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 Introduction

In nuclear medicine, radioactive substances (radiopharma-
ceuticals) are used for the diagnosis and treatment of dis-
eases. A radiopharmaceutical has two parts: a chemical part 
for targeting and a radioactive part for either imaging or 
therapy. Nuclear medicine imaging systems that convert 
gamma rays emitted from the patient as a result of a previ-
ously administered radiopharmaceutical to diagnostic images 
are mainly designed for whole-body imaging. In radionu-
clide therapies, radiopharmaceuticals that have either beta or 
alpha ray-emitting radioactive parts are given to patients. 
The chemical parts of the radiopharmaceuticals enable local-
ization to and internal radiotherapy in diseased tissues.

Nuclear medicine imaging systems capable of single pho-
ton emission computed tomography (SPECT) and positron 
emission tomography (PET) as a special function of the 
device are able to measure the in vivo cellular, molecular, 
and biochemical properties of neoplasms and normal tissues. 
Hybrid imaging systems, such as PET/CT, PET/MR, and 
SPECT/CT devices, combine the functional information pro-
vided by the use of a radiopharmaceutical with anatomical 
information provided either by the computerized tomogra-
phy (CT) or magnetic resonance imaging (MRI) unit of the 
same machine in a single acquisition.

SPECT imaging devices mostly use radiopharmaceuticals 
with technetium-99 m (Tc-99m), among other radionuclides, 
which decays with a single gamma ray at a time. The energy 
of the gamma ray differs for different radionuclides, such as 
Tc-99m, iodine-123 (I-123), iodine-131 (I-131), indium-111 
(In-111), and gallium-67 (Ga-67). In contrast to SPECT 
agents, PET agents use pharmaceuticals labeled with 
positron- emitting radionuclides, such as fluorine-18 (F-18), 
carbon-11 (C-11), nitrogen-13 (N-13), oxygen-15 (O-15), 

and gallium-68 (Ga-68), which emit two gamma photons per 
each decay with an energy of 511 keV.

In PET/CT devices, radiopharmaceuticals are most com-
monly used to target cancer cells. In current oncology prac-
tice, imaging with PET/CT is an essential component of 
staging and monitoring treatment for numerous types of can-
cer. In recent years, there has been technological advance-
ment of PET equipment through the development of new 
detectors and equipment designed specifically for breast 
imaging, such as positron emission mammography (PEM) 
devices. In addition, the development of more specific PET 
radiopharmaceuticals that target different biological pro-
cesses of breast cancer will enable personalized therapy for 
patients with breast cancer. Although molecular imaging 
with PET is a rapidly emerging approach in breast cancer, 
conventional single photon nuclear medicine imaging, 
including bone scintigraphy and sentinel lymph node scin-
tigraphy, still has an  important role in the management of 
breast cancer. For several decades, systemic radionuclide 
treatment of painful bone metastases has been performed in 
breast cancer patients. New radiopharmaceuticals not only 
palliate pain but also prolong survival in patients with bone 
and liver metastases.

In this chapter, we will review diagnostic and therapeutic 
applications of nuclear medicine for breast cancer, starting 
from conventional single photon nuclear medicine tech-
niques and then moving to PET applications and radionu-
clide treatment options for breast cancer patients.

 Scintimammography

Scintimammography is a functional imaging method that 
enables differentiation of malignant from benign processes 
when mainstay anatomic modalities, such as mammography, 
ultrasound, and MRI, are limited [1]. In recent years, SPECT 
and hybrid SPECT/CT imaging have enhanced conventional 
planar scintimammography along with dedicated small field- 
of- view (FOV) breast-specific gamma imaging (BSGI) 
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devices. Tc-99  m methoxyisobutylisonitrile (MIBI) is the 
radiopharmaceutical of choice for SPECT studies in breast 
imaging [2]. Tc-99m MIBI is localized in mitochondria, 
which are abundant in malignant cells. The uptake of Tc-99m 
MIBI depends on regional blood flow, tumor angiogenesis, 
and increased metabolism and is driven by plasma and mito-
chondrial membrane potentials [3, 4]. Studies have shown 
that the early uptake of Tc-99m MIBI reflects mitochondrial 
status, which is affected by both apoptosis and proliferation, 
but the clearance of the tracer reflects the activity of drug 
transporters, such as P-glycoprotein [5, 6]. Both proliferative 
activity and the apoptotic index have been shown to be 
directly correlated with Tc-99m MIBI uptake [7, 8].

A recent meta-analysis that evaluated the diagnostic value 
of BSGI and MRI in the same patient cohort with breast can-
cer showed that BSGI had similar sensitivity as MRI (84% 
vs 89%) but higher specificity (82% vs 39%) and diagnostic 
efficacy (AUC 0.93 vs 0.72), indicating excellent diagnostic 
performance [9]. The high specificity of scintimammogra-
phy allows a positive scintigraphic finding to be supported 
by an invasive evaluation. Tumor types, such as poorly dif-
ferentiated DCIS and lobular and tubulolobular carcinomas, 
and tumors with a size <1  cm and diminished cellularity, 
blood supply, and cell viability can cause a false-negative 
result on scintimammography [10, 11]. Benign  hyperplasia 
lesions, such as fibrocystic changes and fibroadenomas, can 
also cause false-positive results in scintimammography.

The inability to detect axillary lymph nodes and delineate 
adjacent lesions are other limitations of scintimammogra-
phy. SPECT/CT hybrid imaging, which combines functional 
and morphological information, enables an increase in the 
noninvasive diagnosis of axillary lymph node invasion by 
breast cancer. In a study of 60 patients, the addition of 
SPECT/CT evaluation increased sensitivity by 1.4 times 
(from 55% to 75%) compared with that of CT, with excellent 
specificity (97% and 89%) and comparable overall accuracy 
(82% and 84%) [12]. An effective radiation dose was esti-
mated to be 5.9–9.4 mSv compared to 0.44 mSv for digital 
mammography [13].

Tc-99m MIBI scintimammography can also be used to 
monitor the treatment response to neoadjuvant chemother-
apy. In a recent meta-analysis that include 14 studies, pooled 
sensitivity was 86% (95% CI, 0.78–0.92), and pooled speci-
ficity was 69% (95% CI, 0.64–0.74) for Tc-99m MIBI scin-
timammography in the prediction of neoadjuvant 
chemotherapy response in breast cancer [14]. This analysis 
suggested that negative scintimammography could not fully 
exclude the presence of a residual tumor, especially remain-
ing ductal carcinoma in situ or a residual tumor of less than 
1 cm in size. Subgroup analysis also showed that perform-
ing early mid-treatment Tc-99m MIBI scintimammography 
(using the reduction rate of one or two cycles or within the 
first half-course of chemotherapy compared with the base-

line) was superior to later treatment (after three courses or 
more) or posttreatment scintimammography in the predic-
tion of neoadjuvant chemotherapy response. In a study by 
Lee et al., although the direct comparison between MRI and 
scintimammography was statistically insignificant, MRI 
added value to scintimammography in the detection of 
residual tumor after neoadjuvant chemotherapy, and scinti-
mammography also helped to locate tumors after therapy 
that were false negative on MRI.  Thus, the authors con-
cluded that a combination of scintimammography and MRI 
would be more accurate in the prediction of treatment 
response [15].

 Sentinel Lymph Node Scintigraphy

Axillary lymph node status is a major prognostic factor in 
early-stage breast cancer. Sentinel lymph node (SLN) biopsy 
is the  standard surgical procedure for staging clinically 
tumor-free regional nodes in patients with early-stage breast 
cancer. In this patient group, axillary lymph node dissection 
is no longer recommended, as it only adds to limb morbidity 
without providing any prognostic or staging benefit [16].

Tumors drain in an orderly manner through the lymphatic 
system. The SLN is the first to be affected by metastasis if 
the tumor has spread. A tumor-free SLN makes it highly 
unlikely for other nodes to be affected. SLN scintigraphy 
(lymphoscintigraphy) using radiolabeled colloids can accu-
rately localize the sentinel nodes and can show atypical 
drainage patterns preoperatively (Fig.  6.1). Although lym-
phoscintigraphy and SLN biopsy (SLNB) have been used to 
stage many solid cancers, these procedures are most com-
monly performed in patients with breast cancer and mela-
noma. In the SLNB procedure, lymphoscintigraphy can 
improve accuracy, especially in extra-axillary lymph nodes, 
and can also reduce surgical morbidity [17]. The SPECT/CT 
procedure may improve the localization of SLNs during the 
acquisition of lymphoscintigraphy images. Intraoperative 
detection of SLNs is managed by a gamma probe. Recently, 
several portable gamma cameras have been developed to 
provide real-time image guidance for the detection of SLNs 
during the operation. The most recent developments include 
the combination of conventional gamma probes with posi-
tion- and orientation-tracking systems, which permits virtual 
reconstruction in a three-dimensional environment.

Currently, the radioactive SLNB technique is combined 
with a dye technique to improve the detection rate. Recently, 
near-infrared fluorescence imaging using indocyanine green 
(ICG) has been applied to SLN procedures, and experience is 
growing in breast cancer [18–20]. Investigations have shown 
comparable results for radioactive and fluorescence tech-
niques and that ICG fluorescence imaging can be a helpful 
tool for institutions without radioactive equipment. ICG 
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 fluorescence guidance has also been investigated for the 
excision of nonpalpable breast cancer lesions, and the first 
results are encouraging [21]. Clinical trials that are under-
way for ICG fluorescence guidance both for SLN procedures 
and for nonpalpable lesions in breast cancer will give more 
solid results (NCT02875626 and NCT01796041).

Identification of the SLN is crucial to the success of 
SLNB, and with a detection rate between 94% and 100%, 
preoperative SLN imaging is ideally suited for this purpose 
[22–25]. Recent multi-institutional studies have revealed 
SLNB false-negative rates ranging from 5.5% to 16.7%, 
higher than the target set by the 2005 ASCO guidelines 
(<5%) [26, 27]. Unfortunately, SLNB remains an unstan-
dardized procedure  with many unresolved controversies 
concerning the technique itself. The radiopharmaceuticals 
that are routinely used for SLNB are Tc-99m sulfur colloid 
(particle size, 15–5000 nm), Tc-99m nanocolloid (5–100 nm), 
and Tc-99m antimony trisulfide (3–30 nm). The radiocolloid 
measuring 100–200 nm is considered the best compromise 
between fast lymphatic drainage and optimal retention in 
SLNs [28]. The use of small volumes (0.3–0.4 ml) with high 
specific activity improves SLN detection. The standard pro-

cedure for SLN detection is based on the use of radiocolloid 
alone or in combination with blue dye, especially when the 
SLN is suspected to be diffusely metastatic [29]. Currently, 
no clinical consensus exists on the optimal site of injection 
of the radiocolloid or blue dye. Superficial (periareolar, sub-
areolar, intradermal, subdermal) and deep (peritumoral, 
intratumoral) injections within the breast have been reported 
widely for radiocolloid administration [26, 30]. A recent 
meta-analysis comparing superficial and deep injections of 
radiocolloid demonstrated no significant difference in the 
SLN detection rate on lymphoscintigraphy or during intraop-
erative SLNB [31]. The rate of extra-axillary SLN identifica-
tion was significantly greater when deep rather than 
superficial injection was used (OR: 3.00; 1.92–4.67).

Primary contraindications for SLNB include grossly pal-
pable lymph nodes and inflammatory breast cancer. Healthy 
lymphatic tissue is necessary for the localization and reten-
tion of radiocolloids in lymph nodes. A metastatic lymph 
node that is enlarged with no healthy lymphatic tissue can 
lead to a false-negative SLNB procedure. Investigations of 
inflammatory breast cancer have also reported an SLN 
 identification rate of only 80–85% with a relatively high 

a
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Fig. 6.1 A 52-year-old woman with a newly diagnosed left breast cancer 
was scanned for preoperative sentinel lymph node evaluation with Tc-99m 
nanocolloid lymphoscintigraphy. The Tc-99m nanocolloid was injected 
intramammary in the region of the tumor and periareolar subcutaneously. 
Dynamic, planar, and SPECT/CT images were recorded after the injec-

tions. Planar (c) and SPECT/CT images (a, CT image; b, fusion image; d, 
SPECT image) showed increased radiotracer uptake in the left axillary 
lymph node suggestive of the sentinel lymph node. The patient underwent 
a left mastectomy and left axillary sentinel lymph node biopsy. The surgical 
pathology report of the left axilla was negative for lymph node metastasis
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 false- negative rate (6.18%) [32]. Since the updated ASCO 
guidelines were published in 2017, no new data have become 
available to support the benefit of SLNB in women with large 
or locally advanced invasive breast cancers (T3/T4) and 
inflammatory breast cancer [33]. SLNB is also not recom-
mended for women who have DCIS and for whom breast- 
conserving surgery is planned. SLNB is instead recommended 
for smaller tumors (T1 and T2), multiple tumors, and DCIS 
when mastectomy is planned, for older or obese patients, in 
male patients with breast cancer, and in patients with prior 
breast or axillary surgery. SLNB may be offered before or 
after neoadjuvant systemic therapy, but the procedure appears 
to be less accurate after neoadjuvant systemic therapy.

Today, the prognostic relevance  of isolated tumor cells 
and micrometastases is negligible. Two multi-institutional 
randomized studies demonstrated an SLNB detection rate of 
98% in cN0 stage I/II breast cancer patients [34, 35]. Thus, 
SLNB could prevent axillary lymph node dissection for 
SLN-negative women. In the ACOSOG Z0010 trial, occult 
metastases were detected in 9% of cases, but no difference 
was observed in disease-free survival and overall survival 
[36]. The 10-year follow-up data of the NSABP B-32 trial, 
which reported a prevalence of occult metastases of 15.9% 
of patients, revealed small differences in disease-free sur-
vival and overall survival that were statistically but not clini-

cally significant. Therefore, complete axillary lymph node 
dissection in cases of SLN micrometastases is no longer rec-
ommended [37].

 Bone Scintigraphy

The skeleton is the most common site for metastases from 
breast cancer. In approximately 50–70% of recurrent patients, 
skeleton metastases are detected, and it is the only metastatic 
site of disease in 28–44% of patients [38]. It is important to 
detect bone metastases at an early stage to minimize skeleton- 
related events. In patients who are receiving treatments, it is 
also important to determine the response to therapy as early 
as possible to limit toxicity and accelerate the therapeutic 
transition in nonresponding patients. Imaging has always 
played a key role in the diagnosis of bone metastases in 
breast cancer, and planar Tc-99m diphosphonate bone scan-
ning remains widely used. The sensitivity of bone scintigra-
phy is high, and its lack of specificity has been improved 
with the addition of SPECT and SPECT/CT imaging to the 
acquisitions (Fig. 6.2). Despite improved accuracy in staging 
of the skeleton, effective monitoring of the treatment 
response is lacking. Although radiographs have been used 
historically to determine a response by lesion resolution or 

Fig. 6.2 A 67-year-old female patient with breast cancer had a mas-
tectomy and received chemoradiotherapy. Due to new onset of back 
pain, she underwent bone scintigraphy. On whole-body images, patho-
logic Tc-99m MDP uptake in the vertebrae and pelvis was seen. On 
SPECT/CT images of the lumbar and pelvic regions, sclerotic meta-

static lesions, indicated by arrows, on lumbar 1 and 2 vertebral bodies 
(upper row) and right iliac bone (middle row) were observed with 
pathologic Tc-99m MDP uptake. In addition, a pathologic fracture on 
the right ischium with increased Tc-99m MDP uptake (lower row) was 
detected
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sclerosis, this method has been recognized as insensitive and 
may take at least 6 months to yield a confident assessment of 
response. Abnormal accumulation of Tc-99m diphospho-
nates is related to changes in local blood flow and osteoblas-
tic activity. The mechanism of accumulation indicates that 
the uptake of Tc-99m diphosphonate is not specific for meta-
static disease. Increased reparative osteoblastic activity 
resembles unresponsive progressive disease. The problem of 
the flare phenomenon (a temporary osteoblastic response to 
successful therapy), which makes the differentiation of pro-
gression from healing difficult for 3–6  months, has been 
described after chemotherapy  and endocrine therapy in 
breast cancer [39]. Limitations of bone scintigraphy are 
reported when evaluating treatment response, with only 52% 
of responders showing scintigraphic improvement and 62% 
of nonresponders showing scintigraphic deterioration at 
6–8 months in breast cancer [40].

 Positron Emission Tomography/Computed 
Tomography

PET/CT with F-18 fluoro-2-deoxy-D-glucose (FDG) has 
been established as an effective modality for different stages 
of evaluation of various types of cancer: making the diagno-
sis, determining the stage, evaluating the response to therapy, 
and follow-up.

Currently, FDG PET/CT is not used in breast cancer 
screening or diagnosing primary breast cancer mainly due to 
the high prevalence of false-negative results, particularly for 
tumors with a diameter smaller than 1 cm and tumors with 
low metabolic activity. The sensitivity of FDG PET/CT in 
primary breast cancer detection has been reported to be 
worse than that of ultrasonography, MRI, or mammography 
[41]. The metabolic activity of breast tumors is variable. For 
example, invasive lobular breast cancer has a considerably 
lower FDG uptake than invasive ductal cancer. Relatively 
high physiological glucose uptake in the surrounding mam-
mary tissue is also another difficulty for the detection of 
tumors with low metabolic activity. The highest FDG uptake 
is observed for high-grade tumors, triple-negative tumors 
(ER-, PR-, HER2-), and inflammatory breast cancer [42, 43].

In early-stage breast cancer with clinically negative axilla, 
FDG PET/CT is not recommended due to its limited role in 
initial staging and treatment planning in most patients. In 
regional staging of these patients, FDG PET/CT is less sensi-
tive than SLNB in assessing axillary lymph node involvement. 
In addition, the low prevalence of distant metastases in these 
patients and the probability of false-positive findings prevent 
the use of FDG PET/CT for distant staging [44]. By contrast, 
in patients with clinically positive axilla, especially in those 
with locally advanced breast cancer, FDG PET/CT can be use-
ful prior to surgery or neoadjuvant chemotherapy, based on the 
high rate of detection of distant metastases, which ranges from 

6% to 26% [45]. Extra-axillary lymph node involvement is 
detected by FDG PET/CT in 10–29% of patients with locally 
advanced breast cancer [46, 47]. FDG PET/CT changes the 
initial treatment in 1–8% of patients with early-stage breast 
cancer, in 7–13% of those with locally advanced breast cancer, 
and in up to 52% of those with  more aggressive tumors, such 
as inflammatory breast cancer [48–50].

The level of FDG uptake by a primary tumor also has a 
prognostic value in many types of cancer. The prognostic 
impact of the glycolytic activity (SUVmax) of the primary 
breast tumor is controversial. Whereas some authors have 
found no correlation between FDG uptake by the tumor and 
the prognosis, others have reported that patients with high 
tumor uptake had worse outcomes [51–54]. Furthermore, the 
cutoff values for the SUVmax value ranged from 3 to 6. The 
evidence for the prognostic value of SUVmax in axillary 
lymph nodes is also limited, although higher values have 
been associated with higher recurrence rates [55, 56].

Changes in tumor metabolic activity have been shown to 
be an early indicator of effective treatment of breast cancer, 
mainly in the neoadjuvant setting. A decrease in tumor meta-
bolic activity enables both assessment of the treatment 
response after the completion of therapy and early prediction 
of therapeutic effectiveness after the first or second cycle of 
chemotherapy. Identifying nonresponding patients on the 
basis of changes in tumor metabolic activity early during 
treatment can facilitate a change from an ineffective to a 
more effective treatment approach. In a study of 64 stage II 
and III breast cancer patients, Rousseau et  al. observed a 
marked decrease in FDG uptake at multiple cycles during 
neoadjuvant chemotherapy in nearly all patients who had a 
therapeutic effect of more than 50% [57]. They determined 
that FDG PET after the second cycle of treatment potentially 
provided a more accurate prediction of treatment response. 
Using a 40% decrease of SUV as a cutoff value, Rousseau 
et al. found a negative predictive value of 68% for identify-
ing nonresponders to therapy after the first cycle; this value 
increased to 85% after the second cycle. Schwarz-Dose et al. 
confirmed, in 104 patients, that the greater the reduction in 
tumor metabolic activity early during neoadjuvant treatment, 
the more likely that the patients would achieve a pathologic 
response [58]. In their study, they found that after the first 
cycle of chemotherapy, tumor metabolic activity decreased 
by 50% ± 18% in pathologic responders; by comparison, the 
decrease in pathologic nonresponders was 36% ± 20%. Of 
note, all breast carcinomas (23%) with a baseline SUV of 
less than 3.0 did not respond to chemotherapy. A recent 
meta-analysis of 19 studies with more than 900 patients 
found that the best cutoff value for  decrease in FDG uptake 
for predicting response to therapy was 55–65% [59]. 
Although the sensitivity and specificity for identifying 
patients responding to treatment were limited (84% and 
66%, respectively), the negative predictive value for identi-
fying nonresponders was high (91%).
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Changes in the sizes of bone metastases are particularly dif-
ficult to evaluate with conventional imaging as sclerotic lesions 
do not disappear and lytic lesions can show sclerotic changes as 
an indication of a treatment response. Two studies demonstrated 
a high sensitivity of FDG PET/CT for the detection of osseous 
metastases in patients with newly diagnosed metastatic breast 
cancer, and the metabolic activity of osseous breast cancer 
metastases provided prognostic information [60, 61]. In a retro-
spective analysis, bone metastases in 102 patients were assessed 
with FDG PET/CT before and after treatment, and a decrease in 
FDG uptake was a significant predictor of the response duration 
in univariate and multivariate analyses [62].

The early detection and accurate restaging of recurrent 
breast cancer are of significant importance for selecting the 
best therapeutic option for better prognosis and lower mortal-
ity. For breast cancer with suspicious recurrence, however, 
there is no standard follow-up protocol to date, and further 
examination of radiologic imaging, such as CT, bone scintigra-
phy, MRI, and PET/CT, may be needed. FDG PET/CT is a 

valuable technique that can show functional information for 
early detection of whole-body multifocal malignant lesions, 
thus enabling a correct diagnosis of recurrence that might be 
missed by conventional imaging modalities. Because it allows 
better discrimination between posttreatment scarring or fibro-
sis and viable tumor tissue, FDG PET/CT is efficient for detect-
ing locoregional recurrence, especially in the chest wall, axilla, 
and extra-axillary lymph node basins, with better performance 
than CT or MRI (Fig.  6.3). A meta-analysis systematically 
summarized the overall diagnostic value of FDG PET/CT for 
the diagnosis of recurrence in breast cancer patients. The 
pooled sensitivity was 0.90 (95% CI, 0.88–0.92), indicating a 
high capacity for FDG PET/CT analysis in the early detection 
of recurrent breast cancer [63]. In addition, the pooled specific-
ity was 0.81 (95% CI, 0.78–0.84), which showed a relatively 
higher ability to exclude recurrence compared with that of the 
other imaging modalities, such as CT or MRI. In other words, 
a negative test of FDG PET/CT can indicate the absence of 
recurrent breast cancer, with 81% probability.

Fig. 6.3 A 58-year-old female patient underwent mastectomy due to 
breast cancer. During follow-up, her tumor marker levels started to 
increase. On her control mammography and breast USG, there was no 
sign of local recurrence, but on her FDG PET/CT images, there were 

metastatic lymph nodes with increased FDG uptake in the left posterior 
cervical region (upper row) and in the mediastinum at the right lower 
paratracheal and para-aortic regions (middle row). In the mastectomy 
region (lower row), there was no pathologic FDG uptake
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F-18 sodium fluoride (NaF) is a positron emitter that is 
used for bone imaging in PET/CT machines. Its mechanism 
of uptake is quite similar to that of Tc-99m diphosphonate, 
which is the SPECT radiopharmaceutical for bone scintigra-
phy. Studies comparing the utility of NaF PET/CT with 
Tc-99m diphosphonate whole-body bone scintigraphy have 
shown that NaF PET/CT generally has higher sensitivity  and 
specificity than bone scanning. The higher uptake of NaF 
than Tc-99m diphosphonate in the skeleton and the faster 
blood clearance yield a better target/background ratio in a 
shorter time period. Factors that contribute to the success of 
NaF PET/CT include NaF uptake in both lytic and blastic 
metastases, sectional imaging along with the advantage of 
whole-body scanning, easy detection of small lesions with 
improved resolution of PET technology, and better visualiza-
tion of bone marrow lesions [64]. Recently, the frequent use 
of SPECT/CT utility along with planar whole-body scintigra-
phy has augmented the specificity of Tc-99m diphosphonate 
bone scintigraphy and reduced the demand for NaF PET/CT.

In addition to FDG and NaF, other PET radiopharmaceuti-
cals have been used in breast cancer in both preclinical and 
clinical settings. Radiolabeled hypoxia-avid compounds, such 
as F-18-labeled fluoromisonidazole (FMISO), can be used to 
evaluate oxygenation status in experimental or human tumors. 
This PET radiotracer has affinity for hypoxic cells with func-
tional nitroreductase enzymes; therefore, it accumulates in 
hypoxic cells but not in necrotic cells. F-18- labeled fluorothy-
midine (FLT) has been proposed as an early molecular imaging 
biomarker to evaluate treatment response with taxanes [65]. 
Uptake of FLT is correlated with the Ki-67 labeling index, 
another proliferation parameter, in breast cancer. Some studies 
have reported a strong correlation of FLT uptake with cell pro-
liferation in untreated patients with breast cancer, enabling 
detection of response as early as 1 week after chemotherapy. Pio 
et al. compared FDG and FLT imaging in 14 patients with newly 
diagnosed primary or metastatic breast cancer to monitor and 
predict tumor response to chemotherapy [66]. The group con-
cluded that FLT may be more accurate than FDG 2 weeks after 
the end of the first course of chemotherapy for predicting longer- 
term efficacy of chemotherapy for women with breast cancer. 
F-18-labeled fluoroestradiol (FES) is a novel radiopharmaceuti-
cal that noninvasively measures ER expression in tumors and 
has emerged as a valuable method to predict response to hor-
mone therapy in recurrent or metastatic breast cancer patients 
[67, 68]. Level of FES uptake predicted the likelihood of 
response to tamoxifen and aromatase inhibitor treatment, and 
some studies support its use in treatment response assessment in 
some groups with recurrent or metastatic breast cancer [69].

 Positron Emission Mammography

To overcome the limited resolution of PET equipment as well 
as space limitations of current CT acquisition protocols, which  
cause false-negative evaluations by FDG PET/CT protocols in 

small breast tumors, a new imaging modality, PEM, has 
emerged. PEM, which is a high-resolution tomographic molec-
ular imaging device, has a pair of dedicated gamma radiation 
detectors that are placed above and below the breast. Mild 
breast compression, similar to conventional mammography, is 
necessary both to attain higher spatial resolution (1–2 mm for 
PEM vs 4–6 mm for PET) and to reduce the radiation dose by 
reducing breast thickness [70, 71]. The crystal detectors, which 
are constructed to provide improved spatial resolution and 
count rate efficiency, collect gamma rays emitted from the 
breast tissue due to previous injection of FDG. The result is a 
set of 12 slices each in the craniocaudal and mediolateral 
oblique positions, similar to conventional mammography.

The advantage of PEM is its ability to detect small hyper-
metabolic lesions. PEM can detect lesions <2  cm due to its 
higher spatial resolution (up to 2.4  mm) compared to that of 
whole-body PET [70]. Even small tumors <1 cm can be detected 
by PEM with a sensitivity of 60–70% [72]. Studies that com-
pared PEM with MRI and whole-body PET/CT showed similar 
high sensitivities for PEM (93% for known index lesions, 85% 
for unsuspected additional lesions) and MR but low sensitivity 
for whole-body PET/CT (67.9%) [73, 74]. As both MRI and 
PEM have similar sensitivities, the indications for both of the 
exams are quite similar: in preoperative surgical planning or pre-
chemotherapy evaluation to detect and characterize primary 
breast lesions [70]. PEM can be an alternative for patients who 
cannot tolerate MRI or have a contraindication to MRI, but in 
this context, the radiation exposure in PEM is a disadvantage.

PEM also suffers from the same specificity issues as 
breast MRI. Nonmalignant lesions, such as fibroadenomas, 
fibrocystic changes, and fat necrosis, can also accumulate 
FDG, mimicking a malignant lesion [70]. The specificity for 
detecting carcinoma ranges from 92% to 97% for PEM and 
85% to 92% for MRI [75]. There are commercially available 
vacuum-assisted biopsy systems that can be used with PEM 
devices. The positive predictive values of these biopsies are 
similar to those of MRI-guided biopsies and higher than 
those of mammography-guided biopsies [70].

 Positron Emission Tomography/Magnetic 
Resonance Imaging

PET/MR imaging is particularly interesting as a possible 
improvement over PET/CT oncologic whole-body imaging 
because MRI provides improved lesion detection in the brain, 
breast, liver, kidneys, and bones  compared with lesion detec-
tion via CT. For breast malignancies, PET/MR can bring meta-
bolic, anatomic, spectroscopic, and diffusion- and 
perfusion-based data together in a single examination. In 
whole-body imaging for breast cancer, PET/MR has been 
shown to provide improved sensitivity over PET/CT, particu-
larly for breast lesions and liver and bone metastases [76, 77]. 
In local staging, PET imaging, which provides greater sensitiv-
ity for axillary nodes, appears to be complementary with MRI, 
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which provides greater accuracy for satellite lesions. PET/MR 
has been shown to be more likely to determine the correct max-
imum diameter of the tumor (T stage) than PET/CT, which 
may be useful in surgical and oncological planning [78].

When separated out by sequence, dynamic contrast- 
enhanced (DCE) MRI has been shown to be most useful for 
breast and brain lesions, diffusion-weighted imaging (DWI) 
has been shown to be most useful for liver and bone metastases, 
and PET has been shown to be most useful for lymph node 
metastases [77]. These variable strengths highlight the advan-
tage of multimodality imaging. In particular, combining PET 
and DWI may be important because PET has been shown to 
greatly improve the specificity of DWI in whole- body imaging 
[79]. In addition, omitting whole-body CT from the PET exam-
ination can decrease the radiation dose by half [77]. These data 
suggest a wider role for PET/MR imaging in breast cancer 
staging and surveillance, particularly in young patients and in 
patients undergoing serial examinations.

 Radionuclide Therapies in Breast Cancer

 Palliative Treatment of Painful Osteoblastic 
Skeletal Metastases

Postmortem studies indicate that 75% of breast carcinoma 
patients develop bone metastases [80]. The majority of 
patients with bone metastases develop severe pain that 
reduces their quality of life. A multidisciplinary  approach to 
palliating pain is usually necessary. In patients with pain 
with multifocal, osteoblastic metastatic lesions, low-energy 
beta-emitting radionuclides, such as samarium-153- ethylene
diaminetetramethylenephosphonate (Sm-153 EDTMP) and 
strontium-89, can be used to deliver high radiation to metas-
tases but only a negligible dose to the hematopoietic marrow. 
Radionuclide therapy is indicated in patients with failure of 
conventional analgesics and to palliate recurrent pain in a 
previously irradiated site. The uptake of radiopharmaceuti-
cals in radionuclide therapy depends on the osteoblastic 
activity and the calcification of the tumor tissue. The response 
rate is approximately 75%, and 25% of the patients may even 
become pain-free [81]. The majority of patients are able to 
reduce or withdraw opioid analgesics and continue using 
nonsteroidal anti-inflammatory medication. The therapy can 
be repeated if the cell counts are appropriate. Patients should 
have reasonable bone marrow reserve and must be monitored 
after treatment for probable temporary bone marrow sup-
pression. Concomitant treatment with bisphosphonates does 
not interfere with the radionuclide treatment [81].

Baczyk et  al. reported the results of a randomized con-
trolled trial comparing Sm-13 EDTMP and Sr-89  in meta-
static prostate cancer (n  =  60) and breast cancer (n  =  40) 
patients [82]. Although there was no difference in pain relief 
between the two radionuclides, patients with purely blastic 

metastatic lesions experienced more pain relief than patients 
with a mixed blastic/lytic pattern of metastases.

Radium-223 (Ra-223) is a bone-seeking alpha particle 
emitter radionuclide that delivers higher absorbed radiation 
to the bone surface, thus sparing the bone marrow due to its 
limited range. A double-blind, randomized, placebo- 
controlled phase III trial (ALSYMPCA) in prostate cancer 
patients showed a survival advantage (14 vs 11.2 months) in 
the Ra-223 arm with a low toxicity profile [83]. The median 
time of new skeletal events was also longer in the Ra-223 
arm (13.6 vs 8.4  months). With respect to its tumoricidal 
effect in skeletal metastases, Ra-223 promises more than 
pain palliation in metastatic breast cancer patients.

 Radioembolization for Liver Metastases

Radioembolization is a liver-directed therapy that involves 
injection of micron-sized embolic particles loaded with a radio-
nuclide via percutaneous hepatic artery catheterization under 
fluoroscopic guidance. Because  cancer cells are supplied by 
the hepatic artery and normal hepatocytes by portal venous 
blood, radioembolization targets tumor cells with a high dose 
of lethal radiation while sparing healthy hepatocytes. The anti-
tumor effect is mainly from radiation rather than embolization. 
Because the hepatic artery is not embolized totally during 
radioembolization, portal vein thrombosis, which is a contrain-
dication for other transarterial techniques, such as chemoem-
bolization, is not a contraindication for radioembolization.

Yttrium-90 (Y-90) is the most commonly used radionu-
clide in radioembolization. Y-90 is embedded in either glass- 
or resin-based microspheres. Holmium-166 (Ho-166) 
microspheres have also been used recently. The procedure is 
performed on an outpatient basis. The probable complica-
tions are less commonly seen than in other locoregional ther-
apies and may include nausea, fatigue, abdominal pain, 
hepatic dysfunction, biliary injury, and fibrosis. The compli-
cations that may be caused by the spread of radioactive 
microspheres to extrahepatic locations, such as gastrointesti-
nal ulcers, cholecystitis, and radiation pneumonitis, can be 
avoided by meticulous pretreatment angiographic assess-
ment and dosimetric calculations.

Radioembolization is an effective treatment for both pri-
mary and secondary liver tumors. ECOG performance status 
≤2, adequate hematological parameters, and pulmonary, 
renal, and liver function tests are mandatory. Significant 
extrahepatic tumor burden, which diminishes expected sur-
vival, is also an exclusion criterion. When there is a bilobar, 
multicentric tumor load in the liver, instead of treating the 
whole liver in one session, sequential treatments are admin-
istered 6–8 weeks apart.

Liver metastases in breast cancer patients have been 
treated by radioembolization, and accumulating experience 
is encouraging (Fig.  6.4). Bangash et  al. investigated Y-90 
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Fig. 6.4 In a 49-year-old female breast cancer patient, multiple 
metastases were detected in the lungs, liver, and bones 1 year after 
completion of adjuvant chemotherapy. Although the metastases 
responded well to second-line chemotherapy, a large metastatic lesion 
located in the posterior section of the right lobe of the liver did not 
decrease much in size. Therefore, before continuing with the chemo-
therapy regimen, radioembolization was planned for this lesion. In 
pretherapy angiographic evaluation, Tc-99m MAA was given in the 

posterior branch of the right hepatic artery, and SPECT/CT images 
(upper row) taken afterward showed homogeneous distribution of the 
radiopharmaceutical. After dosimetric calculations, 150  Gy of Y-90 
microspheres was given via the same vascular route, and images (mid-
dle row) taken afterward showed a homogeneous distribution of Y-90 
microspheres in the lesion. The control FDG PET/CT imaging (lower 
row) showed the response to radioembolization as necrosis (shown 
with an arrow)
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radioembolization in 27 breast cancer patients with progress-
ing liver metastases on standard polychemotherapy [84]. The 
response rate was 39.1%, and stable and progressive disease 
was observed in 52.1% and 8.8%, respectively. Median sur-
vival was 6.8 and 2.6 months in patients with ECOG 0 vs 1, 
2, and 3. In a multi-institutional study of 44 breast cancer 
patients with chemorefractory liver metastases, the response 
to Y-90 radioembolization was 95% when evaluated by PET 
and 47% when evaluated by CT [85]. Even patients without 
a PET or CT response had a median  survival of 3.6 months. 
Median survival for the whole patient group was not reached 
at a follow-up of 14 months. Pieper et al. reported a disease 
control rate (response+stable disease) of 71.1% and an 
objective response rate (complete+partial response) of 28.9% 
in their single-center experience of 44 liver-dominant meta-
static breast cancer patients with Y-90 radioembolization 
[86]. The median time to progression of the treated liver lobe 
was 101 days, and the median overall survival was 184 days. 
The authors stated that radioembolization can successfully 
delay progression of therapy-refractory liver-dominant meta-
static breast cancer patients with a low complication rate.

There are many ongoing prospective trials examining the 
role for radioembolization in unresectable liver tumors, one 
of which includes breast cancer patients (SIRMITOC). The 
results of these trials will further clarify the efficacy and 
position of radioembolization.

 Conclusion

The general advantage of nuclear medicine imaging is its 
ability to show deteriorations in a functional level, such as 
changes in a molecular structure or physiological pro-
cesses, which makes it very different from radiological 
techniques that image on the basis of morphological altera-
tions. Scintimammography is indicated for the study of 
breast lesions in patients in whom mammography or MRI 
is nondiagnostic or difficult to interpret; it may also be use-
ful for assessing and even predicting the response to che-
motherapy. Similar notions are also true for PEM imaging, 
which is a fairly new technique. Although whole-body 
FDG PET/CT imaging does not have sufficient utility in the 
detection of primary disease and is not optimized to replace 
the SLN procedure for initial axillary staging, FDG PET/
CT scanning has efficacy superior to that of conventional 
imaging for the detection of locoregional and metastatic 
spread in the appropriate patient population and has a better 
diagnostic performance for the detection of skeletal metas-
tasis compared with that of routine bone scanning. The 
major roles for PET/CT in breast cancer are detecting and 
localizing metastasis, monitoring the response to treatment, 
and early detection of recurrence. With PET/MR imaging, 
several drawbacks of PET/CT imaging, such as an inferior 

image quality in brain and liver lesions, can be improved. 
On the basis of the abovementioned evidence, the  integra-
tion of nuclear medicine techniques with radiological tech-
niques offers an interesting opportunity to improve the 
diagnostic imaging yield in breast cancer, which will even-
tually lead to better patient management. Another aspect of 
nuclear medicine, radionuclide treatments, also serves 
breast cancer patients. Radionuclide treatment for meta-
static bone pain palliation is a safe and effective option for 
patients with multifocal osteoblastic metastases that has 
been used in breast cancer patients for years. 
Radioembolization, which is a fairly new radionuclide 
treatment option, is a novel transarterial locoregional ther-
apy that is gaining recognition as a treatment option for pri-
mary and metastatic liver cancers and for which promising 
experience is also increasing in breast cancer patients.
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