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Abstract

Breast cancer is the most common malignancy in women and among the most common indications of oncologic positron
emission tomography (PET) studies. In this review article, updated anatomical, pathological, and clinical information about
breast cancer were provided for Nuclear Medicine physicians to better understand breast cancer and interpret PET images
and a review of the literature on the use of PET imaging in breast cancer was summarized.
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Introduction

Breast cancer is the most common malignancy in women
worldwide (2.1 million women each year) [1]. Approximately 627,000
women died from breast cancer in 2018 [1]. Breast cancer rates are
higher in western countries but also increasing in the rest of the
world. Breast cancer incidence and death rates generally increase
with age. Survival is affected by the stage of the disease as well
as histological and molecular subtypes and genomic profile of the
breast cancer and ranges from 99% to 27% [2].

Breast cancer is among the most common oncologic in-
dications of clinical Positron emission tomography/computed
tomography (PET/CT) studies. Among various PET radiotracers,
"8F-fluorodeoxyglucose (FDG) and ®F-sodium fluoride (NaF) are the
main radiotracers used in clinical PET studies for initial staging of
locally advanced invasive and inflammatory breast cancers, to as-
sess response to treatments and to detect and localize the recurrent
disease. More specific PET radiotracers, such as '®F-fluoroestradiol
(FES/oestrogen receptor binding), '®F-fluorothymidine (FLT/cell
proliferation), 8Zr-trastuzumab (human epidermal growth factor
receptor 2 (HER2) binding) '®F-galacto-RGD (angiogenesis), '®F-an-
nexin-V (apoptosis), &Zr-anti-gH2AX-TAT (cell death), '8F-FMISO
(hypoxia) are mainly used for investigational purpose.

This review article aims to provide practically useful information
about breast cancer and the role of PET/CT in the management
of breast cancer.

Anatomy and Histology of the Breast
Breasts overly the pectoralis major muscles with a fascia in
between them. The mammary gland is an exocrine gland composed
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of mammary lobules and network of ducts. Each mammary lobule
consists of small glandular structures (acini) which open into the ter-
minal duct (terminal duct lobular unit, TDLU). Ducts and mammary
lobules are surrounded by connective tissue which is composed of
blood and lymphatic vessels, nerves, adipose and fibrous tissue [3].

Breasts have 2 superficial (cutaneous and subcutaneous)
and 2 deep (mammary-glandular and fascial) intercommunicating
lymphatic plexi. Superficial lymphatics drain the skin, whereas deep
lymphatics drain the breast parenchyma, areola and the nipple.
The density of the lymphatic plexus is higher in the subareolar
region (Sappey’s plexus). In 1874, Sappey suggested that axillary
nodes receive lymphatic drainage from the entire breast via the
subareolar plexus. However, the role of the subareolar plexus in the
lymphatic drainage of the breast is still controversial [4]. Approxi-
mately 75% of breast lymphatic drainage is directed to the axilla and
25% to the internal mammary nodes [5]. However, internal mam-
mary node drainage was seen in 28-44% of all patients with breast
carcinomas on lymphoscintigraphy studies [6]. There are three
levels of lymph nodes in the axilla. Level | nodes are inferolateral to
the pectoralis minor, level Il nodes are behind the pectoralis minor,
and level 3 nodes are superomedial to the pectoralis minor. Axil-
lary lymphatic drainage generally proceeds in a stepwise fashion
from level | to level II, to level Il and finally into the thoracic duct.
When there is an obstruction in the axillary lymphatic flow or after
the axillary dissection, alternative pathways may become important
for the lymphatic drainage (altered lymphatic drainage) through
various lymph nodes such as internal mammary, presternal, ret-
rosternal, transpectoral, retro pectoral, posterior intercostal and
subdiaphragmatic (Gerota’s route) nodes. The lymph nodes be-
tween pectoralis minor and major muscles (interpectoral) are called
rotter space nodes.

Diagnosis of Breast Cancer

For women at average breast cancer risk, American Cancer
Society (ACS) recommends yearly screening mammogram for
women 45 to 54-year-old [7]. Women 55 year and older can have
a mammogram yearly or every other year [7]. For women at high
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breast cancer risk, ACS recommends yearly breast magnetic reso-
nance imaging (MRI) and a mammogram, typically starting at age
30 [7]. High risk includes having a family history of breast cancer,
history of radiation therapy to the chest between the ages of 10
and 30 years, and patient or 1% degree relative to have a BRCA1 or
BRCA2 gene mutation, Li-Fraumeni syndrome, Cowden syndrome,
or Bannayan-Riley-Ruvalcaba syndrome [7].

Screening mammograms mainly search for calcification and
masses and also assess the density of the breast. Macro-calcifica-
tions are usually due to benign conditions. Micro-calcifications are
more concerning than macro-calcifications. Thirty per cent of
patients with breast micro-calcifications showed malignancy on
histopathology [8]. Dense breasts are linked to a higher risk of
breast cancer. Dense breast tissue can also prevent the detec-
tion of cancers on a mammogram. To describe mammogram
findings, a standard system is used (Breast Imaging Reporting
and Data System (BI-RADS)) [7]. BI-RADS scores range from 0
to 6; 0: Incomplete study, additional imaging and/or comparison
to prior mammograms is needed, 1: Negative study, 2: Benign
findings, 3: Probably benign findings with follow-up in 6 mos,
4: Suspicious findings, biopsy should be considered, 5: Highly
suggestive of malignancy, biopsy should be considered, and 6:
Known biopsy-proven malignancy.

Breast ultrasound helps to differentiate simple cysts from solid
masses and guide biopsy. Breast MRI has a limited role in the
screening of breast cancer, but it should be considered in women
who have a high risk of breast cancer. After the diagnosis of breast
cancer, MRl is useful to assess the primary tumour (tumour size,
multifocal vs multicentre disease) and chest wall invasion.

Classification of Breast Cancers

Most breast cancers are adenocarcinoma and arise from the
epithelial cells of the TDLU. A small number of breast cancers arise
in the other tissues such as fat, muscle, and connective tissue.
As the glandular tissue is more abundant in the upper outer quad-
rant of the breast, half of the breast cancers occur in this region [9].

Histological classification of breast cancers includes in-situ
carcinoma (cancerous cells remain in the place and have not spread
yet) and invasive or infiltrating carcinoma (cancer cells spread
beyond the layer of tissue in which they developed).

In situ carcinomas are classified as ductal carcinoma in
situ (DCIS or intraductal carcinoma) and Paget’s disease. DCIS
is a non-invasive, pre-invasive breast cancer where proliferations of
malignant ductal epithelial cells remain confined within intact breast
ducts. Paget's disease is a rare type of breast cancer involving
the skin of the nipple. Paget’s disease is usually linked to DCIS or
invasive ductal carcinoma (IDC). Lobular carcinoma in-situ is treated
as a benign entity and has been removed from TNM staging.
It is considered as a proliferative disease with associated risk for
developing breast cancer in the future [9].

The invasive breast carcinomas are classified as ductal, inflam-
matory, medullary, medullary with lymphoid stroma, mucinous,
papillary (predominantly micropapillary pattern), tubular, lobular,
infiltrating Paget's disease, undifferentiated, squamous cell, ad-
enoid cystic, secretory, and cribriform [10]. If the tumour has no
specific differentiating features, it is called invasive carcinoma not
otherwise specified (NOS). Invasive mammary cancer has fea-
tures of both ductal carcinoma and lobular carcinoma. IDC is the

most common invasive tumour of the breast which comprises 72-80
% of all invasive breast cancers [11]. Invasive lobular carcinoma
(ILC) accounts for 5-15 % and inflammatory breast cancer ac-
counts for 1% to 2% of all invasive breast cancers [2, 11]. IDC
is further sub-classified as well-differentiated (grade 1), moderately
differentiated (grade 2) or poorly differentiated (grade 3) based on
the levels of nuclear pleomorphism, glandular/tubule formation and
mitotic index [12]. Inflammatory carcinoma is characterized by dif-
fuse erythema and oedema (peau d’orange) in the skin of the breast
with a rapid evolution [9]. Inflammatory carcinomais a clinical-stage
T4d cancer and the most aggressive presentation of breast cancer
[13]. An underlying mass may or may not be palpable and there
may be a detectable mass on the imaging [9]. Changes in the
skin may be due to lymphedema caused by tumour emboli within
dermal lymphatics [9,]. ILC of the breast shows low histological
grade and low mitotic count [14].

Hormone receptor (oestrogen receptor (ER) and progesterone
receptor (PR)) and human epidermal growth factor receptor 2
(HER2) expressions of breast cancer are assessed via qualitative
and/or semi-quantitative immunohistochemistry technique on
biopsied tissues.

Through molecular analysis and gene expression profiling,
breast cancer is sub-classified into luminal A (ER+/PR+), luminal
B (ER+/PR+/HER2 + or -, Ki67+), HER2 enriched (HER2+) and
basal-like (triple-negative, ER-/PR-/HER2-).

ER+ tumours comprise up to 75% of all breast cancer patients.
ER+ tumours largely well-differentiated and less aggressive [15].
PR+ tumours are mostly ER+ [16]. ER+PR- tumours are less re-
sponsive to endocrine treatment than ER-+PR+ tumours [16]. HER2
positivity is associated with poor differentiation and aggressive
tumour and seen in 13% to 20% of IDC [16]. HER2 positivity is very
rarely seen in low-grade IDC or traditional ILC. ILC is generally
positive for hormone receptor and negative for HER2, p53 and
basal marker [14].

Ki67 is the most widely used proliferation marker in breast can-
cer which is predominantly present in cycling cells. It is associated
with aggressive tumours, worse prognosis and survival.

P53 is a tumour suppressor gene. Mutation in p53 caus-
es loss of control of cell proliferation. p53 is the most frequently
mutated gene in invasive breast cancer which is seen in 30-35% of
all cases, and approximately 80% of triple-negative tumours [17].

Genomic assays or tests analyse the tumour tissue to deter-
mine if there are certain genes which can affect the cancer growth,
spread and recurrence. Genetic testing should not be mistaken
for genomic testing. In genetic testing, blood, saliva or other tis-
sues are analysed to determine if there is abnormal change or
mutation in a gene which is linked to high risk of cancer develop-
ment. There are several genomic assays for breast cancer such
as OncotypeDx, Mammaprint, Endopredict, PAM50 (Prosigna)
and Breast cancer Index [9]. OncotypeDx is the only multigene
panel included to classify pathological prognostic staging of breast
cancer. The OncotypeDx test analyses the activity of 21 genes and
calculates a recurrence score.

Staging of Breast Cancer

Traditional staging (TNM, tumour: T, lymph nodes: N, and distant
metastases: M) is still used in places where biomarker tests are not
available (Tab. 1) [9]. TNM staging is classified as Clinical “c” and
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Table 1. Summary of AJCC TNM staging (clinical T, pathological N)

Tis DCIS or Paget

T1 Tm size < 20

T2 Tm size > 20 mm, <50 mm
T3 Tm size > 50 mm

T4 T4a Extension to chest wall*

T4b Ulceration or macroscopic nodules in the skin
T4c T4a + T4b
T4d Inflammatory carcinoma

*Chest wall: Ribs, intercostal muscles and serratus anterior muscle.
Adherence/invasion to the pectoralis muscle is NOT extension to the chest wall

NO No regional lymph node metastasis or < 0.2 mm
N1 Nmi: Micromet (approximately 200 cells, > 0.2
mm, < 2 mm)

N1a: Met in 1-3 axillary nodes*

N1b: Micromet or Macromet (> 2mm) in ipsilateral IM
nodes by SLN biopsy

N1c: N1a + N1b

N2 N2a: Met in 4-9 axillary nodes*
N2b: Met in ipsilateral IM nodes by imaging, axilla
negative

N3 N3a: Met in > 10 axillary nodes* or in level 3

(infraclavicular) axillary nodes
N3b: Met in IM nodes by imaging with 1 or more level 1
and 2 axillary nodes
N3c: Met in ipsilateral supraclavicular nodes

* at least one metastasis larger than 2.0 mm

MO No clinical or radiographic evidence of distant
metastases or < 0.2 mm*

cM1 Clinical or radiographic evidence of distant metastases
pM1 Histologically proven metastases in distant organs (>
0.2 mm)

*detected by microscopic or molecular techniques

Distant metastasis: Metastasis to distant organs and non-regional lymph nodes

pathological “p” staging. Clinical staging uses information such
as patient history, physical examination, and any imaging performed
before the surgery and neoadjuvant treatment. Clinical staging
can use biopsy results such as fine-needle aspiration (FNA), core
biopsy or sentinel lymph node (SLN) biopsy. Pathological staging
uses information defined at the surgery. It does not apply to pa-
tients treated with systemic or radiation treatment before surgery.
Following neoadjuvant systemic therapy, post-therapy pathological
staging is defined as “yp”.

In prognostic staging (clinical and pathological), biomarker
tests are integrated into TNM staging [9]. Biomarker tests include
histological grade, ER, PR, HER2, proliferation markers (Ki-67 or
mitotic count) and genomic assays.

Definition of Locally Advanced Disease

Per National Comprehensive Cancer Network (NCCN), lo-
cally advanced breast cancer describes a subset of invasive
breast cancer where the initial clinical and radiologic evaluation
documents advanced disease confined to the breast and regional
lymph nodes [10]. Locally advanced breast cancer is also further
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classified as operable (Clinical stage T3, N1, M0) and inoperable
(Clinical stage IlIA [except T3, N1 MO], IlIB, and HlIC). Definition of
regional lymph nodes for staging purpose is ipsilateral axillary level
1 and 2, 3, internal mammary, intramammary and supraclavicular
nodes [9]. NCCN and the American Joint Committee on Cancer
(AJCC) considers level 3 axillary nodes as infraclavicular nodes.
Lymph node metastases other than regional lymph nodes (including
cervical or contralateral internal mammary or contralateral axillary
lymph nodes) is considered as distant metastases.

Breast Cancer Metastases

A seed-and-soil hypothesis is believed to be the mechanism
for metastases in breast cancer [18]. Disseminated cancer
cells (seeds) reach a microenvironment (soil) and proliferate. Bone,
lung, liver, and brain are the common sites for metastatic spread of
breast cancer. Breast cancer subtypes are associated with different
metastatic patterns. In triple-negative tumours, there is a higher
rate of metastases to visceral organs, such as brain, lung and liver,
and a lower rate of metastases to bone, whereas bone is a major
site of metastasis in ER+ breast cancer and HER2+ subtypes are
significantly associated with higher rates of liver, brain, and lung
metastases [19-22]. The metastatic patterns of lobular and ductal
carcinoma of the breast are also different. Gastrointestinal system,
gynecologic organs such as ovary, and peritoneum-retroperitoneum
metastases are markedly more prevalent in lobular carcinoma
[28, 24].

The main treatments for breast cancer metastasis are standard
chemotherapy and targeted therapy. Targeted therapies include hor-
mone therapy, immunological therapy and antiangiogenic therapy.
In bone metastases, bone-targeted antiosteoclast agents are also
given with antitumor therapy.

Breast Cancer Survival Rates

Per Surveillance Epidemiology and End Results (SEER) data-
base, 5-year relative survival rates for localized, regional and distant
involvement are 99%, 86% and 27%, respectively [2]. In localized
disease, there is no sign that cancer has spread outside of the
breast. In regional disease, cancer has spread outside the breast
to nearby structures or lymph nodes.

Per MD Anderson analysis, based on risk profile (tumour grade,
ER, PR, HER2), 5-year overall survival ranges from 93.8 to 97% for
stage 1, 88.2 to 97.1% for stage IIA, 91.5 to 100% for stage IIB,
68.6 to 100% for stage llIA, and 33.3 to 84.4% for stage llIC breast
cancer [9]. There were insufficient numbers of cases with Stage
[IB cancer for analysis.

Hormone receptor (HR)+/HER2- subtype shows the best
survival (92.5% at 4 years), followed by HR+/HER2+ (90.3%),
HR-/HER2+ (82.7%), and finally worst survival for triple-negative
subtype (77.0%) [25].

ILC is generally associated with a good prognosis and a good
response to endocrine therapy.

Role of PET/CT Imaging in Breast Cancer
FDG PET and NaF PET
Initial Staging

Per NCCN, FDG PET/CT (FDG PET) is not indicated in the stag-
ing of early breast cancer [clinical stage |, Il and operable stage Il
(T3 N1 MO)[ cases [10]. FDG PET is most helpful in situations where
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Figure 1. A 66-year-old female with newly diagnosed invasive ductal breast carcinoma. FDG PET/CT images show a large hypermetabolic
(SUVmax 13.3) left breast mass invading the overlying skin and pectoralis muscle with multiple additional foci of activity within the breast and in
the skin, multiple hypermetabolic lymph nodes in the left axilla, both side of the mediastinum, left supraclavicular and right retro-crural regions,
multiple hypermetabolic lung nodules, multiple hypermetabolic bone lesions some with lytic changes and some without changes on CT, and

a hypermetabolic focus adjacent to right caudate nucleus in the brain, all consistent with metastatic disease

standard staging studies are equivocal or suspicious for stage Il
and stage IV invasive breast cancer, and inflammatory breast cancer
(Fig. 1) [10]. FDG PET may help identify the unsuspected regional
nodal disease and/or distant metastasis in locally advanced breast
cancer when used in addition to standard imaging studies [10].
FDG PET may be a useful adjunct to standard imaging of inflam-
matory breast cancer due to increased risk of lymph node and
distant metastases [10]. Equivocal or suspicious sites identified on
PET/CT should be biopsied. FDG PET/CT is not indicated in early
breast cancer (Tl and T2 unifocal tumours with clinically negative
lymph nodes). In early breast cancer, sentinel lymph node (SLN)
biopsy with or without SLN scintigraphy is performed to determine
the pN status. In the authors’ recent study, a combined assessment
of SLN SPECT/CT and FDG PET/CT images helped to determine
FDG uptake particularly in the SLN [26]. However, due to the lim-
ited resolution of PET scanners in detecting small-sized tumours,
this technique does not seem feasible currently but may be useful
in the future with the improvement in PET resolution.

FDG uptake shows a correlation with the tumour grade, histo-
logical and molecular subtypes of breast cancer and various other
factors. FDG uptake is higher in higher-grade tumours than lower
grade tumours [27-29]. FDG uptake is higher in IDC than ILC
histological subtype [27-29]. Inflammatory breast cancers show
diffuse or focal high FDG uptake. Mean SUVmax of IDC was 7.7,
which ranged from 2.1 to 18.8 [30]. FDG uptake is positively
correlated with the tumour size, tumour cell proliferation (Ki67
expression), nuclear atypia, mitosis counts, tumour invasive size

and lymph node metastasis [28, 29, 31-34]. FDG uptake is nega-
tively correlated with the hormonal receptor status of the tumour
[28, 31]. ER-, PR-, and triple-negative subtypes show higher FDG
uptake than ER+, PR+, ER+PR+HER2+, or ER+PR+HER2-
subtypes [28,29, 31, 35, 36]. FDG uptake was significantly higher
in carcinomas with a high score of HER2 expression and high
levels of p53 [27, 28].

DCIS usually show low FDG uptake but symptomatic and
large DCIS (= 20 mm) are often visualized on FDG PET [37, 38].
Tumour cell density appears to be strongly correlated to the
detection of DCIS by FDG PET [38]. FDG uptake is higher in
DCIS with microinvasion than pure DCIS [36]. DCIS with micro
invasions are larger, show poor prognostic factors (high grade,
comedo necrosis and ER negativity), and have a worse outcome
than pure DCIS [39, 40]. DCIS often coexists with IDC (IDC-DCIS)
[41, 42]. DCIS is recognized as the non-obligate precursor of
IDC when it coexists with IDC [43]. Studies have reported that
IDC with coexisting DCIS shows lower metastatic potential and
recurrence and better overall survival than pure IDC [44, 45]. In
a recent study, FDG PET/CT findings of IDC-DCIS to pure IDC
[30] were compared. Multifocal breast FDG uptake and the mul-
tifocal tumour was more common in IDC-DCIS than pure IDC but
there was no significant difference in standardized uptake value
(SUV) of the primary tumour in IDC-DCIS and pure IDC. However,
axillary metastases appeared to be more common in pure IDC
than IDC-DCIS cases. In an unpublished analysis of IDC-DCIS
was found a positive correlation between primary tumour grade
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After Chemotherapy

Figure 2. FDG PET/CT images on hormone therapy with an aromatase inhibitor (before chemotherapy) and after treatment with a combination of
aromatase inhibitor and chemotherapy (targeted therapy with an inhibitor of the cyclin-dependent kinases CDK4 and CDK®6) (after chemotherapy)
in a 41-year-old female with inflammatory breast cancer. PET images before chemotherapy show diffuse infiltration of the left breast with markedly
increased metabolic activity and multiple lytic and hypermetabolic bone metastases. Note also a hypermetabolic focus in the right breast laterally.
Following chemotherapy, there is a resolution of the primary tumour on both PET and CT images with only mild diffuse chest wall activity which

is probably due to inflammatory changes although residual tumour cannot be excluded. There is also the resolution of hypermetabolic bone
metastases and most of the lytic bone lesions become sclerotic after the treatment

and nuclear grade of the coexisting DCIS but no correlation
between primary tumour SUV with the nuclear grade and the
architectural subtype of the coexisting DCIS.

Bone-specific radiotracers are also known to accumulate in
the breast tumours which may be due to hydroxyapatite deposition
[46]. They have low sensitivity in detecting the primary tumour. In
a recent study, the authors assessed NaF uptake in the primary
breast tumours [47]. Fourteen of 31 IDC (45%) and 3 of 4 DCIS were
visible on NaF PET and 5 ILC, 2 invasive mammary carcinomas,
and 1 mucinous carcinoma were not visible. In the same study,
there was no correlation between NaF SUV and FDG SUV of the
primary tumours.

Bone is the most common site of distant metastasis in pa-
tients with breast cancer. Bone metastases of breast cancer are
most often osteolytic but can be osteoblastic or mixed and some-
times may not show any changes in CT [48]. Radionuclide bone
imaging has high sensitivity in detecting bone metastases and
recommended in patients with bone pain or elevated alkaline
phosphatase [10]. Radionuclide bone imaging can be omitted if
FDG PET/CT is positive for bone metastases [10]. NaF PET/CT

provides greater spatial resolution and better image qual-
ity, resulting in better sensitivity and specificity than bone scan.
In a meta-analysis study, the pooled sensitivity, and specificity
of NaF PET/CT for the detection of bone metastases were 0.98
and 0.90, respectively with a higher overall diagnostic performance
over bone scan and bone SPECT [49]. Radionuclide bone imaging
is more sensitive for the detection of sclerotic osseous metasta-
ses whereas FDG PET is more sensitive for the detection of Iytic
o0sseous metastases. In untreated patients, bone metastases of
ILC were more commonly sclerotic and demonstrated low FDG
uptake, whereas bone metastases of IDC were more commonly
lytic and showed higher FDG uptake [50].

CT has higher sensitivity than PET and PET/MR in detecting
pulmonary lesions, particularly subcentimetric lesions [51]. PET un-
derestimates the metabolic activity of the subcentimetric lung nod-
ules due to partial volume averaging. Small lung nodules located
in the periphery of the lungs, particularly near the diaphragm, may
also be affected by respiratory motion which causes misregistration
of CT and PET images and sub-optimal attenuation correction with
underestimation of metabolic activity of the nodules.
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NaF FDG
FDG NaF

FDG NaF FDG FDG

Figure 3. A 72-year-old female with a history of invasive ductal breast cancer operated and received chemotherapy 4 years before the PET

scan. The patient has clinical symptoms and radiological findings highly suspicious for tumour recurrence. FDG PET/CT images show extensive
metastatic disease in the liver and multiple foci of hypermetabolic bone metastases and multiple bilateral lung metastases. There is also reduced
uptake in the right thalamus posteriorly and increased uptake adjacent to left caudate, highly suspicious for metastases. NaF PET images show
multiple bone metastases and focal uptake corresponding to the area of reduced uptake in right thalamus on FDG PET. Uptake pattern in the bone
metastases is different on FDG and NaF PET images with NaF PET showing uptake in sclerotic lesions (arrow) whereas FDG PET in lytic lesions
(not shown in the figure)
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In autopsy studies, brain metastases were present in 15% to
35% of patients with breast cancer, and some of them were asymp-
tomatic before death [52]. Due to high FDG uptake in the grey
matter of the brain and low metabolic activity of some of the brain
metastases of breast cancer, the sensitivity of FDG PET is lower than
diagnostic CT, MRI and PET/MR [53-55]. Cerebellum and frontal
lobes are reported to be the most common sites of metastasis [56]
Breast cancer metastasis in the brain could be hypermetabolic,
ring-like or hypometabolic [54, 55].

Liver metastases develop in approximately 50% of patients with
breast cancer [57]. MRl and PET/MR has higher sensitivity than
diagnostic CT and FDG PET/CT in detecting small liver metas-
tases [53, 58, 59]. Breast carcinoma metastases are generally
hypo-vascular, but occasionally they can be hyper-vascular on
contrast-enhanced MRI [60]. Background liver activity on FDG PET
may reduce the detection of small metastatic foci. Dual time point
FDG PET imaging may increase the detection of liver metastases of
breast cancer [61].

Assessing Response to Treatment

PET/CT imaging is very useful for prediction of treatment re-
sponse as early as after the first cycle of chemotherapy and after
completion of chemotherapy (Fig. 2).

Studies have shown that FDG PET imaging early in the course
of the chemotherapy helps to differentiate responders from
non-responders [62-66]. A reduction in tumour FDG uptake
supports the efficiency of the treatment whereas no change or
further increase in tumour FDG uptake indicates that the treat-
ment is ineffective.

To assess early treatment response, a period of 1 = 2 weeks be-
tween completion of the chemotherapy cycle and FDG PET scan
is recommended to avoid transient increases and decreases in tu-
mour FDG uptake [67]. To assess the complete treatment response,
International Harmonization Project (IHP) recommends waiting 6-8
weeks after the last cycle of chemotherapy [68].

Positron Emission Tomography (PET) Response Criteria in Solid
Tumours (PERCIST) recommends a > 30% decrease in tumour SUV
as compared to baseline PET study as a cut-off value for partial
metabolic response in solid tumours [69].

Definition of FDG tumour response in malignancies by Euro-
pean Organisation for Research and Treatment of Cancer (EORTC)
[67]:

Progressive metabolic disease: Increase in tumour SUV
greater than 25% and visible increase in the size of the tumour
(> 20% in longest diameter) and appearance of new lesions as com-
pared to baseline FDG PET scan.

Stable metabolic disease: Decrease in tumour SUV less than
15% or increase in tumour SUV less than 25% and no visible change
in tumour size.

Partial Metabolic Response: A reduction of minimum
15-25% in tumour SUV after 1 cycle of treatment and greater than
25% after more cycles of treatment.

Complete response: Complete resolution of tumour FDG up-
take so that it was indistinguishable from surrounding normal tissue.

Currently, there is not an effective study for accurate assess-
ment of response to therapy of bone metastases of breast cancer.
Lytic lesions usually become sclerotic after systemic treatment.

Nuclear Medicine Review 2021, Vol. 24, No. 1

Non-FDG avid sclerotic lesions may represent treated metasta-
sis and healing response rather than the active tumour. Several
studies have suggested that a change in SUV on FDG PET can
predict disease response or progression. In a study of sequential
FDG PET/CT imaging for monitoring bone metastasis of breast can-
cer during therapy, an increase in FDG uptake was correlated with
lytic changes on the CT images and indicated progression of the
disease [70]. However, early metabolic flare can also be seen with
FDG PET. Increase in FDG uptake was observed 7-10 days after
initiation of tamoxifen therapy in the majority of the metastatic bone
lesions of the breast cancer responders [71]. Flare phenomenon
is a significant problem in radionuclide bone imaging studies with
temporary increases in activity and size of lesions or appearance
of new lesions. To avoid misinterpretation of the flare reaction it
is recommended to wait 6 months before evaluating the response,
by MD Anderson criteria, or repeating the study [72]. Due to long
waiting time, radionuclide bone imaging is not useful in early re-
sponse assessment to treatments. It is also not useful in lytic or
diffuse sclerotic (super scan) disease when assessing response
to treatment [72]. Per EORTC, whole body or axial skeleton, MRI
offers the best single modality of assessing response to therapy in
bone metastases from breast cancer [72]. MRl is also not affected
by flare response and has a potential for early response assessment
to treatments [73]. As the changes in bone lesions are often difficult
to assess on plain or cross-sectional radiology or radionuclide
bone imaging, clinical symptoms and serum tumour markers (e.g.,
CEA, CA15-3, CA27.29) can help to determine if there is disease
progression in bone-dominant metastatic disease [10].

Detecting Tumour Recurrence

Various factors affect breast cancer recurrence. Tumour size
larger than 2 cm, axillary lymph node involvement, negative oes-
trogen and progesterone receptor status, and high tumour grade
is associated with increased risk of loco-regional recurrence and
metastases [74]. Breast cancer recurrence rate is approximately
30%, depending on the initial extent of the tumour and various other
factors [75].

Studies have shown that FDG PET/CT imaging is superior
to conventional imaging in detecting breast cancer recurrence
(Figure 3). In breast cancer patients with rising Ca 15-3 tumour
marker with negative conventional imaging, FDG PET/CT detected
tumour deposits in 40 of 89 patients, in the chest wall, internal
mammary nodes, lungs, liver and skeleton [76]. The sensitivity
and specificity of FDG PET and conventional modalities were 84%
and 78% versus 63% and 61%, respectively, in breast cancer pa-
tients with suspicion of recurrence [77]. In patients with confirmed
breast cancer recurrence, conventional imaging was positive in
88% of the cases, whereas FDG PET/CT was positive in 95%
[78]. FDG PET/CT had also a higher negative predictive value
(86% versus 54%) and positive predictive value (95% versus 70%)
than conventional imaging in the same study. In another study,
FDG PET/CT was better than conventional imaging in detecting
locoregional disease or distant metastases in breast cancer pa-
tients suspected of tumour recurrence [79]. In a study comparing
FDG PET/CT to whole-body MRI, PET/CT detected more lymph
node metastases (21 vs 16) whereas whole-body MRI was more
precise in the detection of distant metastases (154 vs 147) [80].
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However, a meta-analysis study showed that mediastinal and
loco-regional lymph nodes represented the most common site for
false-positive FDG PET/CT [81]. In 17 patients with breast cancer
recurrence, FDG PET/MR and FDG PET/CT were positive in all
patients with slightly more lesions detected by FDG PET/MR [82].
Per NCCN recommendation, FDG PET/CT can be performed at the
same time as diagnostic CT and is most helpful in situations where
standard studies are equivocal or suspicious [10].

Predicting Prognosis and Survival

Studies have shown that baseline FDG PET imaging
has a prognostic value. Tumours with high SUV showed higher
relapse and mortality rate compared to those with low SUV [28].
In ER+/HER2- MO patients, tumour SUV and total lesion glycoly-
sis were associated with shorter event-free survival [83]. Three-year
event-free survival was 49% in patients with tumour SUV of 10
versus 92% in patients with tumour SUV < 10 [83]. FDG-PET de-
termined parameters (maximum SUV, peak SUV and total lesion
glycolysis) appeared to provide prognostic survival information in
patients with recurrent breast cancer [84]. In patients with low and
high metabolic tumour volume, 5-year progression-free survival
was 81.0 and 14.3%, and 5-year overall survival was 88.5% and
43.6%, respectively [85].

Other PET Tracers

ER expression is associated with a more favourable progno-
sis in breast cancer. ER status of the tumour predicts the likeli-
hood of response to ER-targeted therapy [86]. "®F-fluoroestradiol
is an investigational PET tracer which binds to ER receptors. FES
PET helps to determine the presence and amount of ER expres-
sion and predicts response to hormone therapy [87]. FES uptake
is influenced by the site of metastasis. FES uptake in bone metas-
tases was higher than in lymph node and lung metastases [88].
As the FES is highly extracted and metabolized by the liver, FES
PET may have low sensitivity in detecting liver metastases. Stud-
ies suggest that up to 30% of patients may lose ER expression after
undergoing endocrine therapy.

Approximately 20% of invasive ductal breast malignan-
cies are classified as HER2-positive [89]. HER2+ breast cancer re-
ceives specific targeted HER2 therapies (humanized mAbs against
HER?2). 89Zr-trastuzumab (radiolabelled herceptin) binds with high
affinity to the extracellular domain of the HER2 receptor. In a clinical
trial, &Zr-trastuzumab showed excellent tumour uptake and visuali-
zation of HER2-positive metastatic lesions [90].

18F-Fluorothymidine (FLT) is a biomarker reflecting cell prolif-
eration. There is a good correlation between the FLT uptake and
the Ki-67 labelling index in breast cancer [91]. FLT PET seems to
be a good predictor of response to treatment, particularly early
response [92].

There are various other potential PET radiotracers such
as "8F-galacto-RGD for angiogenesis, ®F-annexin V for apoptosis,
89Zr-anti-gH2AX-TAT for cell death, and ®*F-FMISO for hypoxia. RGD
PET parameters were found to be significantly higher in HER2-pos-
itive patients [93]. RGD PET identified all invasive carcinomas, with
SUVs ranging from 1.4 to 8.7 [94]. Lymph-node metastases were
detected in 3 of 8 patients and SUVs in distant metastases were
heterogeneous [94]. FMISO PET/CT was found to be useful for
predicting primary endocrine resistance in ER+ breast cancer [95].

It was reported that 60% of breast cancer cases exhibited
PSMA-positive endothelia with higher expression rates in the higher
grade, NST subtype, HER2 +, and hormone receptor-negative
tumours [96]. %8Ga-PSMA ligand uptake was reported in primary
breast tumour and its metastases [97]. In 19 patients with breast
cancer, there was PSMA uptake in 84% of tumour lesions with higher
uptake in distant metastases than primary or local recurrence [98].

Conclusion

Breast cancer is the most common cancer among women
and also one of the most common indications of PET imaging.
FDG and NaF are commonly used PET tracers in breast cancer
mainly for initial staging, treatment response assessment and in
detecting tumour recurrence. Various other more specific PET trac-
ers targeting ER, HER2, cell proliferation, angiogenesis, cell death,
apoptosis and hypoxia are at investigational level.
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