rate
was only 7%. The median OS of the patients with one or two risk factors (51%) was
between 27 months and 2 years and OS was 53%. The median OS of the patients
with no risk factor (23%) was not reached in their study in which median follow-up
period was 24.5 months, and 2 years OS was 75% (log-rank P < 0.0001).

We speculated that the difference in glucose metabolism could be associated with
the prognostic diversity of metastatic RCC and evaluated 101 patients with treatment-
naive metastatic RCC by FDG PET/CT and investigated the association of OS and
max SUVmax, as which the maximum standardized uptake value in the individual
patients [10]. In this study, the patients with higher max SUVmax showed shorter
OS (Fig. 6.1a). The multivariate analysis with the standard clinical risk factors
revealed that max SUVmax was an independent predictor of survival (p < 0.001;
hazard ratio 1.265; 95% confidence interval 1.159-1.380). We then divided the 101
patients into three subgroups by max SUVmax. The max SUVmax of 51 patients
(50 %) was < 7.0 and the median OS of this subgroup was 41.9 months (95 % CI
34.12-49.68). The max SUVmax of 32 patients (32 %) were > 7.0 and < 12.0, and
median OS was 20.6 months (95 % CI 12.4-28.8). The max SUVmax of 18 patients
(18 %) was > 12.0, and median OS was 4.2 months (95 % CI 0.7-7.7). Differences
in OS for these patient subgroups were statistically significant (< 7.0 vs. > 7.0 and <
12.0: p=0.0001, 2 7.0 and < 12.0 vs. = 12.0: p=0.0004) (Fig. 6.1b).

Many investigators reported that pretreatment FDG PET/CT assessment could
predict the prognosis of the patient with metastatic RCC [11-13]. Hwang et al.
evaluated 65 patients with RCC before treatment by VEGFr-TKI (31 sunitinib, 16
sorafenib, and 9 pazopanib) and reported that metabolic tumor volume (MTV) and
total lesion glycolysis (TLG) were independent prognostic factors for predicting
progression free survival (PFS) and OS [14].

Next, we investigated prospectively the association between the max SUVmax
and OS focusing 81 patients with advanced RCC previously treated by molecular
targeted therapy and revealed that the patients with high max SUVmax had a poor
prognosis, and multivariate analysis with the clinical risk factors showed that max
SUVmax was an independent predictor of survival (p < 0.001; hazard ratio 1.156;
95% confidence interval 1.080-1.239) [15]. Subclassification of patients by max
SUVmax showed that the median OS of patients with max SUVmax <7.0 (48% of
all patients), 7.0-12.0 (37%), and >12.0 (15%) were 32.8 months, 15.2 months, and
6.0 months, respectively. These differences are statistically significant (<7.0 versus
7.0-12.0: p = 0.0333, 7.0-12.0 versus >12.0: p = 0.0235) (Fig. 6.1c¢).
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Fig. 6.1 The association of max SUVmax of advanced RCC and survival. (a) The features of FDG
PET/CT and prognoses: the cases with treatment-naive advanced RCC. (A, B, C) A case with local
recurrence and a max SUVmax of 4.8. (D, E, F) A case with a primary tumor and a max SUVmax of
5.2. (G, H, I) A case with bone metastasis and a max SUVmas of 5.6 (J, K, L) A case with lung
metastasis and a max SUVmax of 9.4. (M, N, O) A case with local recurrence and a max SUVmax of
9.5. (P, Q, R) A case with a primary tumor and a max SUVmax of 14.3. ad g jm p: CT imaging. b e
h k n q: PET images. ¢ fil o r: fusion images. CD Cancer death. AWD Alive with cancer [10]. (b)
Opverall survival curve of 101 patients with treatment-naive advanced RCC stratified by the pretreatment
max SUVmax [10]. (¢) Overall survival curve of 81 patients with advanced RCC after the first molecular
targeted therapy stratified by the max SUVmax before the second molecular targeted therapy [15]

Although most studies focused the patients with metastatic RCC, Nakajima et al.
reviewed 139 patients with RCC treated by nephrectomy. In their cohort, 121
patients did not present metastasis. They reported that MTV, TLG assessed by FDG
PEET/CT before nephrectomy and pTNM stage were the significant prognostic
factors for disease progression [12].

6.5 Tyrosine Kinase Inhibitor and FDG PET/CT

The prognosis of advanced RCC was dramatically improved with the development
of VEGFr-TKI targeting angiogenesis in the last decade, but the best responses to
VEGFr-TKI were usually found in stable diseases (SD) according to Response
Evaluation Criteria in Solid Tumors (RECIST) criteria. Indeed, the objective
response rates of RCC to four VEGFr-TKIs, sunitinib, pazopanib, axitinib, and
sorafenib were 31%, 31%, 19%, and 2% in phase III clinical trials, respectively
[16-19]. Some RCCs treated with VEGFr-TKIs do not decrease in tumor volume
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but maintain long-term dormancy without enlargement of volume or novel metasta-
sis. There have been no clinical answers to the question of whether an individual
case treated with VEGFr-TKIs whose tumors did not decrease in size should con-
tinue the treatment or change to other therapeutic options.

In order to answer this question, we investigated the relation of the early
assessment by FDG PET/CT and long-term prognosis [20]. Thirty patients treated
by VEGFr-TKI (sunitinib 16 cases, sorafenib 14 cases) were evaluated by FDG
PET/CT before VEGFr-TKI treatment and after 1 month of VEFr-TKI treatment.
The progression-free survival (PFS) of the patients whose max SUVmax decreased
<20% was shorter than that of the patients whose max SUVmax decreased >20%
(P=0.027) (Fig. 6.2a, b). The PFS of patients whose tumor diameter sum increased
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Fig. 6.2 Early assessment of RCC treated with VEGFr-TKI by FDG PET/CT and progression-free
survival [20]. (a) A patient with lymph node metastasis. The SUVmax decreased 20% at 1 month
after VEGFr-TKI treatment started. She maintained an SD for 887 days. Upper lane: assessment
before treatment. Lower lane: assessment at 1 month after VEGFr-TKI treatment started. (A, B) CT
images (C, D) PET images (E, F) fusion images. (b) A patient with bone metastasis. The SUVmax
decreased only 5% at 1 month after VEGFr-TKI treatment started. He died on day 88. Upper lane:
assessment before treatment. Lower lane: assessment at 1 month after VEGFr-TKI treatment started.
(A, B) CT images (C, D) PET images (E, F) fusion images. (¢) Kaplan-Meier curves of progression-
free survival in 30 patients classified by the FDG PET/CT assessment at 1 month after VEGFr-TKI
treatment started according to the criteria as below. Good responder: Diameter sum did not increase
and SUVmax decreased >20%. Intermediate responder: Diameter sum did not increase and SUVmax
decreased <20%. Poor responder: Diameter sum increased, or one or more new lesions appeared
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was shorter than that of the patient with tumors whose diameter sum did not
(P =0.006). The patients were classified into three response groups: good responder
(diameter sum did not increase, and SUVmax decreased >20%), intermediate
responder (diameter sum did not increase, and SUVmax decreased <20%), and
poor responder (diameter sum increased, or one or more new lesions appeared).
The median PFS of good, intermediate, and poor responders were 458 days,
131 days, and 88 days, respectively (Fig. 6.2c). There was a statistic difference.
This work suggested that the early assessment of response to VEGFr-TKIs using a
combination of FDG uptake and tumor size could predict long-term antitumor
effect of VEGFr-TKIs by expressing the biological dormancy induced by
VEGFr-TKIs.

When we investigated the differences in the FDG accumulation change at
1 month after VEGFr-TKI treatment started among various organs where RCC
metastases were located focusing 190 RCC lesions including 49 lung metasta-
ses, 40 bone metastases, 37 lymph node metastases, 29 abdominal organ metas-
tasis, and others in 48 patients, the response was not influenced by the
organs [21].

Some investigators reported the studies about the assessment of the VEGFr-TKI
antitumor effect using FDG PET/CT [22, 23]. Kayani et al. reported that 40 patients
treated by sunitinib were assessed by FDG PET/CT after 16 weeks and the change
in FDG uptake could predict the disease course [24]. Farnebo reported that the
assessment of changes standardized uptake normalized to lean body mass (SUL)
and TLG after 14 days could predict PFS and OS in patients with RCC treated by
VEGFr-TKI (18 sunitinib, 19 sorafenib, and 2 pazopanib) [25].

Additionally, we reported that FDG PET/CT could monitor the real-time
antitumor effect during the VEGFr-TKI treatment [26]. We monitored the FDG
accumulation in RCC of 38 patients treated with VEGFr-TKI by 162 FDG PET/CT
sequentially until they were judged to demonstrate progressive disease (PD) accord-
ing to RECIST criteria (Fig. 6.3a,b). The 10 patients with RCC whose FDG accu-
mulation was accelerated after the beginning of TKI treatment demonstrated PD
soon. The other 28 patients with RCC whose FDG accumulation was suppressed by
TKI showed longer PES (3.6 months vs 6.5 months, P = 0.0026), but this suppres-
sion in most cases (96%) was temporary and FDG accumulation was accelerated
when tumor demonstrated PD. Interestingly, the FDG accumulation at PD was
higher than that before VEGFr-TKI treatment in half of the cases. This study
suggested that FDG PET/CT had potential as an assessment method monitoring not
only the initial response but also following status of RCC during VEGFr-TKI
treatment. Additionally, these results suggested that the acceleration of glucose
uptake in RCC could be one of the mechanisms by which RCC acquires resistance
to VEGFr-TKI treatment.
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Fig. 6.3 Sequential Assessment of RCC by FDG PET/CT during VEGFr-TKI treatment. (a) A
patient with multiple bone metastases treated by VEGFr-TKI. The SUVmax of all bone metastases
decreased temporally and increased before tumor was judged as PD at the 17th month. Fusion
images were upper lanes. The number means SUVmax of each lesion. CT images were lower
lanes. “Pre” refers to pretreatment evaluation; “M” refers to month after TKI treatment started
[26]. (b) A patient with lung and pancreas (head and tail) metastases treated by VEGFr-TKI. The
SUVmax of lung metastasis had suppressed during treatment, but the SUVmax of pancreas head
metastasis increased before tumor was judged as PD at the 15th month. Fusion images were upper
lanes. The number means SUVmax of each lesion. CT images were lower lanes. “Pre” refers to
pretreatment evaluation; “M” refers to the number of month after TKI treatment started [26]
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6.6 mTOR Inhibitor and FDG PET/CT

Everolimus (EVL) is an oral inhibitor of mammalian target of rapamycin (mTOR),
which is downstream in the PI3K/AKT signaling pathway and regulates protein
synthesis, metabolism, autophagy, and other various mechanisms associated with
cancer survival and progression [27, 28]. The phase III trial demonstrated that EVL
prolonged PFS of the patients with metastatic RCC who were failed by prior
VEGFr-TKI treatment [29]. However, only 1% of patients who received EVL had
confirmed objective tumor responses according to RECIST criteria.

Chen et al. evaluated 63 patients with RCC treated by EVL by FDG PET/CT at
baseline and 2 weeks and investigated prospectively the association of the
assessment of FDG PET/CT and the change in tumor burden evaluated by CT scan
at 8 weeks. They reported that the change in average SUVmax at 2 weeks was the
best predictor of change in tumor burden (P = 0.01). Baseline average SUVmax
was correlated with OS and PFS (P = 0.023; 0.020), but not with change in tumor
burden [30].

We retrospectively reviewed 30 patients who were treated with EVL and
evaluated by FDG PET/CT before and 1 month after starting treatment (Fig. 6.4a,
b) [31]. Enrolled patients were divided into two groups by max SUVmax prior to
EVL (median = 7.6) and at 1 month after EVL treatment (median = 5.7). PFS were
significantly shorter in higher max SUVmax prior to EVL (<7.6, PFS 7.8 months vs
3.5 months, log-rank P = 0.017) and at 1 month after EVL (<5.7, PFS 10.6 months
vs 2.7 months, log-rank P = 0.002) than lower max SUVmax. OS were also signifi-
cantly shorter in higher max SUVmax prior to EVL (<7.6, OS 18.1 months vs
7.5 months, log-rank P = 0.010) and at 1 month after EVL (<5.7, OS 17.2 months
vs 7.5 months, log-rank P = 0.009) than lower max SUVmax. Multivariate Cox
hazard regression analysis indicated that max SUVmax at 1 month after EVL is
independent predictor of both PFS and OS although univariate regression analysis
showed max SUVmax before EVL is possible predictor.

6.7 Immune Checkpoint Inhibitor and FDG PET/CT

Nivolumab, which is anti-programmed death 1 (anti-PD1) monoclonal antibody, is
the novel attractive treatment for metastatic RCC. It was thought to improve the
capability of cytotoxic T-lymphocytes under the immunosuppressive conditions
induced by malignancies to mount an effective response [32]. In 2015, a phase III
randomized study demonstrated the superior effectiveness of nivolumab compared
to everolimus for patients with metastatic clear cell RCC who had received previous
antiangiogenic treatment [33]. Following this study, nivolumab was recommended
as second-line therapy for metastatic RCC treated by VEGFr-TKI.

We investigated the association of FDG PET/CT assessment and the antitumor
effect of nivolumab, based on the hypothesis that FDG PET/CT could evaluate the



6 Urological Cancer 85

Fig. 6.4 Early assessment by FDG PET/CT of patients with advanced RCC treated with mTOR
inhibitor and progression-free survival. (a) A patient with adrenal metastasis. The max SUVmax
before treatment and 1 month after mTOR inhibitor started were 6.9 and 4.9, respectively. His pro-
gression-free survival was 24.6 months. Upper lane: assessment before treatment. Lower lane:
assessment at 1 month after VEGFr-TKI treatment started. (A, B) CT images (C, D) PET images (E,
F) fusion images [31]. (b) A patient with pancreas metastasis. The max SUVmax before treatment
and 1 month after mTOR inhibitor started were 13.7 and 9.2, respectively. His progression-free sur-
vival was 5.0 months. Upper lane: assessment before treatment. Lower lane: assessment at 1 month
after VEGFr-TKI treatment started. (A, B) CT images (C, D) PET images (E, F) fusion images [31]

reactivation of cytotoxic T-lymphocytes (Fig 6.5a, b) [34]. We evaluated 30 lesions
in 9 patients with metastatic RCC who were treated by nivolumab. All patients
underwent FDG PET/CT at baseline and 1 month as a first response assessment and
contrast-enhanced or non-contrast-enhanced CT scan at 4 month as a second
response assessment. RCC lesions whose diameter decreased >30% at second
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Fig. 6.5 The acceleration of FDG uptake in RCC treated with nivolumab predicts the following
tumor shrinkage. A patient with subcutaneous metastasis and hepatic metastasis. The SUVmax of
subcutaneous metastasis (a) and hepatic metastasis (b) increased 31% and 20% at 1 month after
nivolumab started, and the diameters decreased 44% and 30% at fourth month, respectively [34]

assessment were defined as responding and lesions whose diameter did not decrease
>30% were defined as non-responding. There were 18 responding lesions and 12
non-responding lesions. We compared change in diameter and SUVmax at first
assessment with FDG PET/CT, respectively. All lesions with decreased diameter
and elevated SUVmax at first assessment with FDG PET/CT showed responding at
second assessment by CT scan, while most lesions with increased diameter and
declined SUVmax at first assessment showed non-responding at second assessment.
The multivariate logistic regression analyses revealed that only the elevation of
SUVmax at 1 month was an independent predictor (P = 0.025, OR: 13.087,95% CI:
1.373-124.716). Our findings suggest that the early assessment using FDG PET/CT
can be effective to predict the response of RCC to nivolumab.

6.8 Other Urological Cancer

6.8.1 Testicular Tumor

Testicular tumor (TT) is the most common malignancy among men aged 15-44 years
old [35]. The standard treatment for localized TT is surgical resection, but
approximately 70% of patients are diagnosed with metastases [36]. TT shows high
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sensitivity to combination chemotherapy using cisplatinum and the cure rates are
high even among patients with poor risk and the evaluation of residual viable tumor
after chemotherapy is clinically very important [37].

FDG PET/CT is used for the initial staging, the relapse diagnosis, and the
confirmation of the residual viable tumor after systematic treatment in actual clinical
practice. Ambrosini et al. investigated the usefulness of FDG as the assessment tool
for initial staging targeting 51 patients with seminoma and 70 patients with non-
seminoma retrospectively [38]. They reported that the sensitivity and the specificity
of FDG PET/CT for seminoma was 92% and 84%, and that for non-seminoma was
77% and 95%, respectively. They recommended the FDG PET/CT assessment for
initial staging because FDG PET/CT had an impact on deciding the treatment strat-
egy in 92% of patients with seminoma and 84% of patients with non-seminoma.

There is no clear evidence of superiority of FDG PET/CT to diagnose relapse
sites of TT, but there were some reports suggesting the usefulness. Cook et al.
reported that evaluated 15 cases rising tumor markers by FDG PET/CT when CT
had been unable to determine a site of recurrence disease. Thirteen cases showed
abnormal FDG accumulation and all cases were true positive, confirmed either by
surgery or through progression on following CT assessment [39].

About evaluation of residual viable tumor after chemotherapy, many retrospective
studies and some meta-analyses were reported. The meta-analysis focusing five studies
with 130 patients demonstrated the superiority of FDG PET in predicting viable
residual tumors compared with CT scan alone [40]. FDG PET and CT scan showed a
specificity 92% vs 59%, a sensitivity 72% vs 63%, positive predictive value 70% vs
28%, and negative predictive value 93% vs 86%, respectively. The other meta-analysis
focusing nine studies including 375 patients with seminoma demonstrated that a
sensitivity, a specificity, positive predictive value, negative predictive value, and
accuracy of FDG PET or FDG PET/CT were 78%, 86%, 58%, 94%, and 84%,
respectively [41]. This study suggested that the patients with negative FDG PET/CT
findings warranted follow-up and could avoid inappropriate additional treatment. On
the other hand, the prospective trial with 121 patients with non-seminoma demonstrated
that FDG-PET is unable to give a clear additional clinical benefit to the standard
diagnostic procedures, CT and serum tumor marker, in the prediction of tumor viability
in residual masses [42]. Prediction of tumor viability with FDG-PET was correct in
56%, and was not better than the accuracy of CT (55%) or serum tumor marker (56%).

Based on these studies, FDG PET/CT is widely used in various situation during
treatment for testicular tumor. Especially, the FDG PET/CT assessment is critical
when the size of metastatic lesions evaluated by CT did not change during subse-
quent chemotherapy.

6.8.2 Bladder Cancer and Upper Urinary Tract Cancer

Bladder cancer (BC) is the ninth most common cancer worldwide [43]. The patients
with non-muscle-invasive (superficial) BC who occupy 70% of all patients were
treated by transurethral resection. They tend to recur but are generally not
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life-threatening. Remaining 30% of patients presented muscle-invasive tumor. The
case without distant metastasis was treated by cystectomy with or without
chemotherapy and the case with metastatic disease were treated by chemotherapy,
but associated with a high risk of death [44]. The conventional imaging for BC are
CT, MRI, and bone scans. MRI is suitable for the diagnosis of local muscle invasion.

FDG PET/CT is not generally applied for diagnosis of BC, because the excreted
radiotracer masks the tracer accumulation in BC. In order to improve the diagnos-
ability of FDG PET/CT, forced diuresis using furosemide with or without oral
hydration, or delayed pelvic imaging after spontaneous emptying of the bladder
were effective. Lodde et al. evaluated 44 patients with muscle-invasive BC before
radical cystectomy by FDG PET/CT with forced diuresis and delayed imaging.
They reported that the sensitivity of FDG PET/CT was slightly higher than that of
CT (85% vs 77%), but the specificity was low (25% vs 50%) [45]. A recent meta-
analysis focus in 6 studies with 175 patients evaluated the diagnostic accuracy of
FDG PET/CT for bladder lesions. The sensitivity and specificity of PET or PET/CT
for the detection of BC was 80.0% and 84.0%, respectively [46].

Mertens et al. compared the staging by FDG PET/CT with the conventional
staging with contrast-enhanced CT prospectively targeting 96 patients with muscle-
invasive BC [47]. Upstaging by FDG PET/CT was detected in 19.8% of patients and
downstaging by FDG PET/CT was in 2.1%. Clinical management changed for
13.5% of patients as a result of FDG PET/CT upstaging. In eight patients, FDG
PET/CT detected second primary tumors. They concluded that FDG PET/CT pro-
vides important additional staging information which influence the treatment and
recommended the initial staging of muscle-invasive BC. Apolo et al. evaluated 57
patients with BC by FDG PET/CT and suggested the impact on clinical decision of
FDG PET/CT assessment [48]. The sensitivity and specificity were 87% and 88%.
Additional malignant lesions were detected by FDG PET/CT in 40% of patients and
clinicians changed their planned management in 68% of patients.

FDG PET/CT can be applied for the assessment of antitumor effect of
chemotherapy. Giannatempo et al. evaluated 31 patients with metastatic BC treated
by the modified combination of methotrexate, vinblastine, doxorubicin, and cisplatin
(MVAC) by FDG PET after 2 cycles. The median PFS of 23 patients whose SUVmax
defined as the highest value of SUV within a region of interest decreased >20% after
2 cycles was 8.0 months and that of other 8 patients was 3.0 months. There was a
statistic difference [49]. Neoadjuvant chemotherapy (NAC) for muscle-invasive BC
before cystectomy is standard treatment. Soubra et al. evaluated 37 patients with
muscle-invasive BC who underwent MVAC or the combination of gemcitabine and
cisplatin (GC) as NAC by FDG PET/CT before cystectomy. FDG PET/CT had 75%
sensitivity and 90% specificity in identifying those with complete pathologic
response with a 100% change in SUV,,, [50].

Upper urinary tract cancer (UUTC) including renal pelvic cancer and ureter
cancer are rare and typically urothelial carcinoma as BC. Asai et al. reported that
83% of 48 patients with UUTC had positive results from FDG PET/CT examination
with only oral hydration. The positive predictive value was 95% [51]. Tanaka et al.
evaluated 142 metastatic lesions from UUTC and the sensitivity of FDG PET/CT
was significantly better than that of CT (85% vs 50%) [52].
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6.8.3 Prostate Cancer

Prostate cancer (PCa) is the second most common cancer in men worldwide [53].
The localized PCa were treated by prostatectomy or radiation therapy, and meta-
static PCa were treated by hormonal therapy and following chemotherapies. The
conventional imaging for PCa are CT, Magnetic resonance imaging (MRI), and
bone scans. Some investigators evaluated the usefulness of FDG PET/CT as the
assessment of prostate cancer. But most study demonstrated low sensitivity and low
specificity [54—56]. But, several studies about the effective use of FDG PET/CT for
limited objects were reported. Oyama et al. evaluated 42 patients with PCa before
surgery or endocrine therapy and reported the SUV assessed by FDG PET could be
used as a prognostic marker [57]. Shreve et al. evaluated 22 patients with metastatic
PCa and reported that FDG PET can help identify osseous and soft-tissue metasta-
ses of prostate cancer with a high positive predictive value but is less sensitive than
bone scintigraphy in the identification of osseous metastases [58].

Jadver suggested that the causes were the low glucose uptake in well-
differentiated PCa, masking by the urinary excreted tracer, and the difficulties in the
differential diagnosis with the acute or chronic prostatitis and benign prostatic
hyperplasia elevated FDG uptake. Therefore, he suggested that FDG PET was only
limited in the restaging of selected PCa patients with high-grade hormone-resistant
disease and poorly differentiated lesions, those were speculated to increase FDG
uptake [59].

Summary and Key Points
In this chapter, we reviewed the current role of FDG PET/CT in the management of
urological cancer and clinical studies suggesting the novel potencies of FDG PET/
CT as the assessment tool of urological cancer.

The following are key points to understand the contents of this review.

e FDG PET/CT has potencies as a predictive biomarker for advanced renal cell
carcinoma. The advanced renal cell carcinoma with high FDG accumulation
showed poor response to molecular targeted therapy and short overall survival.

e One-month assessment using FDG PET/CT can predict the long-term response
of advanced renal cell carcinoma to molecular targeted therapy and immune
checkpoint inhibitor.

e FDG PET/CT is used for the initial staging, the relapse diagnosis, and the
confirmation of the residual viable tumor after systematic treatment in the
management of testicular tumor.

e When bladder cancer is assessed by FDG PET/CT, forced diuresis using
furosemide, hydration, and delayed imaging after urination improve the
diagnosability.

¢ In the management of prostate cancer, the advantage of FDG PET/CT is limited.

Although FDG PET/CT is supposed to be unsuitable for urological cancer due to
the low FDG accumulation or masking by excreted tracer, FDG PET/CT which
expresses the biological activity is a useful imaging biomarker in various situation
during the management of urological malignancies.
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Chapter 7
Bone and Soft-Tissue Tumors

Hitoshi Yamada

7.1 Bone and Soft-Tissue Tumors

Bone and soft-tissue tumors are categorized into the following three classes: benign,
intermediate, and malignant. Several tumor types are present in each class. Malignant
bone and soft-tissue tumors are known as sarcomas; they are extremely rare and
comprise approximately 1% of all malignant tumors [1]. Accurate diagnosis of
malignant bone and soft-tissue tumors is challenging owing to their rarity and vari-
ety. F-18 FDG PET scanning is useful to diagnose bone and soft-tissue tumors. A
patient with chondrosarcoma of the right pelvic bone showed F-18 FDG accumula-
tion, and the tumor was located at the P1-2 level [2]. The external iliac artery was
intact, and hip transposition was performed after tumor removal (Fig. 7.1) using
temporary external fixation [3]. The patient was able to walk with complete weight-
bearing using two crutches 35 days postoperatively. Furthermore, another patient
having alveolar soft part sarcoma with femur invasion showed F-18 FDG accumula-
tion on PET/MRI (Fig. 7.2). Another rare case of a high-grade malignant bone
tumor arising from the proximal tibia was examined, wherein the lesion was a little
painful. The lesion was suspected to be diaphyseal medullary stenosis [4] and
observed carefully. A malignant bone tumor developed during observation, and
1 year and 7 months later, it was observed via PET/MRI (Fig. 7.3a—d). This patient
was treated with neoadjuvant chemotherapy for osteosarcoma. During surgery, the
tibia with the tumor was elevated, and the pedicle was frozen using liquid nitrogen
[5] before prosthetic replacement (Fig. 7.3e, f). F-18 FDG is absorbed into areas
with inflammatory activity and into some benign or intermediate tumors, including
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Fig. 7.1 Chondrosarcoma of the right pelvis. (a) T2-weighted MRI showing right pelvic bone
tumor expanding with a lobulated structure. PET/MRI showing abnormal F-18 FDG accumulation
in the tumor. (b) Three-dimensional CT angiography showing intact right external iliac artery and
planned excision range. (¢) Postoperative 3D-CT scans showing hip transposition where the tumor
was removed

those of sarcoidosis [6] and schwannoma [7] as well as giant cell tumors [8, 9]. In a
rare case of chronic expanding hematoma postinfection, PET/MRI revealed a lesion
that mimicked a malignant tumor (Fig. 7.4), which was similar to an undifferenti-
ated pleomorphic sarcoma (Fig. 7.5). A patient with sarcoidosis was referred to our
hospital for scanning and treatment after the removal of a retroperitoneal leiomyo-
sarcoma at another hospital. PET/CT scanning was performed to detect any recur-
rence or metastases. Swelling and abnormal F-18 FDG accumulation in the bilateral
multiple hilar lymph nodes were observed (Fig. 7.6a). Biopsy confirmed the diag-
nosis of inflammatory granuloma rather than metastasis (Fig. 7.6b). In another case,
F-18 FDG PET scanning revealed a phosphaturic mesenchymal tumor that caused
osteomalacia (Fig. 7.7); thus, whole-body imaging should be performed for such
patients [10]. In another patient with localized Castleman’s disease in soft tissue,
PET/MRI revealed F-18 FDG accumulation (Fig. 7.8). Localized Castleman’s dis-
ease is a benign lymphoepithelial disorder, and its occurrence in soft tissue is quite
rare [11]. However, F-18 FDG accumulation is suggestive of malignancy in many
cases [12], and a biopsy should be performed to establish a pathological diagnosis
and decide the line of treatment.
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Fig. 7.2 Alveolar soft part sarcoma (ASPS) of the right hip. (a) T2-weighted MRI showing the
tumor of right hip rich in vascularization (black spots in the tumor). PET/MRI showing abnormal
F-18 FDG accumulation in the tumor and femoral invasion clearly. (b) Microscopy showing the
typical organoid pattern of ASPS
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Fig. 7.3 High-grade malignant bone tumor arising at the left proximal tibia. (a) X-ray showing
evolution of malignant bone tumor after 1 year and 7 months. (b) MRI and PET/MRI showing
malignant bone tumor development, lesion enlargement, and abnormal F-18 FDG accumulation
after 1 year and 7 months. (¢) Abnormal F-18 FDG accumulation missing at the first imaging
examination. (d) Biopsy specimen showing spindle cell tumor with pleomorphism but lacking
osteoid. (e) The tibia was elevated to avoid exposing the tumor, and pedicle freezing procedure was
performed using liquid nitrogen mounted as an intact body. (f) Composite grating was performed
to replace the artificial knee joint surgery with the frozen bone
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One year and seven months after

Fig. 7.3 (continued)
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Fig. 7.4 Chronic expanding hematoma of the left hip. (a) T2-weighted MRI showing a large sub-
cutaneous lesion with solid and liquid parts and abnormal F-18 FDG accumulation around the
lesion. (b) Microscopic slides showing (A) hemorrhage and (B) inflammatory cellular infiltration
without tumor cells

Fig. 7.5 Undifferentiated pleomorphic sarcoma of the right thigh. (a) T1-weighted MRI showing
a large subfascial lesion with an area of high intensity owing to hemorrhagic necrosis and abnor-
mal F-18 FDG accumulation without necrosis. (b) Microscopy showing high-grade pleomorphic
malignancy with abnormal giant cells and mitosis
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Fig. 7.5 (continued)

Fig. 7.6 Sarcoidosis. (a) PET/CT scans showing swelling and abnormal F-18 FDG accumulation
in multiple bilateral hilar lymph nodes. (b) Biopsy specimen showing an inflammatory granuloma



7 Bone and Soft-Tissue Tumors 103

Fig. 7.7 Phosphaturic mesenchymal tumor of the right proximal femur. (a) T2-weighted MRI
showing right proximal femur lesion in the circle. PET/MRI showing abnormal F-18 FDG accu-
mulation. (b) Microscopy showing spindle cell proliferation without cytological atypia. (¢) FGF23
expression detected by RT-PCR
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Fig. 7.7 (continued)

7.2 Determining a Location for Biopsy

Biopsy samples obtained from necrotic tissues cannot be used to make a pathologi-
cal diagnosis. Viable and high-grade tumor specimens must be identified for accu-
rate pathologic diagnoses. F-18 FDG accumulation in a tumor suggests the presence
of a viable and high-grade lesion in a portion of the tumor [13]. In a patient with
synovial sarcoma of the left groin, PET/MRI could clearly highlight viable and
necrotic regions that could not be detected via plain MRI (Fig. 7.9). In a patient with
dedifferentiated liposarcoma of the left hip, dedifferentiation in an atypical lipoma-
tous tumor was clearly observed on PET/MRI (Fig. 7.10). Because tumors can dis-
seminate intermuscularly, biopsies should be performed to identify viable and
high-grade parts of the tumor and ought to avoid via intermuscular space.

7.3 Evaluation of Chemotherapy Clinical Outcomes

Chemotherapy is an important treatment option for osteosarcomas, Ewing sarcoma
family of tumors, and other tumors. Chemotherapy outcomes need to be evaluated
for determining whether to continue or change the regimen. Changes in pain inten-
sity, tumor size, and F-18 FDG accumulation can help in evaluating these outcomes
[13]. A patient with an osteosarcoma of the right humeral bone was treated with
neoadjuvant chemotherapy; PET/MRI performed after five rounds of chemotherapy
revealed reduced F-18 FDG accumulation and tumor regression, suggesting a good
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Fig. 7.8 Localized Castleman’s disease of the right thigh. (a) Coronal and axial views of
T2-weighted MRI showing a subfascial lesion similar to a malignant lymphoma with vasculariza-
tion (black spots in the tumor). The same view via PET/MRI revealed F-18 FDG accumulation in
the tumor. (b) Microscopic slides showing (A) atrophy of germinal centers and (B) hyaline vessels
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Fig. 7.9 Synovial sarcoma of the left groin. (a) PET/MRI showing partial F-18 FDG accumula-
tion in the tumor. STIR MRI cannot distinguish between viable and necrotic regions. (b) (A)
Specimen from the non-accumulation area showing necrosis. (B) Specimen from the F-18 FDG
accumulation area showing a synovial sarcoma

response to chemotherapy (Fig. 7.11). In addition, a patient with Ewing sarcoma of
the left scapula was evaluated via PET/CT scanning to assess the effectiveness of
preoperative chemotherapy (Fig. 7.12). This patient underwent tumor removal and
reconstruction using pasteurized bone [14]. Another patient with a poorly differenti-
ated synovial sarcoma of the left chest with supraclavicular lymph node metastasis
provided a complete response to chemotherapy, as assessed via PET/MRI (Fig. 7.13).
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Fig. 7.10 Dedifferentiated liposarcoma of the left hip. PET/MRI showing isolated F-18 FDG
accumulation in the lipomatous tumor. (A) Specimen from the F-18 FDG accumulation area show-
ing a high-grade sarcoma. (B) Specimen from the non-accumulation area showing an atypical
lipomatous tumor

Fig. 7.11 Osteosarcoma of the right proximal humerus. (a) PET/MRI showing a growing tumor
with the destruction of bone and high F-18 FDG accumulation. A biopsy specimen showing con-
ventional osteosarcoma. (b) Effective preoperative chemotherapy. Decreased accumulation of
FDG on PET/MRI. Microscopy showing bone differentiation and tumor necrosis
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Fig. 7.11 (continued)

Fig. 7.12 Ewing sarcoma
of the left scapula. (a)
X-ray showing bone
destruction and periosteal
reaction. (b) Biopsy
specimen showing a
small round cell tumor
with necrosis. PAS and
immunoreactive staining
showing Ewing sarcoma.
(c) Despite the difference
between PET/MR and
PET/CT scans,
preoperative
chemotherapy was
effective owing to a
decrease in the tumor size
and F-18 FDG
accumulation. (d)
Photograph and 3D-CT
scans showing
reconstruction with
pasteurized bone after
tumor removal
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Fig. 7.12 (continued)
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Fig. 7.13 Poorly differentiated synovial sarcoma of the left chest. (a) PET/MRI showing a clear
tumor location, (A) supraclavicular lymph node metastasis, (B) Two lesions in the left greater
pectoral muscle. (b) Biopsy specimen showing poorly differentiated synovial sarcoma positive for
TLEl by immunohistochemical staining. (¢) Rare PET showing complete response to
chemotherapy
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Fig. 7.13 (continued)

7.4 Surgical Planning

The first-line therapy for soft-tissue sarcomas is surgical removal. This procedure is
important for treating bone sarcomas. Surgery for bone and soft-tissue sarcomas
involves a wide resection [15], with a focus on salvaging the limb and reconstruc-
tion function. Surgical planning is based on MRI findings; however, planning for
invasive sarcomas such as myxofibrosarcomas is challenging [16]. F-18 FDG PET
scanning is performed for diagnosing tumor invasions [17] that are difficult or
impossible to evaluate. In a patient with angiosarcoma of the right leg, MRI revealed
tumor invasion to the subcutaneous, tibia, and tibialis anterior muscles (Fig. 7.14).
In another patient with myxofibrosarcoma of the left calf, MRI revealed the tail
sign, which is the reaction layer extending along the fascia in the subcutaneous tis-
sue (Fig. 7.15). F-18 FDG accumulation was unclear in the reaction layer in these
two abovementioned cases. The tumor, including the reaction layer, was removed
according to the presurgical plan; however, histopathological examination revealed
that the margin was marginal in the patient with angiosarcoma, and it was positive
in the patient with myxofibrosarcoma.
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Fig. 7.14 Angiosarcoma of the right leg. (a) T2-weighted MRI and PET/MRI showing invasive
tumor. (b) Microscopy showing CD34- and CD31-positive angiosarcoma by immunohistochemi-
cal staining. (¢) Presurgical planning was performed via STIR MRI because the reaction layer was
noted on STIR but was unclear on PET/MRI
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Fig. 7.15 Myxofibrosarcoma of the left calf. (a) MRI showing the tail sign, which is the reaction
layer extending along the fascia in the subcutaneous tissue. PET/MRI showing unclear F-18 FDG
accumulation in the reaction layer. (b) Presurgical planning was based on PET/MRI findings, but
tumor invasion assessment was too optimistic in this case

7.5 Comparing PET/MRI and PET/CT

MRI is superior to CT scanning owing to its higher contrast. PET/MRI, which
combines F-18 FDG PET and MRI, reveals abnormal structural changes in greater
detail than PET/CT [18]. However, MRI requires a longer imaging time than
CT. Thus, PET/CT scanning is better than PET/MRI for identifying lesions present
in the internal organs and also for patients experiencing severe pain. Via PET/CT
scanning, local recurrences in the periphery of an implant (Fig. 7.16) and some
types of metastasis that cannot be detected via plain CT scanning can be detected.
In a patient with a leiomyosarcoma of the right knee (Fig. 7.17a—c), multiple bone
metastases were noted on PET/CT scanning 8 months postoperatively. These
lesions were not painful and could not be detected via plain CT scanning
(Fig. 7.17d).
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Fig. 7.16 Dedifferentiated chondrosarcoma of the right femur. X-ray of the removed recurrent
tumor and reconstruction of pasteurized bone and implants. Local recurrence in the periphery of
an implant can be detected via PET/CT

Thus, PET/MRI and PET/CT scanning are useful in diagnosing bone and soft-
tissue tumors by understanding the nature of F-18 FDG accumulation.

Summary and Key Points
In this chapter, the usefulness and the limitations of FDG PET in diagnosing bone
and soft-tissue tumors were shown in various cases.

The following are key points to understand the contents of this review.

» Diagnosis of malignant bone and soft-tissue tumors is difficult because of their
rarity and variety.

* FDG is absorbed not only into malignant tumors but also areas with inflamma-
tory activity and into some benign or intermediate tumors.
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e FDG PET is useful in determining a location for biopsy because FDG accumula-
tion in a tumor suggests the presence of a viable and high-grade lesion in a por-
tion of the tumor.

e FDG accumulation can help in evaluating the effect of chemotherapy; however,
Japanese public health insurance does not cover at this time.

» Evaluating tumor invasion for surgical planning is crucial and can be difficult or
even impossible, even if PET/MRI is performed.
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Fig. 7.17 Leiomyosarcoma of the right knee. (a) MRI and PET/MRI showing extensive soft-
tissue tumor invasion in the proximal tibia. (b) Microscopy showing immunohistochemical stain-
ing of SMA-positive leiomyosarcoma. (c¢) Artificial knee joint surgery replacement performed

after wide tumor resection. (d) Metastases of the sacrum and right iliac bone, which are unclear on
plain CT, can be detected via PET/CT
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Chapter 8
F-18 FDG PET Tests in Skin Cancer
Including Malignant Melanoma

Ryota Tanaka and Yasuhiro Fujisawa

8.1 Introduction

8F-fluorodeoxyglucose positron emission tomography ('*F-FDG PET) provides
morphologic information on tumor metabolic activity, which has the potential to
detect recurrences and metastases resulting from various kinds of malignancies,
including skin malignancies [1-3].

The aim of this review is to elucidate the clinical utility of ¥F-FDG PET or '*F-
FDG PET-computed tomography ('*F-FDG PET-CT) in skin malignancies and the
potential effect on patient management. In particular, epithelial malignancies and
cutaneous soft tissue sarcomas were the focus in the present review. Furthermore,
epithelial malignancies were divided into malignant melanomas and nonmelanoma
skin cancers.

8.2 Epithelial Malignancies

8.2.1 Malignant Melanoma

Malignant melanoma, arising from the melanocytes in the basal layer of the epi-
dermis, comprise of only 4% of skin cancers. However, melanoma is the most
lethal form of epithelial skin malignancy, which accounts for 75% of skin cancer-
related mortality [4, 5]. Increased primary tumor thickness and metastasis to the
draining lymph node (sentinel lymph node) correlate with poor prognosis [6].
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Therefore, early diagnosis and treatment are important to improve the prognosis
of melanoma patients [7, 8].

8.2.1.1 Preoperative Assessment

Since ¥F-FDG PET-CT was proven useful in detecting metastasis of melanomas
with sensitivity and specificity of 83% and 85%, respectively, in a comprehensive
review based on 28 studies [2], such imaging modalities have commonly been used
for melanoma staging and assessment of therapeutic response [6] in patients in
advanced stages (stages III and IV). However, due to low diagnostic accuracy and
potential false-positive results [6, 8—10], routine use of such radiological tests for
early-stage melanomas is not recommended [11] because most of the stages
(American Joint Committee on Cancer Stage I and II) are potentially curable by
surgical resection, which yields a 5-year survival rate of 90% [7, 8]. Meanwhile, as
patients with >pT3a tumors have the potential to develop metastasis, radiological
tests could be used for staging (Fig. 8.1) [12].

As for melanoma staging on 'F-FDG PET-CT, a systemic review of 17 diagnos-
tic studies reported sensitivity ranging from 68% to 87% and specificity ranging
from 92% to 98% for stage III and IV melanomas compared to sensitivity ranging
from 0% to 67% and specificity ranging from 77% to 100% for stage I and II mela-
nomas [13]. In addition, Cha et al. reported that the maximum standardized uptake
value (SUV,,,,) of over 2.4 showed high sensitivity (91%) and accuracy (89%) in
detecting lymph node metastasis sized >10 mm, while an SUV,, of less than 1.4
detected benign tumors with lymph nodes sized <10 mm [14], suggesting that com-
bining the '8F-FDG parameters, such as SUV,,,, on ¥F-FDG PET-CT shows a
higher diagnostic value than the conventional anatomical images alone. However,
prospective randomized studies are required to confirm these results.

Fig. 8.1 A rypical case of melanoma in which the patient underwent 'SF-FDG PET-CT for staging
(>pT3). A 48-year-old man developed amelanotic tumor with some pigmented areas on the edge
at the right supraclavicular fossa (a). 'SF-FDG PET-CT detected a tumor measuring 25 x 16 x 20 mm
with SUV,,,x of 20.9 and SUV ., of 15.3 (b). In addition, a lymph node with SUV,,,, of 8.27 was
also detected in the right axilla (c), suggesting the presence of metastasis. Indeed, the lymph node
had both S-100 and HMB45-positive melanoma cell infiltration (T4bN1MO Stage)
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8.2.2 Recurrence or Distant Metastasis Assessment

Although '8F-FDG PET-CT is superior in melanoma staging before the therapy [2,
6, 8, 9], its role in the regular follow-up of asymptomatic melanoma patients remains
unclear. In a review by Xing et al., ®F-FDG PET-CT appears to be useful in detect-
ing tumor relapses with a high positive predictive value (92%) and tumor-free
patients with a high negative predictive value (95%) [10]. Considering higher radia-
tion exposure in '*F-FDG PET-CT compared to conventional CT [15], further inves-
tigations are required to establish an optimal follow-up protocol, as the evidence of
its role in the routine follow-up of asymptomatic melanoma patients is yet to be
established.

In patients with metastatic disease, '*F-FDG PET-CT is the most sensitive and
accurate, thereby making it the first-line modality to identify distant metastases
[16-18]. A large meta-analysis concluded that 'F-FDG PET-CT was superior to
BE-FDG PET or CT alone to detect distant metastasis, in which the sensitivity of
BE-FDG PET-CT (86%) was better than that of '®F-FDG PET or CT alone (82%
and 63%, respectively) [10]. To detect skin metastases, such as in-transit or satel-
lite lesions, both magnetic resonance imaging (MRI) and *F-FDG PET-CT are
considered superior to CT [17, 19]. However, whole-body MRI appears to be more
accurate than '8F-FDG PET-CT owing to physiological uptake and infective
inflammatory conditions in F-FDG PET-CT, resulting in higher false-positive
findings [8].

8.2.3 Response to Therapy Assessment

Although 8F-FDG PET-CT has been well validated to assess the response to ther-
apy and predict prognosis in patients with lymphoma [20], it is not well estab-
lished for patients with metastatic melanoma. Usually, the assessment of
therapeutic response is evaluated by size criteria from the Response Evaluation
Criteria in Solid Tumors (RECIST) [21]. On the other hand, the use of '*F-FDG
uptake on '|F-FDG PET-CT, which could be evaluated by SUV to assess the
tumor response, has been reported to be a useful method for detecting metastases,
since melanomas are '®F-FDG-avid and "®F-FDG PET-CT would be more sensi-
tive than CT or MRI [6, 10].

Recent developments of effective therapies such as BRAF inhibitors and immune
checkpoint inhibitors (ICI) have revolutionized the treatment of advanced-stage
melanoma [22, 23]. With the advent of these therapies, evidence of the utility of
BE-FDG PET-CT in monitoring response and outcome with therapy is in
great demand.
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8.2.4 Assessing Response to Molecular Targeted
Kinase Inhibitors

To date, small molecule drugs that target the MAPK pathway for the treatment of
advanced-stage melanoma, including BRAF inhibitors, MEK inhibitors, and com-
bination BRAF and MEK inhibitor regimens have been approved in Japan. Several
reports showed that the response to BRAF and MEK inhibitors can be effectively
monitored by ¥F-FDG PET-CT [24-26]. A decrease in "*F-FDG uptake was corre-
lated with longer progression-free survival [25], which in turn allows an early iden-
tification of non-responders or resistant lesions [26]. McArthur et al. found that
patients who received vemurafenib showed an early metabolic response in *F-FDG
on day 15 [25], which may be caused by an effective downregulation of extracellu-
lar signal-regulated kinase (ERK), the terminal gene of the MAPK pathway, sup-
pressing glycolysis via a network of transcriptional regulators of glycolysis [27].
Moreover, Wong et al. found a lack of reduction of 'SF-FDG uptake in rare variant
BRAF mutations refractory to MAPK pathway inhibition, suggesting that persis-
tence or reactivation of "*F-FDG uptake is a feature of resistance [26].

8.2.5 Assessing Response to Immune Checkpoint
Inhibitor Therapy

To date, there are two different types of approved ICI for the treatment of advanced-
stage melanoma in Japan, anti-PD-1 (nivolumab and pembrolizumab), anti-CTLA-4
(ipilimumab), and combination anti-PD-1/CTLA-4 regimens (nivolumab—ipilim-
umab). Although time to treatment response takes longer in patients treated with ICI
than those with BRAF inhibitors, durable response in patients who responded to the
treatment has been reported, which is a unique characteristic of ICI [22]. Tumor
response assessment for immunotherapy using '8F-FDG PET-CT is currently under
investigation since most of the published studies contained preliminary results and
are difficult to interpret.

One of the issues with long and durable response to ICI is whether treatment can
be stopped for long-term responders because ICI can cause autoimmune adverse
events and some of which are life-threatening [28, 29]. A cohort study that investi-
gated the outcome of 185 advanced melanoma patients treated with anti-PD-1 anti-
body reported that those who achieved complete response (CR) over 6 months of
treatment showed a significant lower risk of relapse after discontinuing therapy
when compared to those with partial response (PR) (P = 0.002; HR 2.99, 95% CI
1.45-6.16) or maintaining stable disease (SD) (P < 0.001; HR 5.15, 95% CI
2.19-12.09) as best tumor response [30]. On the other hand, the results from early
clinical trials suggest that patients who achieved CR, and those with long-term PR
or stable disease (SD) also showed that discontinuation of therapy after 2 years had
a low risk of subsequent progression for melanoma [31, 32]. These results suggest
that, unlike with cytotoxic chemotherapy or targeted therapies, evaluation of
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response to ICI therapy by conventional CT response criteria alone would be insuf-
ficient for identifying long-lasting responders other than those with CR.

To predict long-term outcomes which may lead to discontinuation of ICI therapy,
combined use of ®F-FDG PET assessment and conventional CT response criteria
could be helpful [33]. A retrospective study which analyzed 104 metastatic melanoma
patients treated with anti-PD-1 antibody-based immunotherapy suggested a potential
benefit of "*F-FDG PET scan use. In this study, they measured using 'F-FDG PET the
standardized uptake value (SUV,,,,) of the top five most intense metastatic lesions at
baseline and after 1 year of treatment. Responses by '®F-FDG PET assessment were
coded as complete metabolic response (CMR), partial metabolic response, stable met-
abolic disease, or progressive metabolic disease, and were compared to response by
contrast-enhanced CT images using RECIST 1.1 criteria (CR, PR, SD, and Progressive
Disease) [6]. In this study, patients with PR who also achieved CMR (PR + CMR)
showed improved PFS when compared to those without CMR (PR + non-CMR)
(median not reached versus 12.8 months; HR 0.07 [95% CI 0.02-0.27]; P < 0.01).
Moreover, among 78 patients who achieved CMR, 78% had discontinued treatment
and 96% had ongoing response [33]. These data suggest that additional functional
information by 8F-FDG PET imaging would be helpful for identifying long-term
responders and providing guidance for ICI therapy discontinuation. Importantly, how-
ever, the optimal protocol should be determined in a prospective study.

Meanwhile, whether an early "*F-FDG PET-CT evaluation could predict response
to ICI therapy in patients with advanced melanoma remains unclear. Some retro-
spective studies have shown that '®F-FDG PET or "®F-FDG PET-CT could identify
responders by ICI therapy [34-36]. However, there are several potential limitations
that should be clarified with further prospective studies: first, the evaluation proto-
col adopted in each study was different, requiring optimal timing of scans for the
response evaluation detection. Second, immunotherapy may induce immune cell
infiltration and tumor inflammation during the early treatment course, which might
confound interpretation of early '®F-FDG PET scans [33, 37]. Finally, several
inflammatory reactions or side effects, such as sarcoid-like reactions are likely to
manifest as new lesions (Fig. 8.2). This may lead to the lesions being misjudged as

| R

Fig. 8.2 A case of melanoma in which the patient developed sarcoid reaction during treatment
with nivolumab. A 59-year-old woman with stage IV melanoma was treated with an anti-PD-1
antibody nivolumab. Four months later, occult subcutaneous nodules with high '"F-FDG uptake
were detected on the hips bilaterally (a—c). Although metastasis was considered as the most likely
cause, the excised nodule was determined to be due to sarcoid reaction
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disease progression; thus, a protocol that successfully excludes these inflammatory
reactions is needed [38, 39].

8.2.6 Nonmelanoma Skin Cancers

Nonmelanoma skin cancers (NMSCs) primarily comprise basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). NMSCs are *F-FDG-avid lesions and
reportedly "*F-FDG PET-CT shows high diagnostic accuracy for the detection of
these lesions [1]. Notably, most NMSCs are detected by skin biopsy and removed at
an early stage. Therefore, further imaging modalities are not required in most
NMSCs [40-42].

BCC is the most common type of skin cancer over the races [42, 43] and primar-
ily affects elderly patients. It tends to grow slowly, spreads locally, and may invade
deeper structures; however, it rarely metastasizes (<0.1% of cases) [42, 44].
Therefore, 8F-FDG PET-CT shows limited utility in the detection of BCCs.

SCC is the second most common type of NMSC [42, 43], which also occurs
primarily in elderly patients. SCCs commonly occur on the face, forearms, or hands
and manifest as painless erythematous papules or nodules [41]. Chronic wounds
including burn scars predispose to SCCs; therefore, SCCs should be suspected in
patients presenting with an untreatable ulcer or skin injury at the site of a chronic
wound or scar [41, 52]. Tumors with ill-defined borders and/or large ulceration
indicate invasive and aggressive behavior with a higher risk of metastasis and fatal-
ity [45, 46]. Radiological imaging is considered most beneficial in patients with
aggressive SCCs [47].

E-FDG PET-CT is considered superior to CT for visualization of small volume
lymph nodes, subclinical recurrence, or metastases [1, 48]. Moreover, "*F-FDG
PET-CT is particularly preferred for postoperative surveillance of SCCs of the head
and neck [48-50], because scar tissue that can distort normal anatomy may affect
optimal visualization on CT alone [51]. However, the best imaging modality has not
yet been established. Notably, '"SF-FDG PET-CT shows limited utility especially in
cases with chronic ulcer with inflammation because *F-FDG PET detects increased
glucose uptake, which could occur in a wide variety of lesions, and infection and
inflammation are associated with high false-positive rates [52].

Merkel cell carcinoma (MCC) is a rare type of aggressive NMSC that occurs in
elderly patients. MCC is known to originate from Markel neuroendocrine cells in
the epidermis, which usually presents as a rapidly growing solitary nodule on sun-
exposed areas of skin with a high propensity for lymph node and distant metastasis
[53, 54]. Patients with metastasis show 5-year survival rates as low as 14% [55];
therefore, accurate pretreatment staging is mandatory. Imaging modalities such as
CT, MRI, and '8F-FDG PET-CT are useful for staging and posttreatment follow-up
of MCC [56, 57].

MCCs are usually *F-FDG-avid tumors [57] and '8F-FDG PET-CT is used for
initial staging to detect an occult primary lesion or metastases [58-60]. A
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meta-analysis of *F-FDG PET-CT reported high sensitivity (90%) and specificity
(98%) in patients with MCC, which is superior to that of other imaging modalities
for the detection of nodal and in-transit (metastatic lesions between the primary
tumor and draining lymph nodes) metastases [56]. Additionally, it has been reported
that 8F-FDG PET-CT findings may lead to upstaging in >25% of patients and alter
the treatment strategy in approximately 43% of patients [61, 62].

A prospective Trans Tasman Radiation Oncology Group 09.03 study investi-
gated the utility of ®F-FDG PET in the management of MCC. The study reported
that ®F-FDG PET showed a sensitivity of 95% [95% confidence interval (CI)
82-99.3] and a specificity of 88% (95% CI 63.56-98.54), a positive predictive value
of 95% (95% CI 83-98.5), and a negative predictive value of 88% (95% CI
65.8-96.7). Pretreatment "F-FDG PET findings affected the treatment decision in
27.6% of cases, with 15 cases (25.9%) being upstaged without any downstaging.
Although posttreatment '*F-FDG PET was not of prognostic value, the authors con-
cluded that staging "®F-FDG PET significantly affected treatment decisions, and
thus the pretreatment 'F-FDG PET should be considered, particularly in patients
with aggressive MCC [63].

Consequently, the MCC Clinical Practice Guidelines from the National
Comprehensive Cancer Network® suggested that whole-body ®F-FDG PET with
fused axial imaging (CT or MR) is preferred in patients at a high risk of recur-
rence or in those with a high index of clinical suspicion for nodal or distant
metastasis [64].

Extramammary Paget disease (EMPD) is another rare type of NMSC with a
reported incidence of 2.4 patients per 100,000 person-years [65]. Although EMPD
resembles mammary Paget disease with regard to pathological appearance and
human epidermal growth factor receptor 2 overexpression [66—68], these conditions
differ with regard to pathogenesis. Mammary Paget disease is necessarily associ-
ated with underlying breast carcinoma, whereas an association between EMPD and
underlying malignancies is uncommon [69]. EMPD typically originates and persists
as carcinoma in situ over several years with a favorable prognosis [69]. However,
EMPD may metastasize to regional lymph nodes and distant sites if it transforms
into an invasive tumor [70, 71] Reportedly, the incidence of such transformation is
34-61% of all cases of EMPDs [71-73]. Additionally, EMPD is associated with an
underlying internal malignancy in nearly 20% of cases [74, 75]. Therefore, a thor-
ough investigation is warranted for metastases and underlying malignancy before
initiation of treatment for EMPD.

To date, the role of 'F-FDG PET-CT in EMPD has only been described by a
few case reports [76—78]. Clinical lymphadenopathy is a significant indicator of
lymph node metastasis, which is also associated with low survival rates [70, 72].
However, lymph node enlargement may occasionally be caused by secondary
inflammation in EMPD (Fig. 8.3). Therefore, it is challenging to accurately deter-
mine whether lymph node enlargement observed on 'SF-FDG PET-CT is due to
metastasis or inflammation. In summary, the utility of '*F-FDG PET-CT for EMPD
remains unclear.
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Fig. 8.3 EMPD case with a false-positive result on *F-FDG PET-CT. A 66-year-old woman
developed erythema in her genital area (vulva) and was pathologically diagnosed with extramam-
mary Paget disease (a). An asymmetrically enlarged regional lymph node in the left groin (SUV,,,,
6.45; SUV e, 2.77) was identified on *F-FDG PET-CT, which suggested lymph node metastasis
(b, ¢). However, metastasis was not detected in the excised lymph node

8.3 Cutaneous Soft Tissue Sarcomas

Cutaneous soft tissue sarcomas are rare heterogeneous mesenchymal neoplasms,
which represent <1% of malignant tumors [79].

Dermatofibrosarcoma protuberans (DFSP) is a slow-growing rare mesenchymal
malignancy of fibroblastic origin typically involving middle-aged adults [80].
Primary DFSP usually presents clinically as a solitary round or oval non-tender
cutaneous and subcutaneous mass, usually smaller than 5 cm in diameter, with a
well-defined margin [80]. DFSP arises from the dermis, most commonly in the
trunk, and involves the underlying subcutaneous tissue, thereby making preopera-
tive imaging such as CT and MRI useful for evaluating the size and shape to deter-
mine the adequate wide radical excision of the tumor [80-82]. Usually, *F-FDG
PET-CT is considered to be superior to CT and MRI by detecting small volume
lymph nodes, subclinical recurrence, or metastases [1, 9, 56]. However, regional
nodal and distant metastases are uncommon for patients with DFESP [83], and thus
CT and MRI are suffice for evaluating the extent of DFSP.

Angiosarcoma is a rare tumor accounting for 1-2% of all soft tissue sarcomas
[79, 84] and less than 0.1% of all head and neck cancers [85]. Angiosarcomas arise
from vascular or lymphatic endothelial cells and the skin is one of the locations
where this highly malignant tumor with dismal prognosis develops (Fig. 8.4).
Although most cutaneous angiosarcomas (CAS) develop in the head and neck
region, some patients with chronic lymphedema may also develop angiosarcoma,
known in this case as Stewart-Treves syndrome (STS) [79, 85, 86]. Cutaneous
angiosarcomas have high rates of recurrence and metastasis, most commonly in the
lung, followed by lymph nodes, bone, and liver [87, 88]. Multimodality treatment
(radiotherapy/chemotherapy) is usually employed and has been shown to be benefi-
cial [89]. However, even with multimodality treatment, the risk of recurrence is still
high and the optimal treatment is yet to be determined [88, 90, 91].
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Fig. 8.4 A case of angiosarcoma on the scalp. A 66-year-old woman developed purpura and nod-
ules on the left side of her forehead (a). She was diagnosed with angiosarcoma on biopsy. 'F-FDG
PET-CT revealed a tumor measuring 26 x 32 x 14 mm on the left frontal aspect, with an SUV
of 21.2 and SUV . of 13.6 (b, ¢). The tumor responded well to weekly combination therapy com-
prising paclitaxel and radiotherapy, which helped in achieving complete remission (d, ). However,
local recurrence occurred 24 months after treatment initiation. Although chemotherapy was
restarted, the disease progressed (f), and the most recent 'F-FDG PET-CT revealed a '*F-FDG-
avid lesion in the cervical (SUV,,,,, 12.73) (g) and axillary lymph nodes (SUV ., 3.95) (h), which
indicated a high likelihood of metastasis
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There are several reports suggesting the use of 'SF-FDG PET-CT as a promising
imaging tool in angiosarcomas, as it enables the detection of disease extension and
multiple tumor foci in a single session, and could also detect recurrent disease [92—
94]. In addition, Kajihara et al. reported that "*F-FDG PET-CT evaluation possibly
determines response to therapy [95]; in their retrospective study analyzing data
from 18 patients, those with high SUV . of the primary tumor had significantly
unfavorable prognosis than those with low SUV,,,,, suggesting SUV ., of primary
lesions could potentially predict patient survival [96]. Meanwhile, in terms of dis-
tant metastasis detection, some metastatic pulmonary lesions such as thin-walled
pulmonary cystic lesions are reported to present as a negative study or misinter-
preted as benign lesions due to the lack of '8F-FDG uptake [97, 98]. Therefore, we
have to be aware of cystic lesions that can be '*F-FDG PET-negative even though
pulmonary metastases of CAS have a variety of morphologic patterns on imaging
[99, 100] and some of which could be *F-FDG-avid.

In STS, the incidence of which is more rare than CAS, Dawlatly et al. showed the
efficacy of ®F-FDG PET-CT in demonstrating the extent of the subcutaneous spread
of tumors [101]. ®F-FDG PET-CT was able to demonstrate recurrent disease in
another report, indicating that '8F-FDG PET-CT can be used for detecting local
recurrence in STS [94]. The literature is sparse; however, these reports suggest that
BE-FDG PET-CT could be superior to MRI, as it enables detecting disease exten-
sion in a single session.

8.4 Conclusion

Focal "®F-FDG uptake of the cutaneous or subcutaneous lesions is a common inci-
dental finding on ®F-FDG PET. The present study focused on the potential benefit
of BF-FDG PET or '8F-FDG PET-CT in skin malignancies. As for some patients,
BE-FDG PET-CT scan is considered to be the best modality, being the most sensi-
tive for accurate diagnosis. However, we should be aware of the fact that SF-FDG
uptake is not specific for malignant neoplasms, and might be due to inflammation,
infection, or a benign tumor. Continuous investigation for detecting the optimal
protocol is required.

Summary and Key Points

The aim of the current chapter was to elucidate the potential benefit and clinical
utility of '8F-fluorodeoxyglucose positron emission tomography ("*F-FDG PET) or
BF-FDG PET-computed tomography ('*F-FDG PET-CT) in skin malignancies, both
carcinomas and sarcomas. Their importance in malignant melanomas was covered
in the first half and their role in nonmelanoma skin cancers and cutaneous soft tissue
sarcomas in the latter half.

The following are the key points of this review:

 Skin malignancies are reported to be '®F-FDG-avid.
e BE-FDG PET-CT is considered the most sensitive and accurate diagnostic tool
for patients with >pT3a malignant melanoma, as it is useful in detecting metas-
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tasis of advanced melanomas (stages III and IV) with a sensitivity of 68-87%
and specificity of 92-98%. However, its routine use for early-stage melanomas
and follow-up of asymptomatic melanomas is not recommended.

BE-FDG PET-CT has not been validated for the assessment of response to ther-
apy in any type of skin malignancy. For melanoma, the possibility of using '8F-
FDG PET-CT to monitor response and predict long-term outcomes of recent
therapies, such as BRAF inhibitors and immune checkpoint inhibitors, is under
investigation.

The utility of '"8F-FDG PET-CT for nonmelanoma skin cancers and cutaneous
sarcomas remains unclear, except in aggressive Merkel cell carcinoma (MCC).
Pretreatment '®F-FDG PET should be considered in patients with aggressive
MCC. In addition, whole-body '"*F-FDG PET with fused axial imaging (CT or
magnetic resonance imaging) is preferred in patients with a high risk of recur-
rence or in those with a greater index of suspicion for nodal or distant metastasis.
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F-18 FDG PET Tests in Malignant
Lymphoma

Norifumi Tsukamoto

9.1 Introduction

Malignant lymphomas, which are a heterogeneous group of diseases that arise from
the cells of the immune system, are classified as Hodgkin lymphoma (HL) and non-
Hodgkin lymphoma (NHL). The HL group mainly involves the lymph node, and
has been subdivided into nodular lymphocyte predominant HL and classic HL
(cHL). The latter group has been further divided into four histological subtypes: (1)
nodular sclerosis cHL, (2) lymphocyte-rich cHL, (3) mixed-cellularity cHL, and (4)
lymphocyte depleted cHL [1]. In contrast, NHL often involves up to 40% extrano-
dal sites, and based on the phenotype, is divided into the B cell lymphoma and
NK/T cell lymphoma groups. Diffuse large B cell lymphoma (DLBCL) and follicu-
lar lymphoma (FL) are the common subtypes, with the former type being aggres-
sive, while the latter is indicative of an indolent clinical course [1].

Accurate staging and post-therapy evaluation are essential for the improvement
of lymphoma treatment. Imaging plays a key role in the management of lymphoma,
as comparison of the images before and after treatment is objective and reproduc-
ible [2]. When the Cotswold classification [2], which is based on the Ann Arbor
classifications [3, 4], is used for evaluation of computed tomography (CT) images,
this makes it possible to visualize the lymph node and organs. The 1999 National
Cancer Institute Working Group published an evaluation of lymphoma lesion by
CT, which was also adopted for the staging and response criteria for NHL as well as
HL [5]. These criteria involve complete (CR) and partial response (PR), stable, pro-
gressive, and relapsed disease (RD), and CR undetermined (CRu), in which the
tumor mass persists with a size reduction following treatment due to tumor fibrosis
rather than residual disease.
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Due to the high sensitivity of '®F-fluorodeoxyglucose (FDG) positron emission
tomography/computed tomography (PET/CT) in the detection of the disease, this
methodology has become the standard procedure for the evaluation of lymphomas
[6-8]. Furthermore, the 2007 International Working Group (IWG) also incorporated
this technique into the revised response criteria due to both the superior sensitivity
and specificity in HL and DLBCL, along with the elimination of the CRu [9]. The
collection of sufficient additional information that supported the usefulness of PET/
CT in other histologies, especially FL, subsequently led to the publication of the
Lugano classification in 2014 [10, 11]. This classification recommended using PET/
CT as the standard method for staging and response criteria in most of the FDG-avid
lymphoma. In addition, this classification has also incorporated the Deauville
5-point scale method [12], which is a standardized criteria for the interpretation of
scans. The recent introduction of immune checkpoint inhibitors has helped to eluci-
date a different clinical course named “pseudo-progression,” which documents the
presence of progressive disease despite the contrary evidence of clinical benefit [13,
14]. The provisional recommendation was introduced in 2016 in order to address
this phenomenon in the guidelines [14].

9.2 Role of PET in Staging at the Time of Diagnosis

Staging is important not only for treatment decisions but also for predicting the
lymphoma prognosis. This staging process is based on the Ann Arbor staging sys-
tem, which differentiates the lymphoma lesion into four stages [3, 4]. Although CT
scans and gallium scintigraphy were commonly used modalities for staging, PET/
CT has proved to be a more sensitive and specific imaging method than a CT scan
by itself. Moreover, the PET/CT methodology is advantageous as it can detect meta-
bolic changes in the areas involved with lymphoma before the structural changes
become visible. In the Lugano classification [10, 11], PET/CT was included as a
way to evaluate the lymphoma lesions seen in most of the subtypes. These are rec-
ognized based on the increased FDG uptake in the lymph node, spleen, liver, and
other extranodal sites, which includes the bone marrow (Table 9.1) (Fig. 9.1).
Extension from a nodal lesion into extranodal tissues such as the lung, pericardium,
and pleura, which may occur in stages I-III, does not cause the stage to develop into
stage IV.

In the Ann Arbor classification, patients were subdivided according to the
absence (A) or presence (B) of disease-related symptoms such as fever, weight loss,
or sweating [3, 4]. However, these features do not confer unfavorable prognosis in
NHL,; the presence of disease-related symptoms correlates only in HL. Therefore, it
is recommended that the description of the disease-related symptoms A or B are
only needed in HL; it can be omitted in NHL [10].

In contrast, although FDG avidity is variable in small lymphocytic lymphoma,
lymphoplasmacytic lymphoma, marginal zone lymphomas, and mycosis fungoides,
CT scans can still be used for detection of lymphoma lesions [10].
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Table 9.1 Staging system for lymphoma (the Lugano Classification)

Stage | Nodal Involvement Extranodal Status

Limited

| One node or a group of adjacent nodes Single extranodal lesions without nodal
involvement

1T Two or more nodal groups on the same side of | Stage I or II by nodal extent with

the diaphragm limited contiguous extranodal

involvement

I II as above with “bulky” disease Not applicable

bulky

Advanced

1 Nodes on both sides of the diaphragm: Nodes | Not applicable
above the diaphragm with spleen involvement

v Additional noncontiguous extralymphatic Not applicable
involvement

Fig. 9.1 Initial staging with "*F-fluorodeoxyglucose (FDG) PET/CT in Hodgkin Lymphoma. (a)
Coronal image shows accumulation of FDG in left cervical, mesenteric and para-aortic lymph
nodes (arrows). Axial images of left cervical lymph node (b) and para-aortic lymph node (¢) with
SUVmax 12.5 and 10.5, respectively
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PET/CT improves the accuracy of the lymphoma lesion detection, with mainly
upstaging occurring in 10-30% of cases [10]. This can potentially help to avoid
overtreatment as well as undertreatment. Upstaging has especially been reported to
be more common in FL versus the other subtypes. However, since an enhanced CT
scan can identify a nodal mass more clearly as compared to PET/CT, enhanced CT
is considered to be suitable for accurately measuring the tumor size. When the size
of the spleen exceeds 13 cm, this classification recommends that this condition be
defined as splenomegaly. Furthermore, diffusely increased or focal uptake of FDG
in the liver is recognized as liver involvement [10].

The presence of bulky disease is a negative prognostic factor in some lympho-
mas. In fact, the longest diameter of the largest lymphoma lesion is used as one of
the factors in the FL International Prognostic Index 2 [15]. Although a variety of
sizes have been proposed, such as 6 cm in FL, 610 cm in DLBCL, and 10 cm in
HL, these sizes have yet to be definitively validated. The Lugano classification rec-
ommends recording of the longest measurement by CT in order to determine the
presence of bulky disease [10].

The role of bone marrow biopsy has changed during the current PET/CT era. In
HL and DLBCL, PET/CT sensitivity surpasses that for bone marrow biopsy when
detecting bone marrow involvement [16, 17]. However, since the use of a bone mar-
row biopsy can still be important when evaluating hematopoietic function, perform-
ing a bone marrow biopsy prior to treatment is preferable in all cases.

The degree of the FDG uptake can be expressed quantitatively by the standard-
ized uptake value (SUV). SUV is defined as the concentration of radioactivity in the
tissue or lesion (MBg/mL) x patient body weight (g)/injected dose (MBq) [18],
while the maximum uptake of *F-FDG in the tumor is represented by the SUVmax.
SUVmax is correlated with the activity of the lymphoma lesion. HL and aggressive
lymphoma such as DLBCL exhibited a higher FDG uptake as compared to indolent
lymphoma [19, 20], with a SUVmax > 10 suggestive of aggressive lymphoma [19,
21]. These values can also potentially be used to identify the foci of the aggressive
transformation in those patients who were initially diagnosed as indolent lymphoma.

Staging is an important component of a predictive model for newly diagnosed
patients with lymphoma. For example, the five factors that affect the prognosis in
aggressive lymphoma include age, serum lactate dehydrogenase (LDH), perfor-
mance status (PS), stage, and extranodal involvement [22]. Likewise, the presence
of an advanced stage (stages III-IV) is also an important risk factor for other lym-
phomas, such as the follicular lymphoma prognosis index (FLIPI) for FL [23], and
the international prognosis score for advanced HL [24].

9.3 End of Treatment Evaluation

Since complete remission is a prerequisite for a cure, the major objective in patients
with lymphoma is to achieve complete remission. The therapeutic response is
assessed based on clinical manifestation, blood tests, and imaging. A decrease in the
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Fig.9.2 Pretreatment and posttreatment images in a patient with follicular lymphoma. Pretreatment
PET/CT (a) and CT scan (b) shows large mesenteric lymph nodes (arrows). Posttreatment PET/CT
(c¢) demonstrates no uptake of FDG, but residual mass on CT scan (arrows) (d)

size of the tumor mass has been the cornerstone for a good therapeutic response in
lymphoma. However, when CT finds a residual mass, this can be ambiguous, as it is
not always metabolically active. Therefore, performing PET/CT at the end of treat-
ment for lymphoma proved to be effective in discriminating residual active disease
from fibrotic masses [10]. Thus, the value of PET/CT determined for the end of
treatment assessments can be established for DLBCL, HL, FL, and other FDG-avid
lymphomas (Fig. 9.2). In these subtypes, a positive PET/CT after treatment is
strongly predictive of residual disease, whereas a negative PET is predictive of the
absence of residual disease [10, 25, 26]. To minimize false-positive results, PET/CT
needs to be performed at 6—8 weeks after the administration of chemotherapy, and
at 8—12 weeks after completion of irradiation [27]. As PET/CT reflects glucose
metabolism, evaluation of the CR indicates complete metabolic remission (CMR),
whereas the PR indicates the partial metabolic response (PMR) [10].

For the 2007 IWG criteria, PET/CT evaluations were based on visual interpreta-
tions that used the mediastinal blood pool as the standard portion [9]. To assure
reproducibility, a 5-point scale was recommended as the standard criteria for the
scoring system used to assess the residual FDG uptake in the Lugano classification
[10, 11]. The system is defined as follows [12]:

e Score 1: no uptake.
e Score 2: slight uptake, but below the mediastinum (blood pool).
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e Score 3: uptake above the mediastinal, but below or equal to uptake in the liver.

e Score 4: uptake slightly to moderately higher than liver.

e Score 5: uptake markedly higher than liver and/or new lesions (on response
evaluation).

The results of the PET/CT are interpreted as follows [10, 11] (Table 9.2):

e Complete response (CR): scores of 1, 2, or 3 together with the absence of any
FDG-avid bone marrow lesion(s), irrespective of a persistent mass seen on CT.

 Partial response (PR): Deauville score of 4 or 5 with reduced uptake compared
with baseline and residual mass(es) of any size.

e Stable disease (SD), also referred to as no response: Deauville score of 4 or 5
without any significant change in the FDG uptake from baseline.

* Progressive disease (PD): Deauville score of 4 to 5 with increasing intensity
compared to baseline or any interim scan and/or new FDG-avid foci consistent
with malignant lymphoma.

Score 3 should be interpreted according to the clinical context and the treat-
ment, but in many patients indicates a good prognosis. A score of 4 or 5 indicates
the presence of a residual lymphoma lesion even if the FDG uptake decreased from
baseline [10].

In patients with relapsed or refractory HL or NHL, PET/CT can also determine
prognostic information after salvage chemotherapy and high-dose chemotherapy
followed by autologous stem cell transplantation. Three-year progression-free sur-
vival (PFS) in patients who were PET negative was more than 75%, which was
superior to the 30-40% PFS in the PET positive patients. Thus, PET/CT findings
may be useful in the final decision as to whether a patient should undergo high-dose
chemotherapy followed by ASCT [11, 28, 29].

For the variable PET-avid subtypes, the assessment of the response needs to be
done using a CT. CR is defined as follows: all of the target lesions, which includes
up to six of the largest lesions at baseline, need to regress to a longest diameter of
<1.5 cm after completion of the treatment. PR is defined as a decrease of more than
50% of the sum of the product of the long axis diameter and the short axis diameter
for up to six of the target lesions. If the mass decreased in size but still persisted, it
was defined as the best PR without the demonstration of the absence of lymphoma
by biopsy [10, 11].

The results of the post chemotherapy evaluation by PET/CT is also part of
the decision for the radiotherapy. Patients who were PET/CT negative had a far
better PFS than that of patients who were PET/CT positive. In the posttreat-
ment PET/CT positive patients, PFS of patients receiving radiotherapy was
superior to those not receiving radiotherapy. Thus, the end of treatment PET/
CT could potentially be used in the decision for using additional radiotherapy
[30, 31]. With regard to radiotherapy planning, post-therapy PET/CT can more
precisely determine the localization of the lymphoma lesion. In addition, PET/
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Table 9.2 Response criteria for patients with FDG-avid lymphoma proposed in the 12th ICML
Conference (Lugano 2013)

Lymph nodes
and
Response | Evaluation |extralymphatic | Nonmeasured | Organ New Bone
assessment | by PET-CT | sites lesion enlargement | lesion marrow
CR Complete | Score 1,2, or 3 | NA NA None No
metabolic | with or without evidence of
response a residual mass FDG-avid
(CMR) on CT disease in
marrow
PR Partial *Score4or5 | NA NA None Residual
metabolic | with reduced uptake
response uptake higher than
(PMR) compared uptake in
with baseline normal
and residual marrow but
mass(es) of any reduced
size (but no compared
new lesions) with
baseline
SD/NR No Score 4 or 5 NA NA None No change
metabolic | with no from
response significant baseline
(NMR) change in
FDG uptake
from baseline
PD Progressive | Score 4 or 5 None New New or
metabolic | with an increase FDG-avid | recurrent
disease in intensity of foci FDG-avid
(PMD) uptake from consistent | foci
baseline and/ with
or New lymphoma
FDG-avid foci rather than
consistent with another
lymphoma etiology
*At end of NA: not
treatment; applicable
residual
disease, At
interim;
responding

disease
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Table 9.3 Refinement of the Lugano classification lymphoma response criteria in the era of
immunomodulatory therapy

Response

assessment Definition

CR Disappearance of all lesions in 2 consecutive observations not less than 4 weeks
apart

PR >50% decrease in tumor burden compared with baseline in 2 observations at
least 4 weeks apart (as measured bidimensionally)

PD >25% increase in tumor burden compared with nadir (at any single time point)

in 2 consecutive observations at least 4 weeks apart, where Tumor
Burden = SPD index lesions + SPD new, measurable lesions

CT yields better consistency of the target volume delineation as compared to
the CT scan [32-34].

Recently, immune checkpoint inhibitors have been added to lymphoma therapy.
These agents are sometimes associated with the progression of the lymphoma lesion
despite the evidence of clinical benefit. This is referred to as “pseudo-progression”
and its occurrence is well-known in solid tumors [13, 14]. To address this issue, a
workshop proposed the creation of provisional response criteria, which led to the
concept of “indeterminate response.” In order to confirm an evaluation, consecutive
assessment for at least 4 weeks after the first documentation is required, after which
either PD or pseudo-progression can be determined [14] (Table 9.3).

9.4 Interim PET (iPET)

In spite of the introduction of molecular target chemotherapy using agents such as
rituximab or brentuximab vedotin, relapse is still the most important concern when
treating the disease. In this respect, assessment of early response becomes an impor-
tant factor. Since PET/CT makes it possible to perform early evaluation of meta-
bolic changes during induction therapy, PET/CT is now recognized as a useful
method for assessing the therapeutic response during the chemotherapy course. In
most chemotherapy responders, the PET/CT becomes negative after 2 cycles of
chemotherapy [35, 36]. In HL,, iPET has proven to be a powerful predictor of treat-
ment outcome. Patients who were PET/CT negative after 2-3 cycles of chemother-
apy (ABVD) had a remarkably better PFS and overall survival (OS) than those who
were PET/CT positive, while patients who were iPET positive had a poor prognosis
[36-38]. Thus, it would be of interest to know whether an iPET-adaptive strategy
based on early chemotherapy escalation could perhaps improve the prognosis in
patients who are iPET positive. Gellamini et al. examined iPET positive patients
after 2 cycles of ABVD and found that the PFS and OS improved after the adminis-
tration of BEACOPP chemotherapy [39]. Besides achieving a cure for the disease,
one of the other major goals of treatments is to reduce the toxicity. In early stage
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HL, iPET negative patients were shown to be able to reduce the cycles of chemo-
therapy [40, 41]. Likewise, in advanced stage HL, patients who were iPET negative
were able to omit bleomycin without any effect on the survival [42].

However, conflicting results have been reported for DLBCL. In the recent report
by Burggraaff et al., a meta-analysis of 18 studies found there was a predictive value
for iPET [43]. Likewise, Gouill et al. also reported iPET can assist the clinician in
predicting patients’ outcome [44]. On the contrary, Mamot et al. reported the results
of aprospective trial in 138 patients with DLBCL who were treated with R-CHOP- 14.
In these patients, iPET was performed after two (PET-2), four (PET-4), and six
(PET-6) cycles of R-CHOP with results revealing that PET-2 and PET-4 had a less
predictive value than PET-6 (=end of treatment) [45]. Diihrsen et al. also reported
finding limited prognostic value in patients treated with R-CHOP. In their analysis,
although they used a semi-quantitative method based on the SUVmax and SUVmax
variation (ASUVmax) to improve the sensitivity, the prediction capability of prog-
nosis was not high, and iPET-guided therapy did not improve outcome [46]. These
data seem to suggest that iPET has a limited prognostic value for
DLBCL. Furthermore, these findings showed that iPET-guided treatment did not
improve the treatment outcome.

9.5 Post-Therapy Surveillance

In HL and DLBCL, approximately two-thirds of the patients are expected to achieve
long-term remission with first-line chemotherapy. Among the patients achieving
remission from first-line chemotherapy, relapse is commonly seen within 2 years
[47]. Thus, surveillance imaging is conducted in order to detect relapse as early as
possible, as salvage chemotherapy can be effective if the tumor burden is low.
However, many studies have reported finding that a relapse was identified before the
scheduled follow-up visit. As a result, surveillance imaging was only able to detect
relapse before clinical manifestations in a minority of these patients. Furthermore,
relapses detected by imaging, which included PET/CT were not associated with an
improved survival even when the relapse was only in the early stage [11, 47, 48].

These studies suggest current imaging approaches such as PET/CT and CT are
not able to detect most relapses prior to the presence of clinical signs and symptoms,
and thus they do not contribute to an improved survival.

Summary and Key Points

In this chapter, we overviewed the important roles of PET/CT in staging at the time
of diagnosis in the first half. In the latter half, we described the role of PET/CT in
evaluation of post- and mid- therapy evaluation. PET/CT has high sensitivity in
detecting lymphoma lesions compared to CT and it has become standard procedure
for staging and end of treatment evaluation in most of the lymphoma subtypes.
Whereas significance of Interim PET in predicting treatment outcome is limited.
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The following are key points to understand the contents of this review.

PET/CT has high sensitivity in detecting lymphoma lesion compared to CT scan.
This methodology has become the standard procedure for the evaluation of
lymphomas.

In staging at the time of diagnosis, PET/CT is regarded as a standard method to
evaluate the lymphoma lesions in most of FDG-avid subtypes. In contrast, in
small lymphocytic lymphoma, lymphoplasmacytic lymphoma, marginal zone
lymphomas, and mycosis fungoides, CT scans can still be used.

The value of PET/CT determined for the end of treatment assessments is estab-
lished for DLBCL, HL, FL, and other FDG-avid lymphomas.

A 5-point scale is recommended as the standard criteria for the scoring system
used to assess the residual FDG uptake.

Interim PET (iPET) is a powerful predictor of treatment outcome in Hodgkin
lymphoma, but its role in other subtypes is controversial. Furthermore, the value
of iPET-guided therapy is not established.

Surveillance imaging by PET/CT does not contribute to an improved survival.
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