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Breast cancer incidence and mortality

Breast cancer is the most frequent type of cancer in women all over the world. It is 

estimated to account for 29% of all new cancer cases among women in the US in 2012.1 

The incidence of breast cancer in the Netherlands is still increasing.2 In 2000, 140 new 

cases per 100,000 women (11,249 new patients) were diagnosed, which increased to 

158 new cases per 100,000 women (13,257 new patients) in 2010.3 The lifetime probability 

of developing breast cancer for women in the Netherlands is approximately 12-13% (one 

in eight). In contrast with the rising incidence, breast cancer mortality has been decreasing 

consistently since the nineties.4 This decrease largely reflects improvements in early 

detection and adjuvant treatment.5,6

Classification and characterization

Breast cancer is a heterogeneous disease with various morphological appearances, 

behavior, and response to therapy. It can be subdivided according to several 

characteristics, yielding different treatment strategies and prognostic groups. The TNM 

(tumor, node, metastasis) staging system (Table 1) is generally used for this purpose, 

based on size and invasion of the primary tumor (T-stage), involvement of locoregional 

lymph nodes (N-stage), and presence or absence of distant metastases (M-stage).7 

Based on the T-, N-, and M-stage, different TNM-stages/prognostic groups can be 

identified: - Stage 0: TisN0M0

 - Stage IA: T1N0M0

 - Stage IB: T0-1N1mi

 - Stage IIA: T0-1N1 or T2N0

 - Stage IIB: T2N1 or T3N0

 - Stage IIIA: T0-2N2 or T3N1-2

 - Stage IIIB: T4N0-2

 - Stage IIIC: Any TN3

 - Stage IV: Any TNM1

The five-year relative survival rate of breast cancer patients decreases according to stage 

at presentation from 99% in node-negative disease, to 84% in node-positive disease, and 

to 23% in distant disease.1

A second commonly used method for breast cancer classification is immunohistochemical 

(IHC) analysis, which is routinely used in most diagnostic labs. The estrogen receptor 

(ER) and progesterone receptor (PR) determine the sensitivity for endocrine (hormonal) 

therapy,8 whereas overexpression of the human epidermal growth factor receptor 2 

(HER2) identifies patients sensitive to HER2-targeted therapy.9 Based on IHC markers, 

three clinical subtypes are distinguished: HER2-positive (i.e., HER2 positive, ER and PR 

may be positive or negative), ER-positive/HER2-negative (i.e., ER positive, HER2 negative, 

PR may be positive or negative), and triple negative (i.e., ER, PR, and HER2 negative). The 

prognosis of HER2-positive tumors was initially poor, but has shown a marked 

improvement after the introduction of targeted HER2-therapy such as trastuzumab.9,10 
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ER-positive/HER2-negative tumors, the most common subtype, tend to be less aggressive 

in short term, but are also less responsive to chemotherapy and may recur even after 

many years.11-13 Triple negative tumors are often very proliferative and bear the poorest 

prognosis, but are frequently more responsive to systemic therapy.14

Also, breast tumors can be classified into subtypes distinguished by pervasive differences 

in their gene expression patterns, generating five different subgroups: normal breast-like, 

basal epithelial-like, HER2-enriched, luminal A, and luminal B.15,16

In addition, breast cancer can be classified according to histologic type (for instance, 

ductal, lobular, metaplastic, mucinous),17 proliferative activity (Ki-67 labeling index),18 

grade (assessing tubule formation, nuclear polymorphism, and mitotic count),19 and 

vascular invasion.20

Based on the large variety of human breast tumors and their diversity in natural history 

and responsiveness to treatment, breast cancer treatment has changed from a generalized 

concept towards an individualized and patient-tailored approach.

Table 1  T-, N-, and M-stage according to AJCC cancer staging manual.

Site Definition

T - tumor

T0 No primary tumor found

Tis Carcinoma in situ

T1 Carcinoma ≤2 cm in greatest dimension

T1mic Micro-invasion ≤1 mm

T1a Tumor 2-5 mm

T1b Tumor 6-10 mm

T1c Tumor 11-20 mm

T2 Tumor >2 cm and ≤5 cm 

T3 Tumor >5 cm

T4 Tumor of any size with direct extension in chest wall or skin

N - regional lymph nodes (clinical)

N0 No regional lymph node metastases

N1 Metastases in mobile ipsilateral axillary nodes (>2.0 mm)

N2

N2a Metastases in clinically fixed or matted axillary nodes

N2b Clinically detected ipsilateral internal mammary node metastases without clinically 
evident axillary lymph node metastases

N3

N3a Subclavicular metastases

N3b Metastases in the axilla and internal mammary chain

N3c Supraclavicular metastases

M – distant metastases 

M0 No distant metastases

M1 Distant metastases
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Conventional locoregional and distant staging

The main route of lymphatic drainage of the breast is to the axilla. Therefore, axillary 

lymph nodes are often the first site of regional metastatic disease in breast cancer. The 

presence or absence of axillary lymph node metastases remains an important prognostic 

factor in patients with potentially curably carcinoma of the breast.21 Knowledge of 

regional lymph node metastases may dictate indications for surgical treatment, systemic 

therapy, and/or locoregional radiotherapy. Historically, nodal involvement was 

determined by complete removal of all axillary lymph nodes (axillary lymph node 

dissection, ALND). Histopathological staging of the axilla is currently done with a sentinel 

lymph node biopsy (SLNB). The sentinel lymph node is the initial lymph node upon which 

the primary tumor drains.22 Giuliano was the first to describe its use in breast cancer in 

1994.23 The efficacy, safety, and accuracy have been validated and axillary recurrence 

after a tumor-negative SLNB and omission of ALND was only 0.3% after a median follow-

up of 34 months.24,25 In case of a tumor-positive SLNB, completion ALND is usually 

performed.

Currently, axillary staging begins with ultrasound (US) of the axilla. Fine needle aspiration 

(FNA) of suspect nodes detects approximately 30% of all tumor-positive axillary nodes 

and reduces the number of SLNBs.26 However, the accuracy of axillary staging with US 

is suboptimal and in case of negative FNA an SLNB is required.

An increase in the number of tumor-positive axillary nodes is related to a worsened 

prognosis, irrespective of primary tumor size.21 Presence of lymph node metastases in 

the internal mammary chain (IMC) or periclavicular area reduces survival probabilities 

even further.27-29 Internal mammary node metastases are predominantly detected in case 

of drainage to the IMC on lymphoscintigraphy, which is seen in 22-24% of patients after 

intratumoral tracer injection.30,31 Although involvement of IMC nodes is of prognostic 

significance, biopsy and irradiation of these nodes are still controversial because of lack 

of established survival benefit and increased morbidity.27,32-34 Staging of periclavicular 

nodes is usually done with US and FNA, although its accuracy in the detection of 

metastases is limited.35

The most common sites of hematologic spread of breast cancer are bone, lung, liver, 

and brain. Distant metastases at diagnosis are more frequently seen in patients with large 

tumors or axillary lymph node metastases.36,37 Therefore, screening for distant metastases 

before treatment is advised for patients with locally advanced (stage III) breast cancer 

and could be considered in stage II disease with positive nodes.38,39 Different imaging 

techniques, such as bone scintigraphy, chest radiography, ultrasound of the liver, and/

or computed tomography (CT) scans of thorax and abdomen are advised for this purpose. 

Because of the low prevalence of metastases, distant staging in stage I breast cancer is 

not recommended.38,39 

Breast cancer treatment

Treatment of breast cancer consists of three aspects. The first is achievement of optimal 

local control, which is primarily achieved by surgery with or without radiotherapy. In 

patients with operable breast cancer either a modified radical mastectomy or breast-
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conserving therapy with postoperative irradiation of the breast can be performed, with 

or without direct or delayed reconstruction. No difference in long-term survival was 

found between both treatment modalities.40 

The second aspect regards regional control. In current clinical practice an ALND is 

performed in case of node-positive disease. Additional irradiation of chest wall and/or 

locoregional nodes after surgery is advised in patients at high risk for locoregional 

recurrence (LRR): ≥4 tumor-positive axillary nodes, involvement of nodes in the IMC or 

periclavicular area, T4 tumors, or T3N1 tumors.41,42 The value of chest wall and/or 

locoregional radiotherapy in patients at intermediate risk for LRR (T1-2 tumors with 1-3 

tumor-positive axillary nodes or T3N0 tumors) is uncertain and frequently subject of 

debate and clinical research.43-47 

The third part of breast cancer treatment aims to prevent the development of distant 

metastases. Adjuvant systemic therapy (i.e., chemotherapy, hormonal therapy, and/or 

HER2-targeted therapy) focuses on eliminating micrometastases and circulating tumor 

cells that might already be present at the time of diagnosis, thereby preventing the 

outgrowth of metastases and improving survival.48

Neoadjuvant chemotherapy

In contrast with adjuvant chemotherapy (given after surgical removal of the tumor), 

neoadjuvant chemotherapy (NAC) is administered prior to surgery. Synonymous terms 

include ‘primary systemic therapy’ and ‘induction chemotherapy’. It was first applied in 

patients with inoperable breast cancer in order to achieve down staging of the tumor, 

resulting in the possibility to perform radical surgery in part of them. Currently NAC has 

become standard practice in inoperable and locally advanced breast cancer and is 

increasingly applied in large and/or node-positive disease.49 The reduction in tumor load 

facilitates a higher proportion of breast-conserving treatment (increase 17-32%) and may 

allow surgery in patients who were initially unresectable.50,51 

Also, NAC offers an excellent platform for translational research, since the molecular 

characteristics of the individual tumors can be directly related to sensitivity and resistance 

for NAC.12 Alternatively, in patients treated with primary surgery and adjuvant systemic 

treatment, tumor response remains unknown and becomes apparent after development 

of distant metastases or absence thereof. 

The presence of tumor cells in the surgery specimen after NAC has been associated 

with an unfavorable prognosis, thereby emphasizing the intention of achieving a 

complete pathological response (pCR), particularly in triple negative and HER2-positive 

tumors.52 Another advantage of NAC is the opportunity to monitor the response (early) 

during treatment. In case of an unfavorable response, there is the possibility to switch 

the chemotherapeutic regimen or perform early surgery.53 In addition, response 

monitoring could prevent patients from experiencing unnecessary further drug toxicity. 

Response monitoring with physical examination or ultrasound were imprecise,54,55 but 

magnetic resonance imaging (MRI) has been shown to be useful; it was especially 

effective in triple negative and HER2-positive tumors, but was less accurate in ER-

positive/HER2-negative tumors.56  Up till now, no benefits in overall and disease-free 
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survival have been observed for NAC as compared with adjuvant chemotherapy.51,57

Some challenges of neoadjuvant administration of chemotherapy should be noted. First, 

histopathological information before systemic treatment is based on histological biopsies 

instead of a complete surgical specimen. Accurate determination of grade and 

proliferation index is difficult in core biopsies.58,59 Further, based on the principle of 

intratumor heterogeneity,60 one tumor may consist of different molecular or even IHC-

based subtypes, possibly leading to hindered selection of chemotherapeutic regimens. 

Thus, an important problem with assessing prognostic factors on core biopsy specimens 

is undersampling of informative areas. Second, because of the administration of 

chemotherapy before surgical treatment, a different strategy for locoregional nodal 

staging is required. US with FNA of axillary and periclavicular nodes is routinely performed 

prior to NAC, but its accuracy in the detection of (small) metastases is suboptimal.26,35 

SLNB before NAC can accurately stage axillary and IMC nodes and may enable 

determination of axillary response after NAC, but it requires an additional surgical 

procedure.23,61 Further, if a tumor-positive pre-chemotherapy SLNB is routinely followed 

by post-chemotherapy ALND, overtreatment may occur in patients with a complete 

response to NAC.61 An SLNB after NAC determines final axillary status and results in less 

invasive axillary treatment in patients with a complete axillary response. However, the 

identification rate is suboptimal (81-94%) and the false negative rate is relatively high 

(14-20%), especially in (clinically) node-positive patients.62,63 Also, uncertainty remains 

for the other axillary nodes, as they receive no further treatment in case of a negative 

post-chemotherapy SLNB, although they might have been tumor-positive initially. A third 

challenge of NAC is that planning of postoperative irradiation of chest wall and/or 

locoregional nodes is hampered. Because of pretreatment with NAC, the pathological 

T-stage and the number of tumor-positive axillary nodes, important indicators for 

postoperative irradiation, remain unknown.64,65 Especially the value of radiotherapy in 

complete responders remains unknown.

Individualized breast cancer treatment

Both under- and overtreatment of patients, mainly caused by improper patient selection, 

are undesirable and can be decreased by patient-tailored treatment. Examples hereof 

are treatment with HER2-targeted therapy in HER2-positive patients and increased use 

of gene-expression profiles. Treatment with NAC offers an exciting foundation for 

individualized management. If patients achieving a pCR are discovered at an early stage 

during NAC, less invasive surgery may be sufficient. Conversely, if patients with an 

unfavorable response can be adequately identified early during treatment, the 

chemotherapeutic regimen could be changed or early surgery could be performed.53

It is essential to select patients optimally benefiting from NAC, but also to exclude those 

for whom a different treatment strategy is more suitable; patients with multiple distant 

metastases should be recognized at an early stage, sparing them an intensive treatment 

(i.e., neoadjuvant chemotherapy, major surgery) and directly assigning the appropriate 

treatment modality.65 Detection of responders and/or non-responders and improved 

patient selection is an important goal of the research as described in this thesis. 
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Molecular imaging in breast cancer: PET/CT

Positron emission tomography (PET) is a radiotracer imaging technique, in which tracer 

compounds labeled with positron-emitting radionuclides are injected and visualized. 

While PET was originally used as a research tool, in recent years it has come to have an 

increasingly important clinical role, mainly in oncology. The most widely used tracer in 

oncology is the combination of the isotope fluorine-18 (18F) with the tracer compound 

fluorodeoxyglucose (FDG). It follows a similar metabolic pathway to glucose, except that 

it is not metabolized to CO2 and water, but remains trapped within tissue. This is of interest 

in oncology because proliferating cancer cells have a higher than average rate of glucose 

metabolism. Therefore, as compared with other imaging modalities as US, CT, and MRI, 

18F-FDG PET is a functional rather than an anatomical imaging technique.66 One of the 

drawbacks of PET was the lack of anatomical information, limiting its specificity. By 

combining functional FDG PET with morphological CT in dual-modality PET/CT, a hybrid 

imaging device with both anatomical and metabolic images is generated. Tumor staging 

of solid tumors with PET/CT was significantly more accurate than PET alone.67 More 

recently, the introduction of the time-of-flight (TOF) technology has further increased 

the image quality of PET/CT.68 TOF technology uses very fast detectors to improve 

localization of events along coincidence lines, improving the topographic reconstruction. 

In this thesis the TOF PET/CT was used to investigate its value for characterization, 

classification, staging, and response monitoring of breast cancer patients (Figure 1).

Adapting PET/CT acquisition to specific situation of breasts and regional nodes

During PET/CT acquisition patients normally lie in supine position. In this position the 

breathing motion of the thorax is ventrally, which results in blurring of the area of 

interest in breast cancer patients. Also, breast tissue is compressed, hampering local 

evaluation. In our institute breast cancer patients are scanned in prone position and 

with hanging breasts on a dedicated breast coil. Scan time for the PET is 3.00 min per 

bed position, CT slices are 2.0mm, and image reconstruction is to 2x2x2 mm voxels. 

This approach provides a detailed scan of the thorax without tissue compression and 

results in improved tumor delineation and less breathing artifacts.69 Also, it enables 

image comparison with MRI.

Dedicated PET for hanging breast molecular imaging

Although several papers have shown that PET/CT could be used for distant staging in 

primary stage II-III or recurrent breast cancer,70-72 its use is not advised for the detection 

or visualization of the primary tumor for several reasons.73,74 First, the spatial resolution 

full width at half maximum (FWHM) of most whole body scanners is limited to 

approximately 5 mm. Second, the partial volume effect limits precise imaging and 

quantification of small tumors. Also, the path of the photons from source to detector is 

long and involves structures of the entire thorax, resulting in increased likelihood of the 

photons to be absorbed or scattered and signal loss because of attenuation and 

decreased contrast. Despite these limitations, there is increased demand for accurate 

tumor visualization with FDG PET and quantification of metabolic activity; it can be of 
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value in patients with dense breasts, in whom mammography, US, and MRI have been 

shown to be less accurate.75 Further, there is a correlation between the degree of FDG 

uptake and prognostic factors in breast cancer 76,77 and promising results have been 

reported regarding PET and PET/CT response monitoring during NAC.78,79 Finally, selective 

biopsies of certain high metabolic areas of the tumor (FDG-guided biopsies) could 

improve pretreatment molecular classification and genetic profiling.80 These 

considerations have led to the development of dedicated breast PET devices.

MAMMI PET

The recently developed high-resolution breast PET (MAMMI, Oncovision, Valencia, Spain) 

is a dedicated PET for hanging breast molecular imaging (Figure 2).81 Patients are scanned 

in prone position, without compression of the breast. Through an opening in the table, 

a single hanging breast is positioned in the detector ring, which consists of 12 detector 

modules in dodecagon configuration. The effective field of view (FOV) diameter (breast 

width) is 170 mm and the coronal FOV (breast length, from pectoral muscle to nipple) 

can extend to 170 mm by means of precise motion of the detector arm from which the 

ring extends. The spatial resolution (FWHM) ranges from 1.6 mm in the center of the FOV 

to 2.7 mm at the edges of the FOV. Voxel size is 1 mm3. Images are reconstructed in 3D 

using a maximum likelihood expectation maximization algorithm including an attenuation 

correction through image segmentation and using 12 iterations. The first clinical 

experiences with the MAMMI PET are reported in this thesis.

Figure 1 PET/CT scanner at the Netherlands Cancer Institute – Antoni van Leeuwenhoek Hospital (Philips 
Gemini TOF).
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INTRODUCTION AND OUTLINE

RATIONALE AND OUTLINE OF THIS THESIS

The general aim of the research described in this thesis was to improve personalized 

breast cancer treatment by investigating the use and clinical value of 18F-FDG PET/CT 

in primary breast cancer patients, both before and during treatment: in the detection of 

the primary tumor and metastases before therapy and in monitoring the response during 

treatment with neoadjuvant systemic therapy. Second, we wished to assess the value of 

18F-FDG PET/CT and MAMMI PET for improvement of primary tumor characterization.

Part 1 of this thesis focuses on pretreatment classification and staging of primary breast 

cancer with PET/CT. Chapter 2 of this thesis describes the association of primary tumor 

FDG uptake with different breast cancer characteristics. Also, it describes in which 

subgroup of stage II-III breast cancer patients PET/CT represents a reliable tool for staging 

and response evaluation and for which subgroup of patients a PET/CT could safely be 

omitted because of breast cancer characteristics with insufficient tumor FDG uptake.  

In chapter 3 the value of PET/CT in T1 breast cancer is assessed. Locoregional lymph 

node involvement on PET/CT and the change in nodal stage before treatment with NAC 

is described in chapter 4 and chapter 5, respectively. Chapter 6 describes the comparison 

of PET/CT with conventional imaging modalities for the detection of distant metastases 

before NAC.

Part 2 describes the value of hanging breast 18F-FDG PET/CT for response monitoring 

of the primary tumor and axillary lymph node metastases during NAC. Chapter 7 

Figure 2 Second prototype of the MAMMI PET as used at the Netherlands Cancer Institute – Antoni van 
Leeuwenhoek Hospital.
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demonstrates that response monitoring of breast cancer with PET/CT is feasible, but 

that it is dependent on the clinical subtype. In chapter 8 the value of response monitoring 

early during NAC is presented. Two PET/CTs are compared with final pathology in order 

to select an optimal response monitoring time-point. Further, the value of combined 

breast and axilla response monitoring is evaluated. The combination of PET/CT and MRI 

and their complementarity for detection of pCR is presented in chapter 9. Finally, chapter 

10 describes the accuracy of axillary response monitoring with PET/CT during NAC in 

order to select patients achieving axillary pCR, in whom less invasive axillary treatment 

may be appropriate.

In part 3 the value of hanging breast PET/CT and dedicated breast PET for primary tumor 

characterization is presented. Chapter 11 describes the correlation of the pretreatment 

tumor sampling location with the area with highest degree of FDG uptake. Based on the 

principle of intratumor heterogeneity, it aims to select a subgroup of patients with a 

clinically relevant distance and difference in FDG uptake between the two areas, in which 

a PET/CT before tumor sampling may be appropriate for guiding biopsies or in which 

FDG-guided biopsy could add information. Chapter 12 demonstrates the first clinical 

experience with the MAMMI PET, a dedicated PET for hanging breast molecular imaging. 

In chapter 13 a review on currently available dedicated breast PETs is presented. Finally, 

detection of heterogeneity in breast cancer with MAMMI PET is described in chapter 14.

This thesis ends with a summary, general discussion, and future prospects and a summary 

in Dutch and Spanish (chapter 15). 

Figure 3 Chemotherapy regimens and timing of PET/CT, MRI, and MAMMI scans in patients receiving NAC. 
NAC is given to patients with either large (>3 cm) and/or node-positive breast cancer. Patients with 
HER2-negative tumors are treated with six courses of cyclophosphamide and doxorubicin in a dose-
dense schedule (ddAC). PET/CTs are performed after one and three courses (two and six weeks). 
HER2-positive tumors are treated with three cycles of eight weekly administrations of paclitaxel, 
trastuzumab, and carboplatin (PTC). In weeks seven and eight only trastuzumab is given. PET/CTs are 
performed after three and eight courses (three and eight weeks). After completion of chemotherapy, 
surgery of breast (± axilla) is performed based on post-chemotherapy MRI evaluation.

 * Conform institutional guidelines, based on consensus in a multidisciplinary meeting, chemotherapy 
in HER2-negative patients could be switched to a (hypothetically) non-cross-resistant regimen 
(docetaxel and capecitabine; CD). A switch was based on patient’s preference, drug toxicity, or MRI 
response monitoring (<25% decrease on MRI). Further, inclusion of triple negative tumors in additional 
chemotherapeutic trials could lead to treatment modification (cyclophosphamide, thiotepa, and 
carboplatin; CTC).



19

C
H

A
P

T
E

R
  

1

INTRODUCTION AND OUTLINE

REFERENCES

1 Siegel R, Naishadham D, Jemal A. Cancer statis-
tics, 2012. CA Cancer J Clin 2012; 62: 10–29.

2 Louwman WJ, Voogd AC, van Dijck JAAM, et al. 
On the rising trends of incidence and prognosis 
for breast cancer patients diagnosed 1975-2004: 
a long-term population-based study in southeast-
ern Netherlands. Cancer Causes Control 2008; 
19: 97–106.

3 Databank Nederlandse Kankerregistratie (NKR) 
2012, http://cijfersoverkanker.nl.

4 Nationaal Kompas Volksgezondheid 2012, versie 
4.8, 14 juni 2012 http://www.nationaalkompas.nl/
gezondheid-en-ziekte/ziekten-en-aandoenin-
gen/kanker/borstkanker/.

5 Berry DA, Cronin KA, Plevritis SK, et al. Effect of 
screening and adjuvant therapy on mortality from 
breast cancer. N Engl J Med 2005; 353: 1784–92.

6 Otten JDM, Broeders MJM, Fracheboud J, Otto 
SJ, de Koning HJ, Verbeek ALM. Impressive time-
related influence of the Dutch screening pro-
gramme on breast cancer incidence and mortal-
ity, 1975-2006. Int J Cancer 2008; 123: 1929–34.

7 Edge SB, Byrd DR, Compton CC, Fritz AG, Greene 
FL, Trotti A, editors. AJCC cancer staging manual 
(7th ed). New York, NY: Springer; 2010.

8 Rutqvist LE, Cedermark B, Fornander T, et al. The 
relationship between hormone receptor content 
and the effect of adjuvant tamoxifen in operable 
breast cancer. J Clin Oncol 1989; 7: 1474–84.

9 Gianni L, Dafni U, Gelber RD, et al. Treatment with 
trastuzumab for 1 year after adjuvant chemother-
apy in patients with HER2-positive early breast 
cancer: a 4-year follow-up of a randomised con-
trolled trial. Lancet Oncol 2011; 12: 236–44.

10 Gianni L, Eiermann W, Semiglazov V, et al. Neo-
adjuvant chemotherapy with trastuzumab fol-
lowed by adjuvant trastuzumab versus neoadju-
vant chemotherapy alone, in patients with 
HER2-positive locally advanced breast cancer (the 
NOAH trial): a randomised controlled superiority 
trial with a parallel HER2-negative cohort. Lancet 
2010; 375: 377–84.

11 Blows FM, Driver KE, Schmidt MK, et al. Subtyping 
of breast cancer by immunohistochemistry to 
investigate a relationship between subtype and 
short and long term survival: a collaborative anal-
ysis of data for 10,159 cases from 12 studies. PLoS 
Med 2010; 7: e1000279.

12 Straver ME, Rutgers EJT, Rodenhuis S, et al. The 
relevance of breast cancer subtypes in the out-
come of neoadjuvant chemotherapy. Ann Surg 
Oncol 2010; 17: 2411–8.

13 Early Breast Cancer Trialists’ Collaborative Group 
(EBCTCG), Davies C, Godwin J, et al. Relevance 
of breast cancer hormone receptors and other 
factors to the efficacy of adjuvant tamoxifen: 
patient-level meta-analysis of randomised trials. 
Lancet 2011; 378: 771–84.

14 Dawson SJ, Provenzano E, Caldas C. Triple nega-
tive breast cancers: clinical and prognostic impli-
cations. Eur J Cancer 2009; 45 Suppl 1: 27–40.

15 Perou CM, Sørlie T, Eisen MB, et al. Molecular por-
traits of human breast tumours. Nature 2000; 
406: 747–52.

16 Sørlie T, Perou CM, Tibshirani R, et al. Gene 
expression patterns of breast carcinomas distin-
guish tumor subclasses with clinical implications. 
Proc Natl Acad Sci USA 2001; 98: 10869–74.

17 Li CI, Uribe DJ, Daling JR. Clinical characteristics 
of different histologic types of breast cancer. Br J 
Cancer 2005; 93: 1046–52.

18 Jung S-Y, Han W, Lee JW, et al. Ki-67 expression 
gives additional prognostic information on St. 
Gallen 2007 and Adjuvant! Online risk categories 
in early breast cancer. Ann Surg Oncol 2009; 16: 
1112–21.

19 Elston CW, Ellis IO. Pathological prognostic fac-
tors in breast cancer. I. The value of histological 
grade in breast cancer: experience from a large 
study with long-term follow-up. Histopathology 
1991; 19: 403–10.

20 Mohammed RAA, Ellis IO, Lee AHS, Martin SG. 
Vascular invasion in breast cancer; an overview of 
recent prognostic developments and molecular 
pathophysiological mechanisms. Histopathology 
2009; 55: 1–9.

21 Carter CL, Allen C, Henson DE. Relation of tumor 
size, lymph node status, and survival in 24,740 
breast cancer cases. Cancer 1989; 63: 181–7.

22 Nieweg OE, Tanis PJ, Kroon BB. The definition of 
a sentinel node. Ann Surg Oncol 2001; 8: 538–41.

23 Giuliano AE, Kirgan DM, Guenther JM, Morton DL. 
Lymphatic mapping and sentinel lymphadenec-
tomy for breast cancer. Ann Surg 1994; 220: 
391–8; discussion398–401.

24 Veronesi U, Paganelli G, Viale G, et al. A rand-
omized comparison of sentinel-node biopsy with 
routine axillary dissection in breast cancer. N Engl 
J Med 2003; 349: 546–53.

25 van der Ploeg IMC, Nieweg OE, van Rijk MC, 
Valdes Olmos RA, Kroon BBR. Axillary recurrence 
after a tumour-negative sentinel node biopsy in 
breast cancer patients: A systematic review and 
meta-analysis of the literature. Eur J Surg Oncol 
2008; 34: 1277–84.

26 Deurloo EE, Tanis PJ, Gilhuijs KGA, et al. Reduction 
in the number of sentinel lymph node procedures 
by preoperative ultrasonography of the axilla in 
breast cancer. Eur J Cancer 2003; 39: 1068–73.

27 Sugg SL, Ferguson DJ, Posner MC, Heimann R. 
Should internal mammary nodes be sampled in 
the sentinel lymph node era? Ann Surg Oncol 
2000; 7: 188–92.

28 Brito RA, Valero V, Buzdar AU, et al. Long-term 
results of combined-modality therapy for locally 
advanced breast cancer with ipsilateral supracla-
vicular metastases: The University of Texas M.D. 
Anderson Cancer Center experience. J Clin Oncol 
2001; 19: 628–33.



20

 

29 Newman LA, Kuerer HM, Fornage B, et al. Adverse 
prognostic significance of infraclavicular lymph 
nodes detected by ultrasonography in patients 
with locally advanced breast cancer. Am J Surg 
2001; 181: 313–8.

30 Estourgie SH, Tanis PJ, Nieweg OE, Valdés Olmos 
RA, Rutgers EJT, Kroon BBR. Should the hunt for 
internal mammary chain sentinel nodes begin? An 
evaluation of 150 breast cancer patients. Ann Surg 
Oncol 2003; 10: 935–41.

31 Postma EL, van Wieringen S, Hobbelink MG, et al. 
Sentinel lymph node biopsy of the internal mam-
mary chain in breast cancer. Breast Cancer Res 
Treat 2012; 134: 735–41.

32 Veronesi U, Marubini E, Mariani L, Valagussa P, 
Zucali R. The dissection of internal mammary 
nodes does not improve the survival of breast 
cancer patients. 30-year results of a randomised 
trial. Eur J Cancer 1999; 35: 1320–5.

33 Chen RC, Lin NU, Golshan M, Harris JR, Bellon JR. 
Internal mammary nodes in breast cancer: diag-
nosis and implications for patient management 
-- a systematic review. J Clin Oncol 2008; 26: 
4981–9.

34 Veronesi U, Arnone P, Veronesi P, et al. The value 
of radiotherapy on metastatic internal mammary 
nodes in breast cancer. Results on a large series. 
Ann Oncol 2008; 19: 1553–60.

35 Altinyollar H, Dingil G, Berberoglu U. Detection of 
infraclavicular lymph node metastases using ultra-
sonography in breast cancer. J Surg Oncol 2005; 
92: 299–303.

36 Samant R, Ganguly P. Staging investigations in 
patients with breast cancer: the role of bone scans 
and liver imaging. Arch Surg 1999; 134: 551–4.

37 Rondeau V, Mathoulin-Pélissier S, Tanneau L, 
Sasco AJ, MacGrogan G, Debled M. Separate and 
combined analysis of successive dependent out-
comes after breast-conservation surgery: recur-
rence, metastases, second cancer and death. 
BMC Cancer 2010; 10: 697.

38 NCCN Clinical Practice Guidelines in Oncology: 
Breast Cancer, version 2.2012, http://www.nccn.
org/professionals/physician_gls/pdf/breast.pdf.

39 Dutch National Guideline for the Treatment of 
Breast Cancer, Version 2.0 (Febr 2012), http://
www.oncoline.nl/mammacarcinoom/.

40 Litière S, Werutsky G, Fentiman IS, et al. Breast 
conserving therapy versus mastectomy for stage 
I-II breast cancer: 20 year follow-up of the EORTC 
10801 phase 3 randomised trial. Lancet Oncol 
2012; 13: 412-9.

41 Recht A, Edge SB, Solin LJ, et al. Postmastectomy 
radiotherapy: clinical practice guidelines of the 
American Society of Clinical Oncology. J Clin 
Oncol. 2001; 19: 1539–69.

42 Goldhirsch A, Ingle JN, Gelber RD, et al. Thresh-
olds for therapies: highlights of the St Gallen 
International Expert Consensus on the primary 
therapy of early breast cancer 2009. Ann Oncol 
2009; 20: 1319–29.

43 van der Hage JA, Putter H, Bonnema J, et al. 
Impact of locoregional treatment on the early-
stage breast cancer patients: a retrospective 
analysis. Eur J Cancer 2003; 39: 2192–9.

44 Whelan T, Levine M. More evidence that locore-
gional radiation therapy improves survival: what 
should we do? J Natl Cancer Inst 2005; 97: 82–4.

45 Overgaard M, Nielsen HM, Overgaard J. Is the 
benefit of postmastectomy irradiation limited to 
patients with four or more positive nodes, as rec-
ommended in international consensus reports? A 
subgroup analysis of the DBCG 82 b&c rand-
omized trials. Radiother Oncol 2007; 82: 247–53.

46 Kunkler IH, Canney P, van Tienhoven TG, et al. 
Elucidating the role of chest wall irradiation in 
‘intermediate-risk’ breast cancer: The MRC/
EORTC SUPREMO trial. Clin Oncol (R Coll Radiol) 
2008; 20: 31-34.

47 Yates L, Kirby A, Crichton S, et al. Risk factors for 
regional nodal relapse in breast cancer patients 
with one to three positive axillary nodes. Int J 
Radiat Oncol Biol Phys 2012; 82: 2093–103.

48 Clarke M, Collins R, Darby S, et al. Effects of radi-
otherapy and of differences in the extent of sur-
gery for early breast cancer on local recurrence 
and 15-year survival: an overview of the ran-
domised trials. Lancet 2005; 366: 2087–106.

49 Kaufmann M, Minckwitz von G, Mamounas EP, et 
al. Recommendations from an international con-
sensus conference on the current status and 
future of neoadjuvant systemic therapy in primary 
breast cancer. Ann Surg Oncol 2012; 19: 1508–16.

50 Mieog JSD, van der Hage JA, van de Velde CJH. 
Neoadjuvant chemotherapy for operable breast 
cancer. Br J Surg 2007; 94: 1189–200.

51 Rastogi P, Anderson SJ, Bear HD, et al. Preopera-
tive chemotherapy: updates of National Surgical 
Adjuvant Breast and Bowel Project Protocols B-18 
and B-27. J Clin Oncol 2008; 26: 778–85.

52 Minckwitz von G, Untch M, Blohmer J-U, et al. 
Definition and impact of pathologic complete 
response on prognosis after neoadjuvant chemo-
therapy in various intrinsic breast cancer subtypes. 
J Clin Oncol 2012; 30: 1796–804.

53 von Minckwitz G, Blohmer JU, Costa S, et al. Neo-
adjuvant chemotherapy adapted by interim 
response improves overall survival of primary 
breast cancer patients – results of the GeparTrio 
trial. Abstract S3-2, presented at the San Antonio 
Breast Cancer Symposium, San Antonio TX, USA, 
December 2011.

54 Prati R, Minami CA, Gornbein JA, Debruhl N, 
Chung D, Chang HR. Accuracy of clinical evalua-
tion of locally advanced breast cancer in patients 
receiving neoadjuvant chemotherapy. Cancer 
2009; 115: 1194–202.

55 Choi JH, Lim HI, Lee SK, et al. The role of PET CT 
to evaluate the response to neoadjuvant chemo-
therapy in advanced breast cancer: comparison 
with ultrasonography and magnetic resonance 
imaging. J Surg Oncol 2010; 102: 392–7.



21

INTRODUCTION AND OUTLINE

C
H

A
P

T
E

R
  

1

56 Loo CE, Straver ME, Rodenhuis S, et al. Magnetic 
resonance imaging response monitoring of breast 
cancer during neoadjuvant chemotherapy: rele-
vance of breast cancer subtype. J Clin Oncol 
2011; 29: 660–6.

57 van der Hage JA, van de Velde CJ, Julien JP, 
Tubiana-Hulin M, Vandervelden C, Duchateau L. 
Preoperative chemotherapy in primary operable 
breast cancer: results from the European Organ-
ization for Research and Treatment of Cancer trial 
10902. J Clin Oncol 2001; 19: 4224–37.

58 Harris GC, Denley HE, Pinder SE, et al. Correlation 
of histologic prognostic factors in core biopsies 
and therapeutic excisions of invasive breast car-
cinoma. Am J Surg Pathol 2003; 27: 11–5.

59 Romero Q, Bendahl P-O, Klintman M, et al. Ki67 
proliferation in core biopsies versus surgical sam-
ples - a model for neo-adjuvant breast cancer 
studies. BMC Cancer 2011; 11: 341.

60 Gerlinger M, Rowan AJ, Horswell S, et al. Intratu-
mor heterogeneity and branched evolution 
revealed by multiregion sequencing. N Engl J Med 
2012; 366: 883–92.

61 Straver ME, Rutgers EJT, Russell NS, et al. Towards 
rational axillary treatment in relation to neoadju-
vant therapy in breast cancer. Eur J Cancer 2009; 
45: 2284–92.

62 Gimbergues P, Abrial C, Durando X, et al. Sentinel 
lymph node biopsy after neoadjuvant chemo-
therapy is accurate in breast cancer patients with 
a clinically negative axillary nodal status at pres-
entation. Ann Surg Oncol 2008; 15: 1316–21.

63 Pecha V, Kolarik D, Kozevnikova R, et al. Sentinel 
lymph node biopsy in breast cancer patients 
treated with neoadjuvant chemotherapy. Cancer 
2011; 117: 4606-16.

64 Hoffman KE, Mittendorf EA, Buchholz TA. Opti-
mising radiation treatment decisions for patients 
who receive neoadjuvant chemotherapy and 
mastectomy. Lancet Oncol 2012; 13: e270–6.

65 Kaufmann M, Karn T, Ruckhäberle E. Controversies 
concerning the use of neoadjuvant systemic 
therapy for primary breast cancer. World J Surg 
2012; 36: 1480–5.

66 Miles KA, Williams RE. Warburg revisited: imaging 
tumour blood flow and metabolism. Cancer 
Imaging 2008; 8: 81–6.

67 Antoch G, Saoudi N, Kuehl H, et al. Accuracy of 
whole-body dual-modality fluorine-18-2-fluoro-
2-deoxy-D-glucose positron emission tomogra-
phy and computed tomography (FDG-PET/CT) 
for tumor staging in solid tumors: comparison 
with CT and PET. J Clin Oncol 2004; 22: 4357–68.

68 Kadrmas DJ, Casey ME, Conti M, Jakoby BW, Lois 
C, Townsend DW. Impact of time-of-flight on PET 
tumor detection. J Nucl Med 2009; 50: 1315–23.

69 Vidal-Sicart S, Aukema TS, Vogel WV, Hoefnagel 
CA, Valdes Olmos RA. [Added value of prone posi-
tion technique for PET-TAC in breast cancer 
patients]. Rev Esp Med Nucl 2010; 29: 230–5.

70 van der Hoeven JJM, Krak NC, Hoekstra OS, et al. 
18F-2-fluoro-2-deoxy-d-glucose positron emis-
sion tomography in staging of locally advanced 
breast cancer. J Clin Oncol 2004; 22: 1253–9.

71 Wahl RL, Siegel BA, Coleman RE, Gatsonis CG, PET 
Study Group. Prospective multicenter study of 
axillary nodal staging by positron emission 
tomography in breast cancer: a report of the stag-
ing breast cancer with PET Study Group. J Clin 
Oncol 2004; 22: 277–85.

72 Fuster D, Duch J, Paredes P, et al. Preoperative 
staging of large primary breast cancer with [18F]
fluorodeoxyglucose positron emission tomogra-
phy/computed tomography compared with con-
ventional imaging procedures. J Clin Oncol 2008; 
26: 4746–51.

73 Fletcher JW, Djulbegovic B, Soares HP, et al. Rec-
ommendations on the use of 18F-FDG PET in 
oncology. J Nucl Med 2008; 49: 480–508.

74 Hodgson NC, Gulenchyn KY. Is there a role for 
positron emission tomography in breast cancer 
staging? J Clin Oncol 2008; 26: 712–20.

75 Berg WA, Gutierrez L, NessAiver MS, et al. Diag-
nostic accuracy of mammography, clinical exam-
ination, US, and MR imaging in preoperative 
assessment of breast cancer. Radiology 2004; 
233: 830–49.

76 Gil-Rendo A, Martínez-Regueira F, Zornoza G, 
García-Velloso MJ, Beorlegui C, Rodriguez-Spiteri 
N. Association between [18F]fluorodeoxyglucose 
uptake and prognostic parameters in breast can-
cer. Br J Surg 2009; 96: 166–70.

77 Groheux D, Giacchetti S, Moretti J-L, et al. Cor-
relation of high 18F-FDG uptake to clinical, path-
ological and biological prognostic factors in 
breast cancer. Eur J Nucl Med Mol Imaging 2011; 
38: 426–35.

78 Wahl RL, Zasadny K, Helvie M, Hutchins GD, Weber 
B, Cody R. Metabolic monitoring of breast cancer 
chemohormonotherapy using positron emission 
tomography: initial evaluation. J Clin Oncol 1993; 
11: 2101–11.

79 Schwarz-Dose J, Untch M, Tiling R, et al. Monitor-
ing primary systemic therapy of large and locally 
advanced breast cancer by using sequential pos-
itron emission tomography imaging with [18F]
fluorodeoxyglucose. J Clin Oncol 2009; 27: 
535–41.

80 Vriens D, Disselhorst JA, Oyen WJG, de Geus-Oei 
L-F, Visser EP. Quantitative Assessment of Hetero-
geneity in Tumor Metabolism Using FDG-PET. Int 
J Radiat Oncol Biol Phys 2012; 82: e725–31.

81 Soriano A, González A, Orero A, et al. Attenuation 
correction without transmission scan for the 
MAMMI breast PET. Nuclear Instruments and 
Methods in Physics Research Section A 2011; 648: 
S75–8.



2CHAPTE
R

PART ONE  |  PET/CT

Classification and staging



Association of primary tumor FDG uptake with clinical, 

histopathological, and molecular characteristics in breast 

cancer patients scheduled for neoadjuvant chemotherapy

Eur J Nucl Med Mol Imaging 2012; 39: 1830-8

Bas B. Koolen

Marie-Jeanne T.F.D. Vrancken Peeters

Jelle Wesseling

Esther H. Lips 

Wouter V. Vogel

Tjeerd S. Aukema

Erik van Werkhoven

Kenneth G.A. Gilhuijs 

Sjoerd Rodenhuis

Emiel J.Th. Rutgers

Renato A. Valdés Olmos



PART ONE  |   PET/CT
A

B
S

T
R

A
C

T
PART ONE  |   PET/CT

Purpose

The aim of this study was to evaluate the association of primary tumor FDG uptake 

with clinical, histopathological, and molecular characteristics of breast cancer patients 

scheduled for neoadjuvant chemotherapy. Second, we wished to establish for which 

patients pretreatment PET/CT could safely be omitted because of low FDG uptake. 

Methods

PET/CT was performed in 214 primary stage II or III breast cancer patients in the 

prone position with hanging breasts. Tumor FDG uptake was qualitatively evaluated 

to determine the possibility of response monitoring with PET/CT and was quantitatively 

assessed using maximum standardized uptake values (SUVmax). FDG uptake was 

compared with age, TNM-stage, histology, hormone- and HER2-receptor status, 

grade, Ki-67, and molecular subtype in univariable and multivariable analyses. 

Results

In 203 tumors (95%) FDG uptake was considered sufficient for response monitoring. 

No subgroup of patients with consistently low tumor FDG uptake could be identified. 

In a univariable analysis, SUVmax was significantly higher in patients with distant 

metastases at staging examination, non-lobular carcinomas, tumors with negative 

hormone receptors, triple negative tumors, grade 3 tumors, and in tumors with a 

high proliferation index (Ki-67-expression). After multiple linear regression analysis, 

triple negative and grade 3 tumors were significantly associated with a higher SUVmax. 

Conclusion

Primary tumor FDG uptake in breast cancer patients scheduled for neoadjuvant 

chemotherapy is significantly higher in tumors with prognostically unfavorable 

characteristics. Based on tumor characteristics associated with low tumor FDG 

uptake, this study was unable to identify a subgroup of patients unlikely to benefit 

from pretreatment PET/CT.
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INTRODUCTION

Breast cancer is a heterogeneous disease. Classification can be done according to TNM 

stage, immunohistochemical features, grade, proliferation index, and gene-expression 

profiles, all yielding different prognostic groups.1-4 Still, histopathological evaluation 

remains the cornerstone of characterization, requiring core biopsy or resection specimen. 

Imaging with 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) is 

based on the principle of elevated glucose metabolism in malignant tumors.5 It is a non-

invasive procedure evaluating the metabolism of tumor cells, which might be useful for 

characterization or prognostication in breast cancer, as has already been shown in other 

tumor types such as lung cancer.6

PET, with or without computed tomography (PET/CT), has been studied extensively in 

breast cancer. It has been shown that PET/CT is generally able to visualize the primary 

tumor and that it is useful in regional and in distant staging, both in primary and recurrent 

breast cancer.7-11 It is assumed that an association exists between the degree of FDG 

uptake in the primary tumor and in locoregional or distant metastases, thereby improving 

sensitivity of PET/CT as a staging procedure in patients with a high degree of primary 

tumor uptake.11,12 Use of PET/CT for response monitoring of breast cancer during 

neoadjuvant chemotherapy is gaining interest as well.13,14 Although relative change in 

FDG uptake was the strongest indicator for tumor response, the degree of baseline FDG 

uptake was also predictive for response.15 Furthermore, more accurate calculations on 

the change in FDG uptake can be performed when baseline tumor FDG uptake is high.

Although several studies have investigated the correlation between different types of 

breast cancer and uptake of FDG, groups were relatively small and/or heterogeneous.16-20 

The aim of the present study was to determine the association between degree of tumor 

FDG uptake, expressed as maximum standardized uptake value (SUVmax), and different 

breast cancer subgroups, based on clinical, histopathological, and molecular 

characteristics. Consequently, we aimed to establish in which subgroup of stage II-III 

breast cancer PET/CT might represent a reliable tool for staging and response evaluation. 

Also, we intended to identify a subgroup of patients for which, based on breast cancer 

characteristics, PET/CT could safely be omitted because of insufficient FDG uptake.

METHODS

Women with invasive breast cancer >3 cm and/or at least one tumor-positive axillary node 

were offered to be treated with neoadjuvant chemotherapy in our institute in the context 

of one of several trials.21 As part of these trials, a whole body 18F-FDG PET/CT was performed 

prior to chemotherapy. Qualitative and quantitative FDG uptake were determined and 

compared with clinical, histopathological, and molecular characteristics. All breast cancer 

patients scheduled for neoadjuvant chemotherapy and undergoing a PET/CT between 

November 2008 and May 2011 were included in this analysis. The Institutional Ethics 

Committee approved this study and informed consent was obtained from all patients.



PART ONE  |   PET/CT

26

Conventional staging and treatment

Mammography, ultrasonography, and magnetic resonance imaging (MRI) were used for 

assessment of the primary tumor in all patients. A core biopsy (10-18 days before PET/

CT) was used to determine the histologic type, to perform immunohistochemical 

stainings, and to isolate mRNA. A marker was placed for ulterior lesion localization at 

surgery in case of a clinical complete remission after chemotherapy. Ultrasound, bone 

scintigraphy, chest radiography, and PET/CT were used for detection of locoregional 

and distant metastases. A pre-chemotherapy sentinel node biopsy was performed in 

clinically node-negative axillae. After exclusion of distant metastases, chemotherapy was 

administered as previously described.21 Briefly, most human epidermal growth factor 

receptor 2 (HER2)-negative patients were treated with 6 courses of cyclophosphamide 

and doxorubicin in a dose-dense schedule (every two weeks). A minority was treated 

with capecitabine and docetaxel. All HER2-positive tumors were treated with a 

trastuzumab-based regimen, consisting of paclitaxel, trastuzumab, and carboplatin, 

administered weekly in three 8-week courses. Chemotherapy was followed by surgery 

of the breast and, in case of axillary metastases before chemotherapy, an axillary lymph 

node dissection. 

18F-FDG PET/CT

The PET/CT was performed after a fasting period of 6 hours with a blood glucose level 

<10 mmol/l. A total dose of 180-240 MBq was given intravenously, depending on body 

mass index. The PET/CT was acquired after a resting period of 60 ± 10 minutes. Using 

a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, OH, USA), a PET scan 

(3.00 min per bed position) of the thorax was performed for locoregional assessment 

with the patient in the prone position, with hanging breasts and the arms above the 

head, with image reconstruction to 2x2x2 mm voxels.22 PET acquisition was preceded 

by a low-dose CT (40 mAs, 2.0 mm slices). Subsequently, as a staging procedure, a 

whole body PET/CT (1.30 min per bed position, 5.0 mm CT slices) was performed in 

the supine position. 

Image reading

A panel of four experienced readers evaluated images using orthogonal multiplanar 

reconstruction and simultaneous display of PET, CT, and fused PET/CT images. First, 

the primary tumor was qualitatively assessed. FDG uptake was evaluated using a 

4-degree scoring system, as previously described 9: (0) similar to surrounding tissue or 

lymph nodes, (1) slightly more than surrounding structures, (2) moderately intense, and 

(3) very intense. Degree 1, 2, and 3 were considered as increased FDG uptake, degree 

2 and 3 were considered sufficient for response monitoring with PET/CT. The FDG 

uptake was measured using SUVmax, obtained by generating a 3D automated region 

of interest (ROI) based on region-growing procedures.23 In case of a low tumor-to-

background ratio, rendering an automated ROI generation unreliable, SUVmax was 

derived from a manually drawn 3D volume of interest. If the PET/CT showed no 

increased FDG uptake in the breast, we used the marker as a reference for ROI 
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determination. Because of superior spatial resolution and improved anatomical 

localization using the hanging breast procedure,22 SUVmax was determined in the prone 

position (Figure 1). 

Histopathological analysis and immunohistochemical staining (IHC)

An experienced consultant breast pathologist (J.W.) revised all core biopsies. The 

histologic type was assessed with hematoxylin and eosin staining. To differentiate 

between invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC), E-cadherin 

was used. Histologic grade was determined using modified Bloom-Richardson criteria.24 

Samples were scored as positive for estrogen receptor (ER) and progesterone receptor 

(PR) by IHC, when at least 10% of tumor cells showed staining. HER2 was scored as 

positive when a strong membrane staining (3+) could be observed or if chromosome in 

situ hybridization revealed amplification. Ki-67 was considered negative when ≤10% of 

tumor cells was Ki-67-positive (Ki-67 labeling index). Illumina gene-expression analysis 

was performed as previously described.25 Briefly, mRNA was isolated, labeled, and 

hybridized to Illumina 6v3 arrays (Illumina, La Jolla, CA, USA). The subtype single-sample 

predictor “PAM50” 26 was used to assign a molecular subtype to the samples.

Statistical analysis

Differences in suitability for response monitoring was assessed using Fisher’s Exact (two 

variables), Pearson Chi-Square (three or more nominal variables), Linear-by-Linear 

Association (three or more ordered variables), and Wilcoxon rank sum tests (a continuous 

variable). Differences in SUVmax were calculated using Wilcoxon rank sum (two variables), 

Kruskal Wallis (three or more nominal variables), and Linear-by-Linear Association tests 

(three or more ordered variables). Correlation between Ki-67 and SUVmax was calculated 

using Spearman’s rho. A multivariable linear regression was performed including age, 

Figure 1  PET/CT of the thorax in prone position of two patients; 32-year-old woman with a T2N0, triple negative, 
invasive ductal carcinoma of the right breast (grade 3, Ki-67 90%) showing very intense FDG uptake 
(SUVmax 15.8), eligible for response monitoring (a); 44-year-old woman with a T2N0, ER-positive/
HER2-negative, invasive lobular carcinoma of the right breast (grade 2, Ki-67 1%) showing only slightly 
increased FDG uptake (SUVmax 2.2), not eligible for response monitoring (b).
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tumor size, lymph node status, distant metastases at staging examination, histologic 

type, subtype, grade, and Ki-67-status. Molecular subtypes were excluded because of 

multiple missing values. All tests were two-sided and p-values ≤0.05 were considered 

significant. 

RESULTS

We included all 214 patients who underwent a PET/CT and a complete diagnostic work-

up prior to systemic treatment. The molecular subtype was available for 57 tumors. Table 

1 shows the baseline characteristics, subdivided by qualitative degree of FDG uptake and 

possibility to perform response monitoring.

Response monitoring was possible in 203 (95%) tumors. IDC showed higher FDG uptake 

as compared with ILC; in 97% (176/181) of IDCs and 74% (17/23) of ILCs, FDG uptake was 

sufficient for response monitoring (p=0.0003).

In 11 (5%) of 214 tumors, FDG uptake was insufficient for response monitoring. Median 

SUVmax in this group was 2.6 (range 1.9-3.3) and the median age was 53.2 years (range 

43-63). Six of these tumors were ILCs and Ki-67 was low in eight. Eight of these tumors 

were ER-positive/HER2-negative, two were HER2-positive and one was triple negative. 

Figure 2 Summary of the predictor effects in the multivariable model. The effect of age is shown per 10 years. 
Abbreviations: T-stage, tumor stage; N-stage, locoregional lymph node stage; M-stage, detection of 
distant metastases after staging procedures; IDC, invasive ductal carcinoma; ILC, invasive lobular 
carcinoma; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.
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In total, nine of 214 tumors were ER-positive/HER2-negative ILC’s with low Ki-67; FDG 

uptake was sufficient for response monitoring in five (56%) of them. The triple negative 

tumor without increased FDG uptake was a grade 2 ILC with low Ki-67.

Univariable analysis showed no association of SUVmax with tumor size or lymph node 

status, but the presence of distant metastases at staging examination was significantly 

associated with higher SUVmax of the primary tumor. No difference was found between 

stage II and III (p=0.82). Significant differences in SUVmax were found according to 

Table 1  Baseline characteristics of 214 patients, subdivided by qualitative degree of FDG uptake and possibility 
of response monitoring with PET/CT. 

Sufficient FDG uptake for response monitoring

Variable No
11 (5%)

Yes
203 (95%)

Total
214

p-value

Age (years) 0.276a

  Median 53.2 49.5 49.7

  Interquartile range 43-60 50-56 41-57

T-stage 0.422b

  cT1 0 (0%) 14 (100%) 14

  cT2 9 (7%) 120 (93%) 129

  cT3 2 (4%) 50 (96%) 52

  cT4 0 (0%) 19 (100%) 19

N-stage 0.366b

  cN0 4 (7%) 52 (93%) 56

  cN1 6 (5%) 114 (95%) 120

  cN2 0 (0%) 5 (100%) 5

  cN3 1 (3%) 32 (97%) 33

Histologic type <0.001c

  IDC 5 (3%) 176 (97%) 181

  ILC 6 (26%) 17 (74%) 23

  Other 0 (0%) 10 (100%) 10

Subtype based on IHC 0.244c

  Triple negative 1 (2%) 55 (98%) 56

  HER2-positive 2 (4%) 51 (96%) 53

  ER-positive/HER2-negative 8 (8%) 97 (92%) 105

Grade (based on core biopsy) 0.061b

  1 0 (0%) 13 (100%) 13

  2 11 (10%) 101 (90%) 112

  3 0 (0%) 79 (100%) 79

  Unknown 10

Data are shown as number of patients (percentage). a Wilcoxon Rank Sum test; b Linear-by-Linear Association 
test; c Pearson Chi-Square test. Abbreviations: FDG, fluorodeoxyglucose; T-stage, tumor stage; N-stage, 
locoregional lymph node stage; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; IHC, 
immunohistochemistry; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor.
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histologic types, with ILC showing lowest SUVmax. ER- and PR-negativity were associated 

with a significantly increased SUVmax, but no differences in SUVmax were found for 

HER2-status. For HER2-positive tumors, we found no difference in SUVmax between 

ER-positive (n=27) and ER-negative (n=26) tumors (p=0.762) (Table 2). 

Subdividing the group of immunohistochemical HER2-positive tumors according to 

molecular subtypes did not lead to significant differences in SUVmax (p=0.172), probably 

because of the small patient population. Nevertheless, a trend was seen with low SUVmax 

in luminal A and normal-like tumors and a high SUVmax in basal-like tumors. When 

comparing three subtypes based on IHC, FDG uptake was significantly higher in triple 

negative tumors (p<0.0001). High Ki-67 receptor-expression (Spearman’s rho 0.399, 

p<0.001) and grade 3 (p<0.0001) were significantly associated with higher SUVmax. No 

difference in SUVmax was found between grade 1 and 2 (p=0.955). Significant differences 

in SUVmax were found between molecular subtypes. Subgroup analysis showed no 

differences in SUVmax between Luminal A and Luminal B tumors (p=0.62), but SUVmax 

was significantly higher in basal-like tumors as compared with other molecular subtypes. 

The univariable analysis is presented in Table 3.

The 203 patients with no missing variables were included in the multivariable analysis. 

In this model, triple negative tumors and grade 3 tumors were significantly associated 

with a higher SUVmax. Table 4 and Figure 2 depict the results of the multivariable analysis.

Table 2  Median SUVmax according to ER-status and HER2-status. SUVmax in HER2+ tumors: ER- vs. ER+ 
(p=0.762); SUVmax in HER2- tumors: ER- vs. ER+ (p<0.001); SUVmax in ER+ tumors: HER2- vs. HER2+ 
(p=0.358); SUVmax in ER- tumors: HER2- vs. HER2+ (p=0.001) All tested with Wilcoxon rank sum test.

ER

Positive Negative Total

HER2 Positive 6.2 6.2 6.2

(n=27) (n=26) (n=53)

Negative 5.5 10.8 7.1

(n=105) (n=56) (n=161)

Total 5.7 9.1 6.8

(n=132) (n=82) (n=214)
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Table 3  Univariable analysis of differences in median SUVmax values for different tumor characteristics of 214 
patients. 

Variable n (%) Median SUVmax (IQR) p-value

T-stage T1 14 (7) 6.9 (5.6) 0.15a

T2 129 (60) 7.1 (6.0)

T3 52 (24) 6 (6.7)

T4 19 (9) 9.4 (8.5)

N-stage N0 56 (26) 7.3 (6.1) 0.17a

N1 120 (56) 6.2 (5.2)

N2-3 38 (18) 9 (8.3)

M-stage M0 187 (87) 6.6 (5.6) 0.006b

M1 27 (13) 11.1 (9.5)

TNM-stage II 127 (59) 6.8 (5.6) 0.022a

III 60 (28) 6.5 (6.7)

IV 27 (13) 11.1 (9.5)

Histologic type IDC 181 (85) 7.1 (6.2) 0.0011c

ILC 23 (11) 4.6 (3.5)

Other 10 (5) 8.7 (11.9)

ER Negative 82 (38) 9.1 (9.1) <0.0001b

Positive 132 (62) 5.7 (4.9)

PR Negative 113 (53) 8.8 (8.1) <0.0001b

Positive 101 (47) 5.4 (4.3)

HER2 Negative 161 (75) 7.1 (6.5) 0.31b

Positive 53 (25) 6.2 (4.8)

Subtype (IHC) Triple negative 56 (26) 10.8 (9.8) <0.0001c

HER2+ 53 (25) 6.2 (4.8)

ER+/HER2- 105 (49) 5.5 (4.9)

Ki-67 (n=213)  ≤10% 80 (38) 5.4 (5.4) <0.0001b

>10% 133 (62) 8.2 (6.6)

Grade (n=204) 1-2 125 (61) 5.6 (4.5) <0.0001b

3 79 (39) 9.4 (9.0)

Molecular subtype (n=57) Luminal A 14 (25) 6.3 (6.4) 0.0007c

Luminal B 16 (28) 8.9 (5.2)

Basal 18 (32) 13.3 (8.2)

HER2-positive 6 (11) 6.3 (4.0)

Normal 3 (5) 5.5 (2.0)

a Linear-by-Linear Association test; b Wilcoxon rank sum test; c Kruskal-Wallis rank sum test. Additional 
calculations: Stage II vs. stage III p= 0.81, IDC vs. ILC p=0.0006, Luminal A vs. Luminal B p=0.62, basal-like vs. 
normal-like p=0.008 (all Wilcoxon rank sum test). Abbreviations: SUVmax, maximum standardized uptake value; 
IQR, interquartile range; T-stage, tumor stage; N-stage, locoregional lymph node stage; M-stage, detection of 
distant metastases after staging procedures; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; 
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; IHC, 
immunohistochemistry.
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DISCUSSION

In this large series of stage II-III breast cancer patients we were able to establish that the 

clinical subtype mainly determines degree of FDG uptake. Histologic grade is also 

associated with FDG uptake, but the many other factors associated with FDG uptake in 

the univariable analysis have no contribution when clinical subtype and histologic grade 

are taken into account. There is, however, considerable overlap between the different 

groups and even ER-positive/HER2-negative grade 1 or 2 tumors may be readily visualized 

by PET/CT. Thus, it was not possible to define a clinically recognizable subgroup of 

patients with uninformative PET/CT. In fact, in only 5% of all patients the primary tumor 

was insufficiently visualized. 

The correlation between FDG uptake and histopathology has been evaluated previously 

by many other papers 16-20,27-30; sometimes with concordant results, sometimes with 

conflicting findings. In comparison with other papers, this is the largest homogeneous 

group of stage II-III breast cancer patients with emphasis on staging and response 

monitoring possibilities. Furthermore, this is the first study on molecular subtypes and 

the first evaluation with patients scanned in prone position, which facilitates comparison 

with MRI and has been shown to result in higher lesion visualization and higher semi-

quantitative values as compared with supine position.22 

Table 4  Multivariable linear model showing the effect of different characteristics on SUVmax. Only the 203 
patients with no missing variables were used in this model. The effect of age is shown per 10 years. For example, 
the effect of grade 3 on FDG uptake, as compared with grade 1-2, is an addition of 2.1 (95% confidence interval 
0.3-4.0, p=0.026) to the SUVmax. 

Age Effect Lower 0.95 Upper 0.95 p-value

Age -0.2 -0.9 0.4 0.51

T-stage 1 vs. 2 0.7 -2.3 3.8 0.19

3 vs. 2 0.9 -1.0 2.8

4 vs. 2 3.1 0.2 6.0

N-stage 0 vs. 1 -0.1 -1.9 1.7 0.38

2-3 vs. 1 1.4 -0.7 3.6

M-stage 1 vs. 0 1.9 -0.7 4.6 0.16

Histologic type IDC vs. ILC 1.6 -0.9 4.1 0.17

Other vs. ILC 3.9 -0.2 8.1

Subtype Triple negative vs. ER+/HER2- 4.9 2.7 7.2 <0.0001

HER2+ vs. ER+/HER2- -0.2 -2.1 1.8

Grade 3 vs. 1-2 2.1 0.3 4.0 0.026

Ki-67 ≤10% vs. >10% 1.3 -0.5 3.0 0.16

Abbreviations: T-stage, tumor stage; N-stage, locoregional lymph node stage; M-stage, detection of distant 
metastases at staging; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; ER, estrogen receptor; 
HER2, human epidermal growth factor receptor 2.
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In the present study patients with distant disease at staging examination showed higher 

SUVmax in the primary tumor as compared with patients without distant disease, as 

metastatic disease at diagnosis is most frequently encountered in high-grade and ER-

negative tumors.31,32 No differences in FDG uptake were found in relation to tumor size 

and lymph node status. Where several groups have reported an association between 

FDG uptake and tumor size or nodal status,17,27,28 other groups could not confirm these 

findings.16,19,20,29,30

Several studies have shown that SUVmax in ILCs is lower than in other types of invasive 

carcinomas.16-20 Our study confirms this, showing that ILCs are less frequently eligible 

for response monitoring and have a significantly lower SUVmax. This is consistent with 

the fact that ILCs are usually ER-positive and of histologic grade 2.33 Nevertheless, tumor 

FDG uptake was sufficient for response monitoring in 74% of ILCs, indicating that ILCs 

should not be excluded for PET/CT beforehand based on histologic type alone.

Triple negative tumors are aggressive and have the poorest prognosis.34 The present 

study shows that in ER-negative tumors, HER2-negativity significantly increased the 

SUVmax as compared with HER2-positivity, whereas in ER-positive tumors this effect 

was not perceived (Table 2). Also, in HER2-negative tumors, but not in HER2-positive 

tumors, ER-negativity significantly increased the SUVmax as compared with ER-positivity. 

Triple negativity was associated with a high SUVmax following the multivariable analysis, 

thereby associating FDG uptake with aggressive tumors showing early recurrences or 

metastases. This has been reported in previous articles as well,16,17,28 although some early 

articles have reported opposite findings.18-20

Immunohistochemical and molecular subtyping show high concordance with the 

exception of the HER2-positive (IHC) group.35 Our study shows that these tumors show 

variable FDG uptake (Figure 3), confirming that this group is in fact heterogeneous. 

Although no significant differences in SUVmax were found regarding molecular subtypes 

in this group, a larger number of tumors would clearly be required to study this question 

adequately.

Histologic grade and proliferation index have a prognostic value in breast cancer.3,36 In 

the present study high Ki-67-expression and grade 3 were associated with high FDG 

uptake. Although accurate determination of grade is difficult in core biopsies,37 high 

grade remained significantly associated with high glucose metabolism in the multivariable 

analysis, whereas Ki-67 did not. This association has been reported previously.17,19,20

A PET/CT is an expensive procedure and in current practice its use in breast cancer 

patients is recommended only for detection of local recurrence or distant metastases 

in suspected patients.38 For staging purposes most reports exclude patients without FDG 

uptake in the primary tumor, thereby indirectly correlating the degree of FDG uptake in 

the primary tumor to the degree of uptake in the metastasis.11,12 The use of PET/CT for 

response monitoring of breast cancer is currently being investigated as well.13,14 Although 

relative change in FDG uptake was the strongest indicator for tumor response, the level 

of baseline FDG uptake provided additional information about prediction of response as 

well.15 This is not surprising, as triple negative tumors are associated with relatively high 

pathological complete remission rates.39 It is currently unclear which patients benefit 
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most from a PET/CT. Clearly, a sensitive staging procedure is most useful in tumors with 

the highest likelihood of metastasis at diagnosis and accurate treatment response 

monitoring may be most important in tumors expected to shrink rapidly when sensitive. 

Thus, triple negative and high-grade tumors may not only represent the best indication 

for PET/CT, but also have the highest FDG uptake. 

FDG uptake was sufficient for response monitoring with PET/CT in the large majority of 

this series (95%). Although we have been able to find tumor characteristics associated 

with low degree of FDG uptake (ILC, ER- and/or HER2-positive, grade 1-2, and low 

expression of Ki-67), it was not possible to select a group of patients as unlikely to benefit 

from pretreatment PET/CT based on tumor characteristics, because the majority of 

tumors with these characteristics still showed a high SUVmax (Figure 3).

In conclusion, the majority of stage II-III breast cancer patients show sufficient FDG 

uptake for response monitoring. As expected, tumors with an unfavorable prognostic 

classification according to clinical, histopathological, or molecular characteristics show 

significantly higher FDG uptake. This improves the accuracy of FDG PET/CT for tumor 

detection and optimizes the use of PET/CT for staging or response monitoring in this 

particular population. PET/CT is justified as a staging procedure in all types of breast 

cancer; based on tumor characteristics associated with low tumor FDG uptake, this 

study was unable to identify a subgroup of patients unlikely to benefit from pretreatment 

PET/CT.

Figure 3 Six breast cancer characteristics associated with a low SUVmax. The majority of these tumors are still 
visualized because of sufficient FDG uptake 
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Purpose

The aim of this study was to assess the accuracy of 18F-FDG PET/CT in T1 breast 

cancer regarding visualization of the primary tumor and the detection of locoregional 

and distant metastases.

Methods

Sixty-two women with invasive T1 breast cancer underwent a PET/CT. Image 

acquisition of the thorax was done in prone position, followed by whole-body 

scanning in supine position. Primary tumor FDG uptake was evaluated and compared 

with clinical and histopathological characteristics. Presence of locoregional and 

distant metastases was assessed and compared with conventional imaging 

procedures.

Results

The primary tumor was visible with PET/CT in 54 (87%) of 62 patients, increasing from 

59% (10/17) in tumors ≤10 mm to 98% (44/45) in tumors over 10 mm. All triple 

negative and HER2-positive tumors and 40/48 (88%) ER-positive/HER2-negative 

tumors were visualized. Sensitivity and specificity of PET/CT in the detection of axillary 

metastases were 73% and 100%, respectively. PET/CT depicted periclavicular nodes 

in two patients. Of 12 distant lesions, one was confirmed to be a lung metastasis, 

three were false positive, and eight were new primary proliferative lesions. 

Conclusion

Using optimal imaging acquisition, the majority of T1 breast carcinomas can be 

visualized with PET/CT. Specificity in the detection of axillary metastases is excellent, 

but sensitivity appears to be limited. Additional whole body imaging has a low yield 

in this specific patient group.
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INTRODUCTION

Imaging with 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET), with 

or without concomitant computed tomography (CT), is based on the principle of elevated 

glucose metabolism in malignant tumors.1 In current practice its use in breast cancer 

patients is recommended only for the detection of local recurrence or distant metastases 

in suspected patients.2,3 The value of FDG PET/CT as a staging procedure in primary 

breast cancer or for monitoring the response to neoadjuvant chemotherapy (NAC) is 

not completely established, but promising results have been reported.4-6 Since most 

research on PET/CT is conducted in large and/or locally advanced breast cancer, its 

value in small, node-negative breast cancer remains relatively unclear.

Use of PET/CT for the detection of the primary tumor is currently not advised, mainly 

because of the low sensitivity in small carcinomas. Due to the partial volume effect and 

limited resolution, sensitivities of 25-63% in T1a-b (≤10 mm) and 80-94% in T1c (11-20 

mm) tumors have been reported.7-10 The value of PET and PET/CT in the detection of 

axillary metastases has been evaluated more extensively. Several studies showed excellent 

positive predictive value, but also showed a poor sensitivity and negative predictive value, 

recommending the use of a sentinel lymph node biopsy (SLNB) in case of absence of 

PET-positive axillary nodes.11,12 Research on the value of PET/CT in the detection of 

extra-axillary lymph nodes is limited, especially in early stage breast cancer.4,8,13,14 Finally, 

PET/CT has been shown to be superior to conventional imaging techniques in the 

detection of distant metastases in patients with stage II-III breast cancer and is associated 

with a low false positive rate.4,5 Its accuracy in early stage breast cancer is unknown.4,8,10,15 

Published papers reporting on the use of FDG PET/CT in T1 tumors comprise small and/

or heterogeneous groups of patients.7,10 Furthermore, the majority of studies evaluate 

the use of PET without concomitant CT, which usually yields a lower spatial resolution 

and does not offer the use of CT for anatomical localization and attenuation correction.7,8,12 

The introduction of the time-of-flight technology has further increased the image quality 

of FDG PET/CT.16 In addition, PET image acquisition can be adapted to the specific 

situation of the breasts and regional nodes using optimal positioning and image 

reconstruction.17 The purpose of our study was to assess the accuracy of FDG PET/CT 

in T1 breast cancer patients regarding the visualization of the primary tumor and the 

detection of locoregional and distant metastases. 

Patients and methods

In our institute, a tertiary cancer referral center, an FDG PET/CT is performed in patients 

with invasive T1 breast cancer in the context of two distinct, prospective trials. All T1 

breast cancers undergoing a PET/CT between March 2008 and December 2011 were 

included in this analysis. The institutional review board approved both trials and informed 

consent was obtained from all patients.
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PAPBI trial

In the ongoing PAPBI trial (Preoperative Accelerated Partial Breast Irradiation, registered 

with clinicaltrials.gov under number NCT01024582), women aged 60 years and over 

with unifocal invasive breast cancer ≤30 mm are treated with preoperative partial breast 

irradiation. In this trial, assessment of the primary tumor and locoregional lymph node 

involvement is performed with mammography and ultrasound (US), magnetic resonance 

imaging (MRI) is performed to confirm unifocality. A core biopsy is used for histologic 

characterization and immunohistochemical stainings. A pre-radiotherapy SLNB is 

performed for exclusion of axillary metastases. Prior to the start of radiotherapy a whole 

body PET/CT is performed to investigate its value for response monitoring after 

radiotherapy. Patients are excluded from this trial in case of extensive in situ carcinoma, 

multifocality, contralateral breast cancer, a tumor-positive node, or a large tumor-breast 

ratio hindering partial breast radiotherapy treatment. Six weeks after the end of 

radiotherapy breast-conserving surgery is performed.

Between October 2009 and December 2011 a total of 53 women with T1 breast cancer 

were eligible for the PAPBI trial. Fourteen of them were excluded from this trial before 

a PET/CT was performed. The remaining 39 patients (mean age 66.8 yrs, range 60.1-74.8) 

underwent PET/CT and were included in this analysis. 

Neoadjuvant chemotherapy

Since January 2005 patients with T1 breast cancer and a tumor-positive locoregional 

node by fine needle aspiration (FNA), for whom adjuvant chemotherapy is indicated on 

the basis of tumor characteristics and nodal status, are offered to be treated with NAC.18 

Since March 2008 a whole body PET/CT is performed prior to the start of chemotherapy, 

both as a staging procedure and as a baseline procedure for response monitoring.5 In 

all patients a core biopsy from the primary tumor is used to determine the histologic 

type and to perform immunohistochemical stainings. MRI, ultrasonography, bone 

scintigraphy, and chest radiography are used for assessment of the primary tumor and 

to determine the presence of locoregional and/or distant metastases (TNM-stage). If 

response monitoring during NAC with MRI is impossible (occult lesion, whole breast 

contrast uptake), patients are treated with primary surgery instead. Following 

chemotherapy, surgery of the breast and, in case of axillary lymph node macrometastases, 

axilla is performed. 

Twenty-three T1 tumors (mean age 47.0 yrs, range 26.4-64.0), treated with NAC since 

March 2008, underwent a PET/CT and were included in this analysis.

18F-FDG PET/CT

The PET/CT was performed after a fasting period of 6 hours with a blood glucose level 

<10 mmol/l. A total FDG dose of 180-240 MBq was given intravenously, depending on 

body mass index. In patients under the age of 60, 10 mg diazepam was administered 

orally ten minutes before FDG injection to reduce FDG uptake in brown fat and muscle.19 

The PET/CT scan was acquired after a resting period of 60 ± 10 minutes. Using a whole 

body PET/CT scanner (Gemini TF, Philips, Cleveland, OH), a PET scan (3.00 minutes per 
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bed position) of the thorax was performed for locoregional assessment with the patient 

in prone position, with hanging breasts and the arms above the head, with image 

reconstruction to 2x2x2 mm voxels. This approach provides high-resolution images of 

the breasts and regional lymph node areas without tissue compression or breathing 

motion.17 PET acquisition was preceded by a low-dose CT (40 mAs) with 2.0 mm slices. 

Subsequently, as staging procedure, a standard whole body PET/CT scan (1.30 minutes 

per bed position and 5.0 mm CT slices) in supine position was performed from the base 

of the skull to the upper half of both femora. 

Image reading

A panel of at least three nuclear medicine specialists evaluated the images together, 

using orthogonal multiplanar reconstruction and simultaneous display of PET, CT, and 

fused PET/CT images. They were blinded for other diagnostic procedures; the only 

information provided was that invasive breast cancer had been found, that the PET/CT 

was performed because of inclusion in a trial, and whether an SLNB had been performed 

prior to the scan. Consensus had to be reached before conclusions were drawn. First, 

FDG uptake was qualitatively assessed using a 4-degree scoring system 14: (0) similar to 

surrounding tissue or lymph nodes, (1) slightly more than in surrounding structures, (2) 

moderately intense, and (3) very intense. Lesions with degree 2 or degree 3 uptake were 

considered suspect for primary tumor or metastasis. In lesions of 1 cm or less, a degree 

1 uptake was also considered as probably malignant. Degree 2 or 3 FDG uptake was 

considered sufficient for response monitoring with PET/CT. All FDG-avid lesions were 

measured using maximum standardized uptake values (SUVmax) using a 3D automated 

region of interest (ROI) based on region-growing procedures. In case of a low tumor-

to-background ratio, rendering an automated ROI generation unreliable, the SUV was 

derived from a manually drawn 3D volume of interest. 

Data analysis

Due to pretreatment with radio- or chemotherapy, tumor size (T-stage) and 

histopathological findings were determined with MRI and core biopsies, respectively. 

Axillary findings on PET/CT were compared with histopathology (US/FNA or SLNB); 

extra-axillary and distant lesions as detected with PET/CT were compared with 

histopathology and additional imaging (US and/or SLNB for locoregional metastases in 

all patients; bone scintigraphy, chest radiography, and ultrasound of the liver for distant 

metastases in patients treated with NAC). Differences in likelihood of visualization of the 

primary tumor between different subgroups were calculated using Fisher’s Exact (two 

groups), Pearson Chi-Square (three or more nominal groups), and Linear-by-linear 

Association tests (three or more ordered groups). Differences in SUVmax of the primary 

tumor between different subgroups were calculated using Wilcoxon rank sum (two 

groups), Kruskal Wallis (three or more nominal groups), and Linear-by-Linear Association 

tests (three or more ordered groups). Qualitative axillary and extra-axillary lymph node 

uptake was compared with histopathology. Sensitivity, specificity, positive predictive 

value, negative predictive value, and accuracy of PET/CT in the detection of axillary 
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metastases were calculated. Suspect distant lesions outside the breast and locoregional 

lymph nodes were compared with conventional staging techniques, targeted imaging 

procedures, and, preferably, histopathological verification.

RESULTS

Of 76 patients with a T1 tumor eligible for inclusion in one of the trials after March 2008, 

14 were excluded before a PET/CT was performed. The remaining 62 patients who 

underwent a PET/CT were included in this analysis. Figure 1 depicts a flowchart on 

eligibility and exclusion. Table 1 shows baseline characteristics of included patients, 

demonstrating that patients treated with NAC were more often younger, node-positive, 

and having triple negative and grade 3 tumors.

Primary tumor

PET/CT depicted the primary tumor in 54 (87%) of 62 patients (score 1, 2, or 3). Two T1a 

tumors (of 4 and 5 mm) could not be visualized with PET/CT. The majority (10/15, 67%) 

of T1b tumors (6-10 mm) showed increased FDG uptake and in T1c tumors (11-20 mm) 

nearly all tumors were visualized (44/45, 98%). The smallest size of tumor that was 

visualized was 8 mm. All triple negative (7/7) and human epidermal growth factor receptor 

2 (HER2)-positive (7/7) tumors were visualized with PET/CT, as compared with 40 of 48 

(83%) estrogen receptor (ER)-positive/HER2-negative tumors. 

Tumor FDG uptake was sufficient for response monitoring in 4 (27%) of 15 T1b tumors 

and 40 (89%) of 45 T1c tumors. Although the primary tumor could be visualized in 80% 

(28/35) of N0-patients, baseline FDG uptake was sufficient for response monitoring in 

57% (20/35) of them; in node-positive disease 96% (26/27) of tumors was visualized and 

baseline FDG uptake was sufficient for response monitoring in 89% (24/27).

Since multifocality was one of the exclusion criteria for the PAPBI trial, neither MRI nor 

PET/CT depicted multifocality in this cohort. In the group treated with NAC multifocality 

was seen on both MRI and PET/CT in 3 (13%) of 23 patients. In one patient MRI depicted 

multifocality, which was not seen on PET/CT. In another patient multifocality was 

visualized with PET/CT, but not with MRI. In both patients multifocality was proven with 

histopathology. All eight patients treated with primary surgery were found to have 

unifocal breast cancers.

SUVmax in T1 breast cancer, calculated in case of increased FDG uptake (score 1, 2, or 

3), was significantly higher in tumors over 10 mm, in node-positive patients, and in 

patients with a higher stage (Table 2). Invasive ductal carcinoma showed higher SUVmax 

as compared with other histologic subtypes (p=0.040). When subdividing tumors 

according to the three clinical subtypes, triple negative tumors showed highest SUVmax 

and ER-positive/HER2-negative tumors showed lowest SUVmax (p=0.009). Further, 

SUVmax was higher in tumors with a high proliferation (Ki-67 staining) in comparison 

with tumors with a low proliferation index (p=0.035). When subdividing tumors according 

to grade, highest SUVmax was seen in grade 3 tumors and lowest SUVmax was seen in 
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grade 1 tumors (p<0.001). Since tumors treated with NAC were more likely to be node-

positive, triple negative, and grade 3 (Table 1), highest SUVmax was seen in this group as 

compared with both other treatment groups (p=0.013).

Axillary and extra-axillary lymph nodes

Axillary lymph node involvement could not be assessed with PET/CT in 18 (29%) patients 

because of a SLNB procedure prior to the scan (all in the PAPBI group). PET/CT showed 

intense axillary uptake (score 2 or 3) in 19 patients, faint uptake (score 1) in two, and no 

increased uptake in 23 patients. When considering intense FDG uptake as suspect for 

axillary metastasis, sensitivity, specificity, positive predictive value, and negative predictive 

value of PET/CT were 73% (19/26), 100% (18/18), 100% (19/19), and 72% (18/25), 

respectively (Table 3). In two (3%) patients an FDG-avid node was seen in the periclavicular 

region, which was detected with US and FNA as well.

Figure 1 Flow chart of 76 eligible patients, reasons for exclusion from both trials (before and after PET/CT), 
and final treatment.

 Abbreviations: PAPBI, preoperative accelerated partial breast irradiation; NAC, neoadjuvant 
chemotherapy; MRI, magnetic resonance imaging; SLNB, sentinel lymph node biopsy; DCIS, ductal 
carcinoma in situ.
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Table 1  Baseline characteristics of 62 included patients, subdivided by final treatment group.

PAPBI
n=31

Surgery
n=8

NAC
n=23

Age

Mean ± SD 66.6 ± 4.5 65.1 ± 8.6 47.9 ± 12.4

Range 60-75 45-74 26-67

T-stage

1a (2-5 mm) 2 (6%) 0 0

1b (6-10 mm) 10 (32%) 2 (25%) 3 (13%)

1c (11-20 mm) 19 (61%) 6 (75%) 20 (87%)

N-stage

0 31 4 (50%) 0

1 0 4 (50%) 21 (91%)

3 0 0 2 (9%)

Histology

IDC 30 (97%) 6 (75%) 22 (96%)

ILC 0 1 (13%) 0

Other 1 (3%) 1 (13%) 1 (4%)

Clinical subtype

ER+/HER2- 29 (94%) 7 (88%) 12 (52%)

TN 1 (3%) 1 (13%) 5 (22%)

HER2+ 1 (3%) 0 6 (26%)

Ki-67

<15% 24 (77%) 5 (63%) 11 (48%)

≥15% 7 (23%) 3 (38%) 9 (39%)

Unknown 3 (13%)

Grade

1 16 (52%) 1 (13%) 4 (17%)

2 15 (48%) 6 (75%) 8 (35%)

3 0 1 (13%) 8 (35%)

Unknown 3 (13%)

Abbreviations: PAPBI, preoperative accelerated partial breast irradiation; NAC, neoadjuvant chemotherapy; SD, 
standard deviation; T-stage, tumor stage; N-stage, locoregional lymph node stage; IDC, invasive ductal 
carcinoma; ILC, invasive lobular carcinoma; ER, estrogen receptor; HER2, human epidermal growth factor 
receptor 2; TN, triple negative.
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Table 2  Visualization of the primary tumor, possibility of response monitoring, and SUVmax for different 
subgroups of 62 patients. 
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T-stage 1a (2-5 mm) 2 0 <0.001 0 <0.001

1b (6-10 mm) 15 10 (67%) 4 (27%) 2.2 (1.2) 0.001

1c (11-20 mm) 45 44 (98%) 40 (89%) 3.9 (3.7)

N-stage 0 35 28 (80%) 0.091 20 (57%) 0.012 3.0 (2.4) 0.001

1 25 24 (96%) 22 (88%) 3.7 (4.5)

3 2 2 (100%) 2 (100%) 18.4 (24.2)

Stage 1a 35 28 (80%) 0.068 20 (57%) 0.009 3.0 (2.4) <0.001

1b 2 2 (100%) 2 (100%) 3.4 (0)

2a 23 22 (96%) 20 (87%) 4.1 (5.0)

3c 2 2 (100%) 2 (100%) 18.4 (24.2)

Histology IDC 58 50 (86%) 0.729 42 (72%) 0.282 3.5 (3.9) 0.040

ILC 1 1 (100%) 1 (100%) 2.7

Other 3 3 (100%) 1 (33%) 2 (2.7)

Subtype ER+/HER2- 48 40 (83%) 0.262 31 (65%) 0.103 3.2 (1.9) 0.009

TN 7 7 (100%) 7 (100%) 7.7 (3.7)

HER2+ 7 7 (100%) 6 (86%) 4.4 (4.2)

Ki-67 <15% 40 33 (83%) 0.416 25 (63%) 0.037 3.0 (2.2) 0.035

≥15% 19 18 (95%) 17 (89%) 5.0 (4.6)

Unknown 3

Grade 1 21 16 (76%) 0.063 9 (43%) <0.001 2.7 (1.4) <0.001

2 29 26 (90%) 25 (86%) 3.4 (2.8)

3 9 9 (100%) 9 (100%) 7.7 (5.8)

Unknown 3

Treatment PAPBI 31 24 (77%) 0.050 17 (55%) 0.014 3.0 (1.9) 0.013

Surgery 8 7 (88%) 6 (75%) 3.4 (3.3)

NAC 23 23 (100%) 21 (91%) 4.4 (5.5)

Total 62 54 (87%) 44 (71%) 3.4 (3.7)

Abbreviations: SUVmax, maximum standardized uptake value; IQR, interquartile range; T-stage, tumor stage; 
N-stage, locoregional lymph node stage; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; ER, 
estrogen receptor; HER2, human epidermal growth factor receptor 2; TN, triple negative; PAPBI, preoperative 
accelerated partial breast irradiation; NAC, neoadjuvant chemotherapy.
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Distant lesions

Twelve lesions outside the affected breast and ipsilateral locoregional nodes were 

detected in ten (16%) of 62 patients (Table 4). Suspect lesions in the contralateral breast 

were detected in three patients, being false positive in one patient, in situ carcinoma in 

the second patient, and small invasive ductal carcinoma in the third patient. An axillary 

node with FDG uptake in the contralateral axilla could not be confirmed to harbor tumor 

cells. In four patients FDG uptake was seen in the thyroid gland, being suspect for 

malignancy in one of them. Additional imaging procedures and histopathological 

examination showed benign proliferative lesions in all four patients. In one patient from 

the NAC group a suspect lesion in the lung was visualized with PET/CT. High-resolution 

diagnostic CT was suspect for metastasis as well and the radiotherapy treatment was 

changed accordingly. PET/CT detected FDG-avid lesions outside the thorax in three 

patients. In one patient it was compatible with a small, benign polyp in the colon and 

further investigations were omitted. A colonoscopy confirmed the presence of a villous 

adenoma in two patients. In total, FDG-avid distant lesions corresponded with one 

metastasis, two new primary malignancies in the contralateral breast, three false positive 

findings, two premalignant lesions, and four benign proliferative lesions. Images of 

primary tumor, locoregional nodes, and distant lesions as obtained with PET/CT are 

presented in Figure 2.

DISCUSSION 

This study demonstrates that the majority of T1 breast carcinomas show increased FDG 

uptake and can be visualized with PET/CT using state-of-the-art imaging protocols. 

Response monitoring during radio- or chemotherapy is possible in most of them. Tumors 

with prognostically unfavorable characteristics (node-positive, triple negative, grade 3, 

high proliferation index) were more likely to be eligible for response monitoring and had 

a higher SUVmax. As expected in early breast cancer, not many distant metastases were 

detected. Distant lesions detected with PET/CT were located in the thorax area in 

Table 3  Comparison of axillary lymph node status as assessed with histopathology and FDG PET/CT (intense 
uptake, score 2-3) in 44 evaluable patients.

Histopathology

Positive Negative Total

Positive 19 0 19

PET/CT Negative 7 18 25

Total 26 18 44

Axillary evaluation was not possible in 18 (29%) patients because an SLNB was performed prior to the PET/
CT. Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of intense 
FDG-avid axillary nodes in the detection of lymph node metastases: 73% (95% confidence interval (CI) 
0.52-0.88, 19/26), 100% (95% CI 0.81-1.00, 18/18), 100% (95% CI 0.82-1.00, 19/19), 72% (95% CI 0.51-0.88, 
18/25), and 84% (95% CI 0.70-0.93, 37/44), respectively.
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particular. In accordance with previous research, sensitivity of PET/CT in the detection 

of axillary metastases was suboptimal, but specificity and positive predictive value were 

excellent.

Figure 2 Fused PET/CT images (a-g) and low-dose CT images (h) of different patients with T1 breast cancer, 
showing a primary tumor without FDG uptake in the right breast (a), a tumor with questionable FDG 
uptake in the right breast (b), a tumor with intense FDG uptake in the right breast (c), two intense 
FDG-avid lymph nodes in the left axilla (d), multiple FDG-avid lymph nodes in the left periclavicular 
region (e), an intense lesion in the ascending colon (f), and an FDG-avid metastasis in the right lung 
(g, h).
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Use of PET/CT for detection of the primary tumor is currently not recommended, mainly 

because of the supposedly low sensitivity in small carcinomas. In other studies sensitivities 

of 25-63% in T1a-b and 80-94% in T1c have been reported.7-10 However, most studies 

have used PET only and are not directly comparable with current generation imaging 

equipment.7,8 In the current study we showed that 67% of T1b and 98% of T1c tumors 

could be visualized with PET/CT. The two tumors smaller than 5 mm (T1a) in this study 

were not visualized. All triple negative and HER2-positive tumors could be visualized, as 

compared with 83% of ER-positive/HER2-negative tumors. Currently, several dedicated 

high-resolution breast PETs have become available (either with compression of the breast 

or using hanging breast technique) and their use is increasingly investigated.20-22 They 

could offer more accurate molecular imaging of breast tumors as compared with 

conventional PET/CT, especially in small tumors, and might be a valuable addition to 

conventional imaging modalities.

Several studies have shown that breast cancer with aggressive characteristics shows a 

higher degree of FDG uptake.23,24 Our study shows similar results, with higher FDG uptake 

and SUVmax in larger tumors, node-positive patients, patients with a higher stage, in 

triple negative tumors, and in tumors with a high grade or proliferation index as assessed 

with Ki-67 stainings. 

The value of response monitoring of breast cancer with PET/CT during NAC is currently 

being investigated.6 Results are promising, but patient groups are relatively small and 

recommendations for the use of PET/CT cannot be made. While radiotherapy is given 

postoperatively in most cases, there are no data, to our knowledge, concerning response 

monitoring following neoadjuvant radiotherapy as was done for part of our patients 

treated in the PAPBI trial. This study shows that response monitoring is possible in the 

majority of T1 breast cancer patients.

The value of PET/CT for the assessment of axillary lymph node involvement in early 

breast cancer has been investigated earlier. Sensitivity was suboptimal (37-95%), but 

specificity was consistently high (84-100%).11,12 These findings have been confirmed in a 

subgroup in this study, showing a suboptimal sensitivity, but excellent positive predictive 

value, confirming that an immediate axillary dissection instead of SLNB is reasonable in 

case of an FDG-avid axillary node. However, SLNB remains mandatory in axillae with no 

or slightly increased FDG uptake. 

The application of PET and PET/CT for the detection of distant metastases has been 

studied extensively, mainly in locally advanced breast cancer.4,5,13,25 Although a PET/CT 

is currently not recommended as a staging procedure in breast cancer patients, it has 

been shown to outperform conventional imaging procedures, and several studies suggest 

that PET/CT should be incorporated in the standard diagnostic work-up before start of 

NAC. Use of PET/CT as a staging procedure in early breast cancer is investigated less 

frequently and its yield seems lower in this subgroup, predominantly because of the 

lower incidence of metastases.4,8,10,15 The results from the current study confirm the low 

yield of PET/CT as a staging device in early breast cancer. PET/CT depicted a lung 

metastasis in one patient. Three suspect FDG-avid lesions were found to be false positive 

and both lesions in the contralateral breast, suspect for new primary malignancy, were 
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detected with US and/or MRI as well. Most distant lesions were found to be new primary 

proliferative disorders, both benign and malignant. Of 12 distant lesions, three were 

located outside the thorax, all being coincidental findings not influencing patient’s breast 

cancer care.

A few limitations of this study should be mentioned. First, this is a selected group of T1 

tumors. We have included patients who were treated according to one of two prospective 

trials: either patients aged 60 years and over treated with preoperative partial breast 

irradiation or patients with a cytology-proven locoregional metastasis treated with NAC. 

Further, our group consisted of two distinct patient populations, possibly confounding 

our results. Second, axillary evaluation was possible in a subgroup of patients only (SLNB 

prior to PET/CT in 29% of patients). However, the primary goal of this study was to assess 

accuracy of PET/CT for primary tumor visualization and (distant) staging. Also, our analysis 

is in accordance with previously published studies on axillary evaluation with FDG PET/

CT. Finally, we used MRI as a reference for tumor size and core biopsies as a reference 

for histopathology and immunohistochemistry, since the surgical specimen was no 

longer the reference standard due to pretreatment with radio- or chemotherapy.

In our opinion, PET/CT in T1N0 and T1N1 breast cancer should be used for research 

purposes only. Although the primary tumor is visualized with PET/CT in the majority of 

T1 breast cancer patients, its value for response monitoring is still being investigated; 

standard use for staging is not recommended because of the suboptimal sensitivity 

regarding the axilla and low yield regarding distant metastases. The added radiation dose 

and high costs further limit its use as a standard staging procedure. If, based on study 

protocols, a PET/CT is performed in T1 breast cancer, scanning of the thorax or the use 

of a dedicated breast PET could be sufficient.

In summary, this study shows that the majority of T1 breast carcinomas can be visualized 

with FDG PET/CT. Response monitoring to radiotherapy or chemotherapy with PET/CT 

could be performed in most T1 tumors. The excellent positive predictive value for axillary 

staging, as mentioned in previous research, was confirmed in this study, allowing 

immediate axillary dissection instead of SLNB in case of FDG-avid axillary nodes. However, 

sensitivity was low, requiring an SLNB in case of absence of FDG-avid nodes. Distant 

staging can be done relatively reliably, but the yield in T1 tumors is low. 
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Purpose

The optimal method for locoregional staging in patients treated with neoadjuvant 

chemotherapy (NAC), usually ultrasound (US) and pre- or post-chemotherapy sentinel 

lymph node biopsy (SLNB), remains subject of debate. The aim of this study was to 

assess the value of 18F-FDG PET/CT for detecting locoregional lymph node 

metastases in primary breast cancer patients scheduled for NAC. 

Methods

311 breast cancer patients, scheduled for NAC, underwent PET/CT of the thorax in 

prone position with hanging breasts. A panel of four experienced reviewers examined 

PET/CT images, blinded for other diagnostic procedures. FDG uptake in locoregional 

nodes was determined qualitatively using a 4-point scale (0=negative, 1=questionable, 

2=moderately intense, 3=very intense). Results were compared with pathology 

obtained by US-guided fine needle aspiration or SLNB prior to NAC. All FDG-avid 

extra-axillary nodes were considered metastatic, based on the previously reported 

high positive predictive value of the technique. 

Results

Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy 

of FDG-avid nodes for the detection of axillary metastases (score 2 or 3) were 82, 92, 

98, 53, and 84, respectively. Of 28 patients with questionable axillary FDG uptake 

(score 1), 23 (82%) were node-positive. Occult lymph node metastases in the internal 

mammary chain and periclavicular area were detected in 26 (8%) and 32 (10%) 

patients, respectively, resulting in changed regional radiotherapy planning in 50 (16%) 

patients. 

Conclusion

In breast cancer patients scheduled for NAC, PET/CT renders pre-chemotherapy 

SLNB unnecessary in case of an FDG-avid axillary node, enables axillary response 

monitoring during or after NAC, and leads to changes in radiotherapy for a substantial 

number of patients because of detection of occult N3-disease. Based on these results, 

we recommend a PET/CT as a standard staging procedure in breast cancer patients 

scheduled for NAC.
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LOCOREGIONAL LYMPH NODE INVOLVEMENT: PET/CT VS PATHOLOGY

INTRODUCTION

The TNM staging system is generally used for classification, prognostication, and 

treatment planning in breast cancer patients.1 The five-year relative survival rate decreases 

according to stage at presentation from 99% in node-negative disease, to 84% in node-

positive disease, and 23% in distant disease.2 An increase in the number of tumor-positive 

axillary nodes is related to a worsened prognosis irrespective of primary tumor size 3; the 

presence of a tumor-positive internal mammary node (IMN) or periclavicular node results 

in a further decrease in survival.4-6 Although IMN involvement is of prognostic significance, 

IMN biopsy and irradiation are still controversial because of lack of established survival 

benefit and increased morbidity.6-10

Neoadjuvant chemotherapy (NAC) is standard of care in locally advanced breast cancer 

(LABC) and is increasingly used in larger operable breast cancer.11-13 Because of the 

administration of chemotherapy before surgical treatment, a different strategy for 

locoregional nodal staging is required as compared with treatment without NAC. 

Ultrasound (US) with fine needle aspiration (FNA) of axillary and periclavicular nodes is 

routinely performed prior to NAC, but its accuracy in the detection of metastases is 

suboptimal.14-16 Sentinel lymph node biopsy (SLNB) before NAC can accurately stage 

axillary and internal mammary nodes and enables determination of axillary response 

following NAC, but it requires an additional surgical procedure.17-19 Further, if a tumor-

positive pre-chemotherapy SLNB is routinely followed by post-chemotherapy axillary 

lymph node dissection (ALND), overtreatment occurs in patients with a complete axillary 

response to NAC.20 SLNB can be performed after NAC as well, determining final axillary 

status and resulting in less invasive axillary treatment in patients with complete axillary 

response. It should be noted that the identification rate is suboptimal (81-94%) and the 

false negative rate is relatively high (14-20%), especially in (clinically) node-positive 

patients.21,22 Also, uncertainty remains for the other axillary nodes as they receive no 

further treatment in case of a negative post-chemotherapy sentinel node, although they 

might have been tumor-positive before start of NAC.20

Positron emission tomography (PET), with or without computed tomography (CT), using 

18F-fluorodeoxyglucose (FDG) is useful for the detection of axillary metastases in early 

breast cancer,23 but knowledge of its value for locoregional staging in large or node-

positive breast cancer prior to NAC is limited.16,19,24-28 The aim of this study was to assess 

the accuracy of FDG PET/CT to visualize axillary and extra-axillary lymph node metastases 

in breast cancer patients scheduled for NAC. Second, we aimed to determine how often 

TNM-stage and treatment had to be changed because of PET/CT findings.
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PATIENTS AND METHODS

Patients

Women who presented with primary invasive breast cancer >3 cm and/or at least one 

tumor-positive node were offered to receive NAC in the context of one of several trials 

of NAC.29 In case of eligibility for NAC, an FDG PET/CT was performed.24 Patients without 

accurate pathological staging of the axilla prior to NAC (i.e. SLNB in case of negative 

FNA) were excluded from this analysis. The institutional review board approved this study 

and informed consent was obtained from all patients.

Conventional staging

Primary tumor characteristics were determined by histological biopsies. The size of the 

primary tumor was determined with contrast-enhanced magnetic resonance imaging 

(CE-MRI). The axillary lymph node status was primarily assessed with US and concomitant 

FNA of suspect nodes (cortex thickening ≥2.3 mm) within two weeks before PET/CT. 

When FNA cytology showed absence of tumor cells, a pre-chemotherapy SLNB was 

performed, preferably after PET/CT, but always within two weeks of PET/CT. Cytology 

or histology of IMNs was obtained in case of a suspect (enlarged) IMN on CE-MRI or in 

case of drainage to the internal mammary chain on lymphoscintigraphy. The periclavicular 

region was examined using US and FNA. Bone scintigraphy, ultrasound of the liver, and 

chest radiography were used to exclude the presence of distant metastases. 

Nodes harvested by SLNB were fixed in formalin, bisected, embedded in paraffin, and 

cut at a minimum of six levels at intervals of 50-150 μm. Deferred pathological evaluation 

included hematoxylin-eosin and immunohistochemical staining (CAM5.2). Analysis of 

conventional imaging and pathology was performed without PET/CT information.

Treatment

Neoadjuvant chemotherapy regimens were employed as previously described.29 Briefly, 

most human epidermal growth factor receptor 2 (HER2)-negative tumors received six 

courses of cyclophosphamide and doxorubicin, administered in a dose-dense schedule 

(every two weeks). All HER2-positive tumors were treated with a trastuzumab-based 

regimen, mainly consisting of three 8-week courses of weekly paclitaxel, trastuzumab, 

and carboplatin. Following NAC, breast-conserving or ablative surgery was performed. 

An ALND was performed in initially node-positive patients.

18F-FDG PET/CT

The PET/CT was performed after a fasting period of 6 h with a blood glucose level <10 

mmol/l. An FDG dose of 180-240 MBq was given intravenously, depending on body 

mass index. Ten minutes before FDG injection, 10 mg diazepam was administered orally 

to prevent FDG uptake in brown fat and muscle. The PET/CT was acquired after a resting 

period of 60 ± 10 minutes. Using a whole body PET/CT scanner (Gemini TF, Philips, 

Cleveland, USA), a PET scan (3.00 min per bed position) of the thorax was performed for 

locoregional assessment with the patient in prone position, with hanging breasts and 
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the arms above the head, with image reconstruction to 2x2x2 mm voxels. This approach 

provides high-resolution images of the breasts and regional lymph node areas without 

tissue compression or breathing motion.30 PET acquisition was preceded by a low-dose 

CT (40 mAs) with 2.0 mm slices. Subsequently, a standard whole body PET/CT (1.30 min 

per bed position and 5.0 mm CT slices) was performed from the base of the skull to the 

upper half of both femora in supine position for staging purposes. 

Image reading

A panel of experienced readers evaluated the images using orthogonal multiplanar 

reconstruction and simultaneous display of PET, CT, and fused PET/CT images. Reviewers 

were blinded for other diagnostic procedures. First, FDG uptake in locoregional nodes 

was qualitatively assessed using a 4-degree scoring system 16: (0) similar to surrounding 

tissue or lymph nodes, (1) slightly more than surrounding structures, (2) moderately 

intense, and (3) very intense. In addition, the FDG-avid lesion was measured using 

maximum standardized uptake values (SUVmax). The diameter of FDG-avid IMNs and 

periclavicular nodes were determined on low-dose CT images, based on corresponding 

PET/CT images.

Data analysis

Qualitative and quantitative axillary FDG uptake was compared with pathology. Sensitivity, 

specificity, positive predictive value, negative predictive value, and accuracy of PET/CT 

in the detection of axillary metastases were calculated. To compare the proportion of 

missed axillary metastases between subgroups, Fisher’s Exact (two variables), Pearson 

Chi-Square (three or more nominal variables), and Linear-by-Linear Association tests 

(three or more ordered variables) were used. Because of previously reported high 

specificity and positive predictive value of the technique and the difficulty of pathological 

verification in the majority of extra-axillary nodes, all FDG-avid nodes in this region were 

considered metastatic.23 The Mann-Whitney test was used to test the difference in size 

of US-detected periclavicular nodes and those exclusively detected by PET/CT. To 

compare in which subgroups of patients PET/CT detected occult N3-disease, Fisher’s 

Exact (two variables), Pearson Chi-Square (three or more nominal variables), and Linear-

by-Linear Association tests (three or more ordered variables) were used

RESULTS

311 patients who underwent a PET/CT between September 2007 and October 2011 were 

included in this analysis. PET/CT images of locoregional nodes are demonstrated in 

Figure 1. 

Baseline characteristics are presented in Table 1. In 32 patients with metastatic disease 

(stage IV), PET/CT and conventional staging (bone scintigraphy, chest radiography, and 

ultrasound of the liver) were in accordance in five patients; PET/CT detected additional 

lesions in four metastatic patients, and PET/CT was the only modality detecting 
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metastases in 23 patients. Twelve (38%) of 32 patients did not undergo surgery, whereas 

eighteen patients (56%) received additional or changed treatment (adjusted 

chemotherapeutic regimens, additional radiotherapy). In two patients treatment was not 

changed (mediastinal metastases within the planned radiation field). 

Axilla

Assessment of axillary nodes with PET/CT was impossible in 21 patients (SLNB before 

PET/CT - 7 macrometastases, 2 micrometastases, 12 tumor-negative). No increased FDG 

uptake (score 0) was seen in 62 (21%) of 290 patients. Slightly increased FDG uptake 

(score 1) was seen in 28 (10%) patients and corresponded with SUVmax values ranging 

Figure 1 Fused PET/CT (left column) and corresponding low-dose CT (right column) images of locoregional 
lymph node involvement; intense FDG uptake in right axillary node (a, b); faint FDG uptake in left 
axillary node (c, d);  intense FDG uptake in right internal mammary node (e, f); intense FDG uptake in 
left infraclavicular node (g, h).
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Table 1  Baseline characteristics of 311 patients.

Age at first visit (years)

  Mean ± SD 49.3 ± 10.7

  Range 19-75

T-stage prior to NAC (CE-MRI)

  T0 2 (1%)

  T1 23 (7%)

  T2 184 (59%)

  T3 72 (23%)

  T4 30 (10%)

N-stage prior to NAC (FNA/SLNB)

  N0 63 (20%)

  N1 207 (67%)

  N2 7 (2%)

  N3 34 (11%)

M-stage prior to NAC (including PET/CT)

  M0 279 (90%)

  M1 32 (10%)

TNM-stage prior to NAC

  IIA 68 (22%)

  IIB 124 (40%)

  IIIA 43 (14%)

  IIIB 20 (6%)

  IIIC 24 (8%)

  IV 32 (10%)

Histology

  Invasive ductal carcinoma 263 (85%)

  Invasive lobular carcinoma 35 (11%)

  Other 13 (4%)

Clinical subtype

  ER-positive/HER2-negative 155 (50%)

  ER-positive/HER2-positive 39 (13%)

  ER-negative/HER2-positive 33 (11%)

  Triple negative 83 (27%)

  Unknown 1 (1%)

Grade

  1 20 (6%)

  2 162 (52%)

  3 102 (33%)

  Unknown 27 (9%)

Abbreviations: SD, standard deviation; T-stage, tumor size on magnetic resonance imaging; CE-MRI, 
contrast-enhanced magnetic resonance imaging; NAC, neoadjuvant chemotherapy; N-stage, pathological 
lymph node stage; FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy; M-stage, presence of 
metastatic disease at staging examination; PET/CT, positron emission tomography with concomitant 
computed tomography; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.
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from 1.6-3.0. Intense FDG uptake (score 2-3) was seen in 200 (69%) patients, 

corresponding with SUVmax of 2.1-24.4. The comparison between PET/CT (score 2-3) 

and histopathology is shown in Figure 2 and Table 2. Sensitivity, specificity, positive 

predictive value, negative predictive value, and accuracy of FDG-avid axillary nodes in 

the detection of lymph node metastases were 82, 92, 98, 53, and 84%, respectively. In 

23 (82%) of 28 patients with score 1 FDG uptake, pathology showed axillary metastases. 

Of 62 axillae without increased FDG uptake (score 0), 19 (31%) were tumor-positive. All 

patients having an axillary node with SUVmax ≥3.8 were node-positive.

The proportion of missed axillary metastases with PET/CT was significantly lower in 

patients with N2- or N3-disease, invasive ductal carcinomas, Ki67 >10%, and grade 3 

tumors. Triple negative and HER2-positive tumors were less often associated with missed 

axillary metastases (p=0.011). A larger false negative rate was seen in tumors with no or 

slightly increased primary tumor FDG uptake (p=0.006). Table 3 presents the number of 

correctly classified and missed axillary metastases with PET/CT of different subgroups.

Internal mammary nodes

The internal mammary chain was evaluable with PET/CT in 310 patients (IMN SLNB prior 

to PET/CT in one patient). US/FNA, based on enlarged nodes on CE-MRI, found an IMN 

metastasis in 3 patients. Of these, two revealed intense FDG uptake. In the remaining 

307 patients, PET/CT visualized intense FDG uptake in at least one IMN in 27 patients. 

The median size of FDG-avid IMNs was 7 mm (interquartile range [IQR] 4 mm). An SLNB 

in the internal mammary chain was performed in one of 27 patients, which was tumor-

negative. In one patient without FDG uptake in IMNs, SLNB after PET/CT revealed a 

metastasis. Based on intense FDG uptake, new IMN involvement was detected in 26 (8%) 

of 311 patients. A flowchart of IMN involvement is presented in Figure 3.

Periclavicular lymph nodes

US/FNA in the periclavicular region was tumor-positive in 31 (10%) patients, of which 30 

(97%) showed intense FDG uptake. In the remaining 280 patients, PET/CT visualized 

intense FDG-avid periclavicular nodes in 32 (10%) patients. Targeted US with FNA of 

Table 2  Comparison of axillary lymph node status as assessed with pathology and FDG PET/CT (qualitative 
uptake scores 2 and 3). 

US/FNA/SLNB

Positive Negative Total

Positive (scores 2-3) 196 4 200

PET/CT Negative (scores 0-1) 42 48 90

Total 238 52 290

Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of intense FDG-avid 
axillary nodes in the detection of lymph node metastases: 82% (196/238), 92% (48/52), 98% (196/200), 53% 
(48/90), and 84% (244/290), respectively.
Abbreviations: US, ultrasound; FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy; PET/CT, positron 
emission tomography with computed tomography.
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FDG-avid nodes following PET/CT was performed in four patients, all revealing tumor-

positive nodes. The median size of periclavicular nodes discovered by US and PET/CT 

and by PET/CT only was 10 mm (IQR 6.5 mm) and 9 mm (IQR 4 mm), respectively 

(p=0.246). Figure 4 presents a flowchart of periclavicular node involvement.

Change in TNM-stage and treatment

A total of 58 new suspect N3-nodes (26 IMNs, 32 periclavicular nodes) were detected 

by PET/CT in 56 (18%) patients (new suspect nodes in both the internal mammary chain 

and in the periclavicular region in 2 patients). New N3-nodes were significantly more 

often detected in patients with a larger primary tumor and a higher stage. No difference 

in detection of occult N3-disease was found for different histologic types, clinical 

subtypes, P53, Ki-67, or grade. The N-stage was altered in 48 of 56 patients, since PET/

CT discovered IMN involvement in 8 patients who were already classified as N3 because 

of US-detected periclavicular metastases. The TNM-stage was changed by PET/CT in 

Figure 2 Flow chart of involvement of axillary nodes (n=290). Twenty-one patients were excluded because of 
an axillary SLNB prior to the PET/CT.

 Abbreviations: PET/CT, positron emission tomography with computed tomography; US, ultrasound; 
FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy.

Figure 3 Flow chart of involvement of internal mammary nodes (n=310). One patient was excluded because 
of an SLNB in the internal mammary chain prior to the PET/CT.

 Abbreviations: PET/CT, positron emission tomography with computed tomography; US, ultrasound; 
FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy.
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Table 3  Detection and false negative rate of FDG PET/CT for visualization of axillary lymph node metastases 
in different subgroups of 290 evaluable patients. 

Tumor size p= 0.420†

  ≤2 cm 25 25 21 4 (16%)

  2-5 cm 167 131 104 27 (21%)

  >5 cm or T4 98 82 71 11 (13%)

N-stage * p=0.003‡

  N1 198 198 157 41 (21%)

  N2-3 41 40 39 1 (3%)

M-stage p=0.022‡

  M0 258 208 167 41 (20%)

  M1 32 30 29 1 (3%)

Histology p=0.048§

  Invasive ductal 243 200 170 30 (15%)

  Invasive lobular 35 27 18 9 (33%)

  Other 12 11 8 3 (27%)

Subtype (n=310) p=0.017§

  ER+/HER2- 149 121 91 30 (25%)

  ER+/HER2+ 35 32 27 5 (19%)

  ER-/HER2+ 33 29 28 1 (4%)

  Triple negative 73 56 50 6 (11%)

P53 (n=287) p=0.058‡

  ≤10% 173 136 106 30 (22%)

  >10% 114 99 87 12 (12%)

Ki67 (n=250) p=0.016‡

  ≤10% 101 81 59 22 (27%)

  >10% 149 122 106 16 (13%)

Grade (n=264) p=0.016‡

  1-2 173 141 109 32 (23%)

  3 91 74 67 7 (9%)

Tumor FDG-avid p=0.016‡

  No/questionable 26 18 10 8 (44%)

  Yes 264 220 186 34 (15%)

Total 290 238 196 42 (18%)

Data are shown as number of patients (percentage). * N2-3 as detected by ultrasound and fine needle aspiration, 
PET/CT not taken into account. † Linear-by-Linear Association test. ‡ Fisher’s exact test. § Pearson Chi-Square 
test.
Abbreviations:  N-stage, locoregional lymph node stage; M-stage, presence of metastases at staging 
examination; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; FDG, fluorodeoxyglucose; 
FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy; PET/CT, positron emission tomography with 
computed tomography.
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38 (12%) patients because of newly discovered N3-disease; ten patients were already 

classified as stage IV because of distant metastatic disease. Radiotherapy treatment was 

changed in 50 (16%) patients because of involvement of internal mammary or 

periclavicular nodes, including four patients with oligometastatic disease (one patient 

with a single bone metastasis, three patients with a single mediastinal metastasis), who 

were treated with curative intent as well. The detection of occult N3-disease and changed 

stage and radiotherapy treatment for different subgroups are presented in Table 4.

Figure 4 Flow chart of involvement of periclavicular nodes (n=311). Abbreviations: PET/CT, positron emission 
tomography with computed tomography; US, ultrasound; FNA, fine needle aspiration.
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Table 4  Detection of occult N3-disease with PET/CT and corresponding change in N-stage, TNM-stage, and 
radiotherapy treatment in different subgroups of 311 included patients.

Total group Detection of occult 
N3-disease

Change in 
N-stage

Change in 
TNM-stage

Change in 
radiotherapy 
treatment

Tumor size p=0.012†

  ≤2 cm 25 0 0 0 0

  2-5 cm 184 32 (17%) 29 28 32

  >5 cm or T4 102 24 (24%) 19 10 18

TNM-stage * p=0.001†

  IIA 68 5 (7%) 5 5 5

  IIB 124 22 (18%) 22 22 22

  IIIA 43 8 (19%) 8 8 8

  IIIB 20 3 (15%) 3 3 3

  IIIC 24 4 (17%) 0 0 4

  IV 32 14 (44%) 10 0 8

Histology p=0.586‡

  Invasive ductal 263 50 (19%) 44 36 44

  Invasive lobular 35 4 (11%) 2 1 4

  Other 13 2 (15%) 2 1 2

Subtype (n=310) p=0.352‡

  ER+/HER2- 155 23 (15%) 23 16 20

  ER+/HER2+ 39 7 (18%) 6 5 6

  ER-/HER2+ 33 10 (30%) 6 5 9

  Triple negative 83 16 (19%) 13 12 15

P53 (n=305) p=0.293§

  ≤10% 183 30 (16%) 27 21 27

  >10% 122 26 (21%) 21 17 23

Ki67 (n=270) p=0.420§

  ≤10% 103 16 (16%) 14 9 12

  >10% 167 33 (20%) 28 23 31

Grade (n=284) p=0.266§

  1-2 182 38 (21%) 36 29 34

  3 102 15 (15%) 10 8 13

Total 311 56 48 38 50

Data are shown as number of patients (percentage). * TNM-stage without PET/CT information for detection 
of occult N3-disease. † Linear-by-Linear Association test. ‡ Pearson Chi-Square test. § Fisher’s exact test.
Abbreviations:  N-stage, locoregional lymph node stage; ER, estrogen receptor; HER2, human epidermal growth 
factor receptor 2; PET/CT, positron emission tomography with computed tomography.
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DISCUSSION

Accurate evaluation of locoregional and distant spread of breast cancer remains essential 

because of its implications for treatment and prognosis. Staging of axillary lymph nodes 

can be done relatively reliably,17 but the assessment of lymph nodes in the internal 

mammary chain and periclavicular region remains a challenge.9,15 Particularly if NAC is 

applied, a different strategy for lymph node staging may be required: detection of axillary 

and extra-axillary nodes using US is suboptimal and controversy remains regarding timing 

of SLNB (either pre- or post-chemotherapy). The results from this study show that PET/

CT could significantly contribute to fill these gaps by reliably assessing the presence of 

axillary lymph node metastases prior to NAC, enabling axillary response monitoring during 

or after therapy, and accurately visualizing periclavicular and internal mammary nodes, 

thereby upstaging a substantial proportion of patients.

Axillary staging of early breast cancer patients with PET and PET/CT has been investigated 

earlier.23 While sensitivity was suboptimal (37-95%), specificity is consistently reported 

high (84-100%). Although an FDG-avid axillary node could provide an indication for ALND 

instead of SLNB, standard use of PET/CT in early breast cancer is not recommended.31 

Evidence on the accuracy of PET/CT in the detection of axillary metastases in large or 

locally advanced tumors is limited.19,25,27,28 This study shows that both specificity (92%) 

and positive predictive value (98%) of PET/CT for the detection of axillary metastases in 

patients with primary breast cancer scheduled for NAC are high. Replacement of pre-

chemotherapy SLNB by PET/CT enables non-invasive, accurate axillary staging and allows 

axillary response determination, which is an important prognosticator.32 If an SLNB is 

omitted in case of axillary FDG-uptake, the node is left in situ and axillary response 

monitoring during or after NAC could be performed.19,20,32,33

Axillary nodes with faint FDG uptake (score 1) were found to be metastatic in 82%. In our 

opinion, this is too low to recommend omission of an SLNB, since 18% of patients with 

a tumor-negative axilla will undergo ALND. Therefore, combined with the relatively high 

false negative rate of post-chemotherapy SLNB, we recommend to perform an SLNB 

prior to NAC in case of an axillary node with no or slightly increased FDG uptake. 

From research on FDG uptake in primary tumors it is known that tumors with aggressive 

characteristics show a higher degree of FDG uptake.34,35 As NAC is given to advanced, 

often highly proliferative tumors, we hypothesized that axillary metastases might be more 

aggressive as well, enhancing its detectability with PET/CT. Although we did find an 

association of visualization of axillary node metastases with FDG uptake of the primary 

tumor and prognostic characteristics (Table 3), sensitivity in the whole population was 

suboptimal. However, the lower false negative rate in tumors with prognostically 

unfavorable characteristics increases the value of PET/CT for the detection of axillary 

metastases in this particular subgroup.

The involvement of IMNs has been shown to be prognostically significant,6 but up to 

now no clear benefit form surgical or radiotherapeutic treatment has been found.9 

Furthermore, irradiation of IMNs results in increased cardiac morbidity.36 The introduction 

of internal mammary SLNB has helped to personalize decisions regarding adjuvant 
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therapy. In our population, SLNB detected only two IMN metastases, as compared with 

28 with PET/CT (2 metastases confirmed with FNA prior to PET/CT, 26 new suspect 

nodes). Based on our results PET/CT could help selecting patients for postoperative 

internal mammary chain radiotherapy.

Several studies have reported on the benefit of radiotherapeutic treatment of periclavicular 

lymph node metastases.5,37 Investigation of the periclavicular region is normally done 

with US and FNA, which is inaccurate.15 Use of PET/CT for the detection of extra-axillary 

lymph node metastases has been investigated previously, but patient groups have been 

relatively small and the majority of studies used PET alone, lacking anatomical information 

of the concomitant low-dose CT.16,25,38,39 Our study, which comprises a large population 

of patients, shows that PET/CT detects occult periclavicular node involvement in a 

substantial proportion of patients, changing stage and treatment in the majority of them.

In this study PET/CT detected new N3-disease in 18% of patients. Its yield was somewhat 

lower in stage IIA disease, but this was mainly due to the low yield in T1N1 tumors: new 

N3-disease was detected in 0 of 21 T1N1 patients and in 5 (11%) of 47 T2N0 patients. 

This is in accordance with previous literature on PET/CT and detection of distant 

metastases.24,26

A shortcoming of this study is that most FDG-avid nodes in the internal mammary chain 

or periclavicular region have not been confirmed to harbor tumor by pathology. Main 

reasons were the presence of nodes in anatomical sites that were difficult to access by 

US/FNA, reluctance to plan a further surgical intervention, or the small size of the FDG-

avid node. However, previous publications have shown a very high positive predictive 

value of FDG-avid axillary nodes.23 The results from this study confirm the high positive 

predictive value for axillary lymph node evaluation with PET/CT. Since an FDG-avid axillary 

node is highly predictive for lymph node metastasis, this finding can be extrapolated for 

IMNs and periclavicular nodes. Further, of 31 periclavicular lymph nodes detected with 

US/FNA in this study, 30 (97%) was FDG-avid, indicating a high accuracy in detecting 

N3-disease as well. 

We used straightforward visual interpretation to identify lymph node metastases on PET/

CT. In addition, basic quantification was performed using SUVmax. While a threshold 

SUVmax of 2.5 roughly correlated with visual evaluation, this could not provide a more 

accurate identification of tumor-positive nodes. Furthermore, a fixed SUV threshold tends 

to have a dependency on variations in FDG biodistribution and image quantification (e.g. 

renal function, software versions, lesion delineation, scanner brand, and calibration 

procedures). Although SUVmax is generally used, we have shown that visual interpretation 

is accurate, providing the easiest implementation in clinical practice.

In conclusion, this study shows that an FDG-avid axillary node on PET/CT in breast cancer 

patients scheduled for NAC is highly predictive for metastasis, which provides a rationale 

for omission of pre-chemotherapy SLNB in these patients. Sensitivity and negative 

predictive value were suboptimal and an SLNB in case of absence of FDG-avid axillary 

nodes remains important, either before or after NAC. A substantial proportion of patients 

was upstaged because of the detection of occult lymph node metastases in the internal 

mammary chain and periclavicular region, changing radiotherapy treatment in the 
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majority of them. Based on these results and prior research on the additional value of 

PET/CT in the detection of distant metastases, we recommend performing a PET/CT as 

a standard diagnostic procedure in breast cancer patients scheduled for NAC. 
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Purpose

In breast cancer patients treated with neoadjuvant chemotherapy (NAC) the number 

of tumor-positive nodes can no longer reliably be determined. Further, ultrasound 

seems suboptimal for the detection of N3-disease. Therefore we assessed the 

proportion of breast cancer patients treated with NAC in which pre-chemotherapy 

18F-FDG PET/CT detected ≥4 axillary nodes or occult N3-disease, upstaging nodal 

status and changing risk estimation for locoregional recurrence (LRR).

Methods

Conventional regional staging consisted of ultrasound with fine needle aspiration 

and/or sentinel lymph node biopsy. Patients were classified as low-risk (cT2N0), 

intermediate-risk (cT0N1, cT1N1, cT2N1, cT3N0), or high-risk (cT3N1, cT4, cN2-3) for 

LRR. Presence and number of FDG-avid nodes were evaluated and the proportion 

of patients that would be upstaged by PET/CT, based on detection of ≥4 FDG-avid 

axillary nodes defined as cN2(4+) or occult N3-disease, was calculated.

Results

In total, 87 of 278 patients were considered high-risk based on conventional staging. 

PET/CT detected occult N3-disease in 5 (11%) of 47 low-risk patients. In 144 

intermediate-risk patients, PET/CT detected ≥4 FDG-avid nodes in 24 (17%) patients 

and occult N3-disease in 22 (15%) patients, thereby finally upstaging 38 (26%) of 

intermediate-risk patients. Of 43 (23%) upstaged patients, 18 were ypN0, 12 were 

ypN1, and 13 were ypN2-3.

Conclusion

Pre-chemotherapy PET/CT is valuable for selection of breast cancer patients at high 

risk for LRR. In our population, 23% of patients treated with NAC were upstaged to 

the high-risk group based on PET/CT information, potentially benefiting from regional 

radiotherapy.
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INTRODUCTION

Radiotherapy plays a major role in breast cancer treatment in terms of reduced 

locoregional recurrence (LRR) and improved survival.1 Irradiation of chest wall and/or 

regional nodes is currently advised in patients at high risk for LRR: ≥4 tumor-positive 

axillary nodes, involvement of nodes in the internal mammary chain (IMC) or periclavicular 

area, T4 tumors, or T3N1 tumors.2,3 The value of chest wall and regional irradiation in 

patients at intermediate risk for LRR (T1-2 tumors with 1-3 tumor-positive axillary nodes 

or T3N0 tumors) is uncertain and subject of debate.4-7 This is reflected by the wide 

variation in practice of chest wall irradiation in women with 1-3 involved nodes.8

The administration of neoadjuvant chemotherapy (NAC) has become standard practice 

in locally advanced breast cancer and is increasingly implemented in large and/or node-

positive disease. It results in similar survival and locoregional control as with adjuvant 

chemotherapy, but the reduction in tumor load facilitates a higher proportion of breast-

conserving treatment and may allow surgery in initially unresectable patients.9 Further, 

it enables response monitoring to treatment, resulting in the possibility of altering the 

chemotherapeutic regimen in case of unfavorable response. 

After neoadjuvant chemotherapy, the risk for LRR is based on staging before NAC as well 

as the final pathology.10,11 Since initial staging is influenced by NAC in case of complete 

or partial response, radiotherapy indications are obscured.12,13 Especially the number of 

tumor-positive axillary nodes, an important selection factor for postoperative radiotherapy, 

remains unknown: ultrasound (US) or sentinel lymph node biopsy (SLNB) before NAC do 

not provide this information and assessing number of tumor-positive nodes in the axillary 

lymph node dissection (ALND) is unreliable due to systemic pretreatment. It would be 

useful to know the number of node metastases before NAC in order to guide treatment 

and to inform patients about subsequent treatments as early as possible.

Use of positron emission tomography with computed tomography (PET/CT) using 

18F-fluorodeoxyglucose (FDG) in breast cancer is gaining acceptance. Positive predictive 

value (PPV) for the detection of axillary lymph node metastases is excellent (96-98%), 

defining that an FDG-avid node is indicative for an axillary metastasis.14,15 Moreover, 

optimal patient positioning and reconstruction protocols enable assessment of the 

number of FDG-avid axillary nodes, which could give an indication of the initial 

pathological N-stage before treatment with NAC. Further, PET/CT has been shown to 

be effective in the visualization of occult N3-disease (tumor-positive nodes in the IMC 

or periclavicular region).15 Based on the detection of ≥4 FDG-avid axillary nodes or occult 

N3-disease with PET/CT, patients will be upstaged to a high risk for LRR. They will remain 

at high risk despite response to neoadjuvant treatment. 

Because the number of tumor-positive nodes in patients treated with NAC can no longer 

reliably be determined and detection of N3-disease with US seems inaccurate, we aimed 

to find a surrogate for regional lymph node staging in order to define indications for 

postoperative radiotherapy. Therefore we assessed the proportion of breast cancer 

patients treated with NAC in which PET/CT detected ≥4 axillary nodes or occult N3-

disease, upstaging nodal status and changing risk estimation for LRR.
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PATIENTS AND METHODS

Patients

Women with primary breast cancer >3 cm and/or at least one tumor-positive lymph 

node were offered to receive NAC in the context of one of several trials of NAC. In case 

of eligibility for NAC, an FDG PET/CT was performed, both for staging and response 

monitoring purposes. Patients with distant metastases at staging examination were 

excluded from this analysis. The institutional review board approved this study and 

informed consent was obtained from all patients.

Conventional pre-chemotherapy staging

The size of the primary tumor was evaluated with contrast-enhanced magnetic resonance 

imaging (CE-MRI) and primary tumor characteristics were determined on US-guided 

histological biopsies. The axilla was primarily assessed with US and concomitant fine 

needle aspiration (FNA) of suspect nodes (i.e. cortex thickening ≥2.3 mm). If FNA showed 

absence of tumor cells, pre-chemotherapy SLNB was performed. Cytology or histology 

of nodes in the IMC was obtained in case of an enlarged node on CE-MRI or in case of 

IMC drainage on lymphoscintigraphy. The periclavicular region was examined with US 

and FNA was performed in case of suspect nodes. Bone scintigraphy, ultrasound of the 

liver, and chest radiography were used to exclude the presence of distant metastases.

18F-FDG PET/CT

The PET/CT was performed after a fasting period of six hours with a blood glucose level 

<10 mmol/l. An FDG dose of 180-240 MBq was given intravenously, depending on body 

mass index. The PET/CT was acquired after a resting period of 60 ± 10 minutes. Using 

a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, USA), a PET scan (3.00 

minutes per bed position) of the thorax was performed for locoregional assessment with 

the patient in prone position, with hanging breasts and the arms above the head, with 

image reconstruction to 2x2 x2 mm voxels. PET acquisition was preceded by a low-dose 

CT with 2.0 mm slices. Subsequently, a standard whole body PET/CT (1.30 minutes per 

bed position) was performed in supine position for staging purposes. 

Image reading

A panel of three experienced readers evaluated the images together using orthogonal 

multiplanar reconstruction and simultaneous display of PET, CT, and fused PET/CT 

images. Reviewers were blinded for other diagnostic procedures. Consensus had to be 

reached before any conclusions were drawn. FDG uptake in locoregional nodes was 

assessed with a 4-degree scoring system: (0) similar to surrounding tissue, (1) slightly 

more than surrounding structures, (2) moderately intense, and (3) very intense. Lesions 

with degree 2 or 3 uptake were considered suspect for metastasis.15 The number of 

FDG-avid axillary nodes was determined on low-dose CT images, based on corresponding 

fused PET/CT images. 
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Clinical N2 is defined as ipsilateral level I-II axillary nodes that are clinically fixed or matted 

or in clinically detected ipsilateral internal mammary node(s) without clinically evident 

axillary metastases. For radiotherapy indications we wanted to be informed if patients 

had ≥4 tumor-positive nodes before NAC. Because this is not incorporated in the TNM 

system, we defined cN2(4+) as ≥4 FDG-avid nodes in level I or II of the axilla. 

Treatment

Human epidermal growth factor receptor 2 (HER2)-negative tumors were generally 

treated with six courses of cyclophosphamide and doxorubicin in a dose-dense schedule 

(every two weeks). HER2-positive tumors were treated with a trastuzumab-based 

regimen, consisting of paclitaxel, trastuzumab, and carboplatin. After chemotherapy, 

BCT or mastectomy was performed; patients with initially tumor-positive axillary nodes 

underwent ALND. 

Postoperative breast irradiation was performed in all patients undergoing BCT. Additional 

lymph node areas (axilla and supra- and infraclavicular) were irradiated in cN2-3, cN2(4+), 

and ypN2-3 tumors. The IMC was irradiated in case of a PET-positive node or in 

pathologically proven tumor-positive nodes (at cytology or SLNB). In patients with ypN1 

the periclavicular area was added to the radiation field. After ablative surgery, irradiation 

of chest wall was based on the following institutional guidelines: all cT3-4, ypT3-4, cN2-

3, cN2(4+), and ypN1-3 tumors. The addition of the regional lymph node area was based 

on the same criteria as described above.

Risk estimation

Conventional risk assessment included CE-MRI, US/FNA, and SLNB. Patients with cT2N0 

tumors before treatment with NAC were classified as low-risk. All cT0N1, cT1N1, cT2N1, 

and cT3N0 tumors prior to NAC were classified as intermediate-risk. Patients were 

classified as high-risk in case of cT3N1, cT4, or cN2-3 before treatment with NAC. We 

calculated the proportion of patients who were upstaged to the high-risk group when 

information from the PET/CT was included.

RESULTS

Between September 2007 and October 2011 a total of 311 breast cancer patients 

scheduled for NAC underwent FDG PET/CT. Distant metastases were detected in 33 

patients, who were excluded from this analysis. Baseline characteristics of 278 patients 

are presented in Table 1.

Conventional axillary staging and treatment

The axilla was tumor-negative (SLNB) prior to NAC in 62 (22%) of 278 patients. Of 216 

patients with a tumor-positive axilla, no ALND was performed in 8 patients (one patient 

refused surgical treatment, one patient underwent treatment in another hospital, six 

patients received axillary irradiation). Of the remaining 208 patients, 83 (40%) were 
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classified as ypN0 (complete axillary response), 68 (33%) as ypN1 (1-3 tumor-positive 

axillary nodes), 32 (15%) as ypN2 (4-9 tumor-positive axillary nodes), and 25 (12%) as 

ypN3 (≥10 tumor-positive axillary nodes).

PET/CT findings

The axilla could not be evaluated with PET/CT in 21 (8%) patients because of an SLNB 

before the scan. PET/CT showed no FDG-avid axillary nodes in 87 (31%) patients, 1-3 

FDG-avid nodes (corresponding with pN1) in 114 (41%) patients, 4-9 FDG-avid nodes 

Table 1  Baseline characteristics of 278 patients with stage II-III breast cancer.

Age at first visit (years)

  Mean ± SD 48.9 ± 10.8

  Range 19-75

T-stage prior to NAC (CE-MRI)

  T0 2 (1%)

  T1 22 (8%)

  T2 174 (63%)

  T3 60 (22%)

  T4 20 (7%)

N-stage prior to NAC (FNA/SLNB)

  N0 61 (22%)

  N1 187 (67%)

  N2 6 (2%)

  N3 24 (9%)

Histology

  Invasive ductal carcinoma 237 (85%)

  Invasive lobular carcinoma 30 (11%)

  Other 11 (4%)

Subtype

  ER-positive/HER2-negative 138 (50%)

  HER2-positive 61 (22%)

  Triple negative 78 (28%)

  Unknown 1 (1%)

Grade

  1 18 (7%)

  2 144 (52%)

  3 93 (34%)

  Unknown 23 (8%)

Abbreviations: SD, standard deviation; T-stage, primary tumor stage based on tumor size; NAC, neoadjuvant 
chemotherapy; CE-MRI, contrast-enhanced magnetic resonance imaging; N-stage, lymph node stage; FNA, 
fine needle aspiration; SLNB, sentinel lymph node biopsy; ER, estrogen receptor; HER2, human epidermal 
growth factor receptor 2.
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(corresponding with pN2) in 52 (19%) patients, and ≥10 FDG-avid nodes (corresponding 

with pN3) in 4 (1%) patients. Occult N3-disease was discovered in 42 (15%) of 278 patients, 

being a periclavicular node in 25 (8%) patients and an IMC node in 17 (7%) patients. 

Regional nodes as visualized with PET/CT are demonstrated in Figure 1. 

Risk estimation

Before start of NAC (based on CE-MRI, US with FNA, and SLNB), 87 (31%) patients were 

considered high-risk (38 T3N1 tumors, 20 T4 tumors, and 29 cN2-3 tumors). Of 47 (17%) 

patients classified as low-risk (47 T2N0 tumors), 5 (11%) patients were upstaged to the 

high-risk group after PET/CT because of the detection of occult periclavicular N3-

disease. Of 144 (52%) intermediate-risk patients, 38 (26%) were classified as high-risk by 

PET/CT (38 of 113 T2N1 patients). In total, 43 (23%) of 191 low- and intermediate-risk 

patients were upstaged by PET/CT. Of 43 upstaged patients, 18 were ypN0, 12 were ypN1, 

and 13 were ypN2-3. Risk estimation based on conventional pre-chemotherapy staging 

and corresponding PET/CT findings are presented in Figure 2 and Table 2. 

Figure 1 Fused PET/CT images depicting a single FDG-avid axillary node (a), 4 FDG-avid axillary nodes (b), an 
FDG-avid node in the internal mammary chain (c), and an FDG-avid supraclavicular node (d).
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Table 2  Preoperative risk estimation using conventional staging techniques (CE-MRI, US/FNA, SLNB) and PET/
CT findings, being cN2(4+) (≥4 FDG-avid axillary nodes) or detection of occult N3-disease.  

Stage + risk estimation No of patients PET/CT findings

≥4 axillary nodes
(cN2(4+))

Occult cN3 Total:
cN2(4+) and/or cN3

Low (n=47)

  T2N0 47 1 (5%) * 5 (11%) 5 (11%)

Intermediate (n=144)

  T0N1 1 0 0 0

  T1N1 20 0 0 0

  T2N1 113 24 (21%) 22 (19%) 38 (34%)

  T3N0 10 0 0 0

High (n=87)

  T3N1 38 8 (21%) 7 (18%) 11 (29%)

  T4 20 3 (15%) 3 (15%) 6 (30%)

  cN2-3 29 21 (72%) 5 (17%) 21 (72%)

* In one patient four FDG-avid axillary nodes were found to be false positive at SLNB.
Abbreviations: No, number; PET/CT, positron emission tomography with computed tomography; N3, lymph 
nodes in the internal mammary chain or periclavicular region; CE-MRI, contrast-enhanced magnetic 
resonance imaging; US, ultrasound; FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy.

Figure 2 Preoperative risk estimation for locoregional recurrence, changes based on PET/CT findings (cN2(4+) 
or occult N3), number of upstaged patients, and ypN-status of upstaged patients. Conventional staging 
before start of neoadjuvant chemotherapy is performed with contrast-enhanced magnetic resonance 
imaging for primary tumor staging and ultrasound with fine needle aspiration and/or sentinel lymph 
node biopsy for lymph node staging.
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DISCUSSION

In breast cancer patients treated with NAC, planning of postoperative irradiation of chest 

wall and/or regional lymph nodes, which is based on the risk for LRR, is complicated.13 

The presence of ≥4 tumor-positive axillary nodes or involvement of nodes in the IMC or 

periclavicular region, both important determinants of high risk for LRR and an indication 

for postoperative irradiation,2,3 cannot be investigated accurately with conventional 

staging techniques (US, SLNB, and/or ALND). This study shows that PET/CT contributes 

to pretreatment staging and therapy planning, upstaging a substantial proportion of 

patients to the high-risk group, thereby potentially changing prognosis and possibly 

implicating postoperative irradiation, irrespective of type of surgery or response to 

treatment. 

In addition to the proportion of upstaged patients, PET/CT information is obtained before 

NAC. As compared with ALND, performed after NAC, pre-chemotherapy PET/CT allows 

for early and solid patient information and accurate planning of treatment before systemic 

therapy (i.e. type of surgery or possibilities of an immediate breast reconstruction with 

risk of morbidity if postoperative radiotherapy is indicated). 

Indications for postoperative regional irradiation are derived from studies on the 

pathological T- and N-stage. The beneficial value of irradiation has clearly been 

demonstrated in patients with ≥4 tumor-positive axillary nodes, involvement of 

periclavicular nodes, and in patients with T4 tumors.16,17 In current practice, these patients, 

being at high risk for LRR, are usually treated with NAC, thereby hindering accurate 

assessment of pathological N-stage. In patients at intermediate risk for LRR, generally 

those with 1-3 tumor-positive axillary nodes, variable results have been reported 

regarding the value of regional radiotherapy.4-7 The European SUPREMO trial and the 

Canadian NCIC CTG trial MA.20, two prospective trials randomizing between regional 

irradiation and no additional treatment, should extend our knowledge on radiation 

indications in this group of patients, also in NAC setting. Postoperative regional irradiation 

is normally withheld in patients at low risk for LRR.

In early stage breast cancer, sensitivity of PET/CT for visualizing axillary metastases was 

suboptimal, but specificity and PPV were generally excellent, thereby allowing an 

immediate ALND in case of an FDG-avid axillary node.14 However, based on the inaccuracy 

of visualizing the primary tumor and the low yield for detection of distant metastases, 

use of PET/CT in this subgroup is not recommended.18 In stage II-III breast cancer it is 

recommended to search for distant metastases prior to treatment and PET/CT 

outperforms conventional imaging techniques for this purpose.19 The additional value 

for regional staging has been investigated less frequently, but one large trial confirmed 

the high PPV for axillary involvement and demonstrated that occult N3-disease was 

detected in a substantial number of patients.15 

To our knowledge this is the first study reporting the number of FDG-avid axillary nodes 

to identify high-risk breast cancer patients. Based on the high PPV in our population and 

previous studies, we have shown that it results in upstaging of a considerable number 

of patients. However, sensitivity of PET/CT for detection of axillary metastases was 
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suboptimal; not all tumor-positive axillary nodes show increased FDG-uptake, suggesting 

an underestimation of the proportion of upstaged patients in this paper. This 

underestimation is reflected by the finding that PET/CT detected ≥4 FDG-avid nodes in 

only 19 (37%) of 51 patients with ≥4 tumor-positive nodes in the ALND (ypN2-3). 

Of 43 upstaged patients, 13 were found to have four or more tumor-positive nodes at 

ALND (ypN2-3). Although they would have been upstaged to the high-risk group without 

PET/CT as well, this would only be possible postoperatively, disabling treatment planning 

and patient information before start of therapy. In 12 of 43 upstaged patients 1-3 tumor-

positive nodes were found in the ALND. Although most institutes apply regional 

radiotherapy to this group of patients, there is currently no scientific backing for this 

approach. Finally, 18 of 43 upstaged patients were ypN0, probably wrongly being 

classified as low-risk without PET/CT.

Although no change in risk estimation was attained, the largest proportion of patients 

with ≥4 FDG-avid axillary nodes or detection of occult N3-disease was found in the 

high-risk patients. The indication for radiotherapy had already been established in these 

patients, but adapting of the radiotherapy fields may still be required based on PET/CT 

findings.

Several studies have shown that patients achieving a pathologically confirmed complete 

response (pCR) to NAC have an improved overall and disease-free survival, emphasizing 

the need for individualized treatment and the intention of realizing a pCR.20 Up till now, 

no trials have been carried out performing less extensive locoregional treatment in 

patients achieving pCR. The final pathological response may eventually prove to be more 

important than the initial risk status, but currently patients with initially high-risk disease 

for LRR based on upfront staging are thought to remain at high risk, irrespective of 

pathological response, underlining the relevance of this study.

Some shortcomings of this study should be acknowledged. First, we did not confirm the 

number of FDG-avid lymph nodes by performing multiple FNAs. However, the positive 

predictive value was previously reported to be excellent and our results may even suggest 

an underestimation based on the suboptimal sensitivity. Second, we did not perform 

follow-up, so we don’t know if adapting radiation fields according to PET/CT information 

improves survival.

In conclusion, this study shows that FDG PET/CT is valuable for regional staging and risk 

estimation of stage II-III breast cancer patients prior to treatment with NAC. It upstages 

a substantial proportion of patients from low- or intermediate-risk to high-risk for LRR, 

indicating postoperative irradiation of chest wall and/or regional lymph nodes, or adapts 

radiation fields in patients with an already confirmed radiotherapy indication. 
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Purpose

The aim of the present study was to investigate if 18F-FDG PET/CT outperforms 

conventional imaging techniques for excluding distant metastases prior to 

neoadjuvant chemotherapy (NAC) treatment in patients with stage II and III breast 

cancer. Second, we assessed the clinical importance of false positive findings.

Methods

154 patients with stage II or III breast cancer, scheduled to receive NAC, underwent 

an 18F-FDG PET/CT scan and conventional imaging, consisting of bone scintigraphy, 

ultrasound of the liver, and chest radiography. Suspect additional lesions at staging 

examination were confirmed by biopsy and histopathology and/or additional imaging. 

Metastases that were detected within 6 months after the PET/CT scan were 

considered evidence of occult metastasis, missed by staging examination.

Results

Forty-two additional distant lesions were seen in 25 patients with PET/CT and could 

be confirmed in 20 (13%) of 154 patients. PET/CT was false positive for 8 additional 

lesions (19%) and misclassified the presence of metastatic disease in 5 (3%) of 154 

patients. In 16 (80%) of 20 patients additional lesions were exclusively seen with PET/

CT, leading to a change in treatment in 13 (8%) of 154 patients. In 129 patients with 

a negative staging PET/CT no metastases developed during the follow-up of 9.0 

months. Sensitivity, specificity, positive predictive value, negative predictive value, 

and accuracy of PET/CT in the detection of additional distant lesions in patients with 

stage II or III breast cancer are 100, 96, 80, 100, and 97, respectively.

Conclusion

FDG PET/CT is superior to conventional imaging techniques in the detection of distant 

metastases in patients with untreated stage II or III breast cancer and is associated 

with a low false positive rate. PET/CT may be of additional value in the staging of 

breast cancer prior to neoadjuvant chemotherapy.



PET/CT AS A STAGING PROCEDURE: DISTANT METASTASES

87

C
H

A
P

T
E

R
  

6

INTRODUCTION

Neoadjuvant chemotherapy (NAC) is the standard of care in locally advanced breast 

cancer and is increasingly used in larger operable breast cancer or in patients with axillary 

lymph node metastases.1 NAC can reduce the tumor load in the majority of patients, 

allowing surgery in patients who are deemed to be inoperable and facilitating a higher 

proportion of patients to have breast-conserving surgery.2,3 Also, NAC provides an 

opportunity to monitor treatment response, resulting in the possibility to switch the 

treatment regimen in case of an unfavorable response or to perform early surgery. It 

offers an excellent platform for translational research as well since the molecular 

characteristics of the individual tumors can be directly related to sensitivity and resistance 

for NAC and to imaging characteristics.4-6

Distant metastases at diagnosis are more frequently seen in patients with large tumors 

or axillary lymph node metastases.7,8 Therefore it is standard practice to perform a search 

for distant disease prior to an intensive treatment regimen with curative intent.9,10 Different 

imaging techniques, such as bone scintigraphy, ultrasound of the liver, chest radiography, 

and computed tomography (CT) scans, are currently used for this purpose.7,9,11 Since the 

development of PET (Positron Emission Tomography) and, later, PET/CT (PET with 

integrated Computed Tomography) with the use of 18F-fluorodeoxyglucose (FDG), 

several studies have been carried out comparing both techniques to conventional 

imaging procedures.12-19 Based on these experiences, the routinely use of PET/CT in 

staging primary breast cancer is not recommended.20-22 

In our hospital breast cancer patients with large tumors (>3 cm) and/or proven axillary 

lymph node metastases are invited to participate in a prospective trial studying different 

neoadjuvant chemotherapy regimens.6 Part of this trial is pre-treatment staging by means 

of 18F-FDG PET/CT and conventional imaging techniques. As a result we were in a 

position to prospectively compare the performance of PET/CT with that of other imaging 

modalities in the detection of additional distant lesions in stage II-III breast cancer 

patients scheduled for NAC. 

METHODS

Women who presented with invasive breast cancer >3 cm in diameter and/or at least 

one tumor-positive axillary lymph node were offered to receive NAC in our institute. 

Prior to the start of chemotherapy, a search for distant disease was performed with whole 

body 18F-FDG PET/CT as well as with conventional imaging techniques, consisting of 

bone scintigraphy, ultrasound of the liver, and chest radiography.9,10 Confirmation of 

suspect lesions was obtained by cytological or histological verification or, if not available 

or possible, with additional imaging studies or by prolonged follow-up. In case of a 

negative staging procedure, we selected a minimal follow-up period of six months 

without relapse to establish the absence of distant metastases. The Institutional Ethics 

Committee approved this study and informed consent was obtained from all patients.
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We analyzed all patients who underwent an FDG PET/CT scan before the start of NAC 

between November 2008 and November 2010. In all cases, a fine-needle aspiration 

(FNA) of the breast tumor had been done for rapid diagnosis and core biopsy was used 

to determine the histological type, hormone receptor status, and human epidermal 

growth factor receptor 2 (HER2)-positivity. The tumor size was assessed with 

mammography, ultrasound, and MRI in all patients. Axillary staging was primarily done 

with ultrasound and subsequent FNA of suspect lymph nodes (cortex thickening ≥2.3 

mm). If the axilla turned out to be negative (ultrasound and/or FNA), but a suspect lymph 

node was seen with PET/CT, a targeted second look ultrasound with FNA was performed, 

based on anatomical localization on PET/CT. If the axilla remained without evidence of 

lymph node metastasis, a sentinel lymph node biopsy was performed before the start of 

NAC. Administration of chemotherapy according to different regimens and response 

monitoring were performed as previously described.6 NAC was followed by breast 

conserving surgery or by a mastectomy. All patients with proven axillary metastases 

underwent an axillary lymph node dissection. Adjuvant treatment (radiation therapy and/

or systemic therapy) was based on the type of surgery, staging before NAC, and tumor 

characteristics.

18F-FDG PET/CT

The PET/CT was performed after conventional imaging of the breast and axilla. Patients 

were prepared with a fasting period of six hours and 10 mg diazepam orally 10 min before 

FDG administration to reduce uptake of FDG by brown fat. Blood glucose levels were 

required to be <10 mmol per liter. Patients received a total dose of 180-240 MBq of FDG 

intravenously, depending on their body mass index. The PET/CT scan was performed 

after a resting period of 60 ± 10 minutes. A whole body PET/CT scanner was used (Gemini 

TF, Philips, Cleveland, Ohio, USA). For staging both breasts, axillae, and periclavicular 

areas, a PET/CT of the thorax was performed with the patient in prone position with 

hanging breasts (3.00 min per bed position) together with a low dose CT (40 mAs, 2 mm 

slices) without contrast for attenuation correction and anatomical localization. 

Subsequently, a whole body PET/CT was performed from the base of the skull to the 

upper half of both femora in supine position (1.30 min per bed position) with a 

concomitant low dose CT scan (5 mm slices). The administered activity, time of 

administration, and patient’s body weight were recorded for calculation of maximum 

standardized uptake values (SUVmax) in the tumor and other lesions, if present.

PET/CT image reading

A consensus reading by at least three experienced readers (W.V., C.H., M.S., and R.V.O.) 

was done at which the extent and the intensity of the FDG-uptake patterns were assessed. 

Increased FDG uptake, not corresponding to physiological uptake patterns, was classified 

as positive for malignancy. In every lesion with increased FDG uptake the low dose CT 

was used to detect correlating hypo- or hyperdensities, osteolysis or sclerosis. The uptake 

of FDG was further quantified by measuring the SUVmax. New, suspect lesions on PET/

CT scans were highlighted in the final report and recommendations were made for 
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histologic or visual confirmation. The impact of FDG PET/CT on clinical management 

was evaluated on the basis of clinical decisions that were based on new findings from 

the PET/CT scan.

Table 1  Baseline characteristics of 154 patients. 

Age at first visit (years)

  Mean ± SD 49.1 ± 11.0

  Range 19-75

T-stage prior to NAC

  cT1 12 (8%)

  cT2 96 (62%)

  cT3 32 (21%)

  cT4 14 (9%)

N-stage prior to NAC

  cN0 43 (28%)

  cN1 83 (54%)

  cN2 4 (3%)

  cN3 24 (16%)

Multifocal 46 (30%)

Histology

  Ductal 125 (81%)

  Lobular 22 (14%)

  Ductolobular 2 (1%)

  Metaplastic 2 (1%)

  Mucinous 2 (1%)

  Papillary 1 (1%)

Estrogen receptor

  Negative (≤10%) 56 (36%)

  Positive (>10%) 97 (63%)

Progesterone receptor

  Negative (≤10%) 82 (53%)

  Positive (>10%) 71 (46%)

HER2-receptor

  Negative (0/1+) 108 (70%)

  Positive (3+/ISH) 45 (29%)

Grade

  1 7 (5%)

  2 80 (52%)

  3 60 (39%)

  Unknown 7 (5%)

Data are shown as mean ± standard deviation or absolute numbers (percentage).  Abbreviations: SD, standard 
deviation; NAC, neoadjuvant chemotherapy; HER2, human epidermal growth factor receptor 2.
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Conventional imaging techniques

Conventional imaging procedures were performed in all 154 patients, consisting of bone 

scintigraphy, ultrasound of the liver, and a chest radiograph. Total body bone scintigraphy 

was performed with a dual head gamma camera (Symbia, Siemens, Erlangen, Germany), 

scanning anterior and posterior simultaneously, 2.5 h after administration of 555 MBq of 

99m-Technetium hydroxymethane diphosphonate. Ultrasound of the liver was done 

with a Hitachi Ultrasound (Hitachi Medical Corporation, model EZU-MT27-S1, Tokyo, 

Japan). Chest radiographs were routinely made in posterior-anterior and lateral view 

(Buckydiagnost CS, Philips, Hamburg, Germany).

First the radiologist or the panel of nuclear physicians analyzed the particular investigation 

and determined the presence or absence of suspect lesions. Next the reports were 

matched and, if necessary, the interpretations upon the presence of distal lesions were 

discussed. Finally, if an agreement could not be made based on both investigations, the 

nuclear physician and radiologist gave their advice as to which further investigations 

were desirable.

Additional lesion

An additional lesion was classified as a suspect distant lesion outside the breast, axilla, 

and clavicular region, being metastatic disease and upgrading the patient to stage IV or 

being a new primary proliferative lesion. All additional lesions were further evaluated 

using targeted imaging procedures and, preferably, histopathological verification.

RESULTS

Between November 1st 2008 and November 19th 2010, 167 stage II and III breast cancer 

patients underwent an FDG PET/CT scan prior to the start of neoadjuvant chemotherapy. 

Conventional staging was not complete in 13 patients, resulting in 154 patients who were 

eligible for analysis. Baseline characteristics of included patients are shown in Table 1.

PET/CT

The primary tumor was not visible with PET/CT in 3 patients (two invasive lobular 

carcinomas, one invasive ductal carcinoma). Neither PET/CT nor conventional imaging 

techniques revealed additional lesions in these patients and no metastases were found 

during follow-up. A total of 42 additional sites of disease were seen on PET/CT scans in 

25 patients. The distribution of additional lesions discovered by PET/CT scans is shown 

in Tables 2 and 3.

Eight additional lesions in eight patients, as seen on PET/CT, could not be confirmed by 

additional imaging, biopsy, and follow-up and were considered false positive. In five 

cases the presence of metastatic disease or a further primary malignancy was falsely 

assessed by PET/CT, suggesting liver metastases in two patients, a pulmonary malignancy 

in one patient, a bone metastasis in one patient, and a suspect thyroid lesion in one 

patient. In the remaining three patients, PET/CT was false positive for a specific additional 
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lesion (two lesions in the liver and one bone metastasis in the thoracic spine), but these 

false positive findings were clinically less important since metastatic disease in these 

patients had already been established by the same PET/CT because of proven additional 

metastatic lesions elsewhere (a liver metastasis in one patient and a metastasis in the 

lung in two patients). 

Of 34 confirmed additional lesions in 20 patients, metastatic disease or a new primary 

malignancy was confirmed with histopathology in seven patients and with additional 

imaging procedures (MRI or CT) in thirteen patients. Twelve of these lesions in six patients 

had been visualized with conventional imaging techniques, but 22 lesions in 16 patients 

were only seen with PET/CT and additional targeted imaging afterwards. Of these 22 

lesions, eight were confirmed with histopathology and fourteen with CT and/or MRI. 

PET/CT visualized 16 lesions suspect for bone metastases. Two of these lesions in two 

patients were found to be false positive and fourteen lesions in seven patients were 

confirmed to be metastases, of which 10 were lytic and 4 were sclerotic. Figure 1 shows 

the detection of both sclerotic and lytic bone metastases with PET/CT.

In 129 (84%) patients the staging PET/CT scan showed no additional distant lesions. 

Conventional staging techniques and follow-up (median 9.0 months, range 6.6-24.6 

months) showed no missed metastases.

Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy 

of FDG PET/CT in the detection of additional lesions were 100% (20/20), 96% (129/134), 

80% (20/25), 100% (129/129), and 97% (149/154), respectively. Table 4 shows a cross-table 

of the presence of additional lesions and detection with PET/CT. 

Conventional imaging

With conventional staging techniques, 12 of 34 confirmed lesions were visualized (one 

lung metastasis, two liver metastases, and nine bone metastases). Bone scintigraphy 

showed suspect bone lesions in 20 patients. Additional imaging (CT, MRI, and/or PET/

CT) and/or biopsy verified the presence of bone metastases in 4 patients (20%), resulting 

in false positive findings in 16 patients (80%). Moreover, bone metastases in 3 (43%) of 7 

patients could not be detected with bone scintigraphy. Liver metastases were seen with 

ultrasound in two patients. No metastases were seen nor missed in the remaining 152 

patients. 

Table 2  Suspect additional lesions as seen on PET/CT.

Type of suspect additional lesion Number Regions

Lymph nodes 7 Mediastinal 5, neck 1, abdominal 1

Bone 16 Spine 6, rib 1, pelvis 6, extremity 3 

Lung 5

Abdomen 8 Liver 6, adrenal gland 2

New primary 6 Colon 2, ovarium 1, thyroid gland 3

Total 42
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Chest radiographs showed a suspect lung lesion in one patient. This lesion was seen on 

PET/CT as well and was confirmed with a diagnostic, high-resolution CT scan. Chest 

radiographs missed lung metastases in three patients and mediastinal lymph node 

metastases in five patients. A cross-table for the detection of bone metastases, liver 

metastases, and pulmonary or mediastinal lymph nodes with bone scintigraphy, 

ultrasound, and chest radiography is shown in Table 5.

Change in treatment

In 13 (8%) of 154 patients, treatment was changed based on the FDG PET/CT scan results 

and in 7 of them (5%) palliative treatment was given instead of treatment with curative 

intention: the radiation field was changed in three patients, an additional intervention 

was performed in four patients with a new primary tumor (thyroidectomy, sigmoid 

resection, polypectomy, and ovariectomy), three patients underwent palliative 

radiotherapy for bone metastases, and four patients received palliative systemic therapy. 

Figure 2 shows a patient with multiple metastases as detected with PET/CT, whereas 

conventional imaging techniques showed no suspect lesion.

Figure 1 Low dose CT images (a, c) and fused axial PET/CT images (b, d) showing a lytic bone metastasis in 
the 5th lumbar vertebra (a, b) and a sclerotic bone metastasis in the 10th thoracic vertebra (c, d)
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DISCUSSION

Previous studies have shown a relatively low performance of conventional imaging 

techniques for the detection of distant metastases in breast cancer patients with a 

sensitivity ranging from 36 to 60%.12-15,17 A possible explanation for this suboptimal 

performance is the fact that metastatic lesions might be too small to detect. Furthermore, 

conventional imaging techniques focus on particular organs, thereby possibly missing 

lesions in adjacent structures such as the mediastinum or adrenal glands. Finally, the 

interpretation of images is hindered by false positive (benign) lesions such as arthrosis 

(bone scintigraphy), cysts and haemangiomas (ultrasound of the liver), or inflammatory 

and degenerative processes (chest radiography). FDG PET is a molecular imaging 

technique with the opportunity to scan the total body. It monitors tissue glucose 

metabolism, thereby being able to detect small lesions because of their increased glucose 

metabolism.21-23 Subsequently, with the development of combined PET/CT scanners, 

more detailed anatomical localization and attenuation correction is made possible, 

resulting in substantially improved performance.24 

Distant metastases from breast cancer most frequently occur in the skeleton.25 Although 

the specificity of bone scintigraphy is low, it is the primary diagnostic tool to detect bone 

Table 4  Number of patients with presence or absence of additional lesions following conventional or additional 
imaging, biopsies, or follow-up and corresponding detection with PET/CT.

PET/CT positive PET/CT negative Total

Additional lesion 20 0 20

No additional lesion 5 129 134

Total 25 129 154

Table 5  Number of patients with additional distant lesions in bone, liver, lung, or mediastinum as discovered 
by PET/CT, additional imaging, or follow-up and corresponding detection with bone scintigraphy, ultrasound 
of the liver, and chest radiographs.

Distant metastases Bone scintigraphy positive Bone scintigraphy negative Total

Bone Present 4 3 7

Not present 16 131 147

Total 20 134 154

Ultrasound positive Ultrasound negative Total

Liver Present 2 0 2

Not present 0 152 152

Total 2 152 154

Chest radiograph positive Chest radiograph negative Total

Lung or Mediastinal Present 1 8 9

Not present 0 145 145

Total 1 153 154
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metastases. After the development of PET and PET/CT, however, it has been shown that 

PET and PET/CT are superior in the detection of osteolytic bone metastases.15,17 This has 

been studied mainly in non small cell lung carcinoma, a disease in which bone metastases 

are usually osteolytic.26,27 In breast cancer, due to the combination of osteolytic and 

sclerotic bone metastases, bone scintigraphy may remain of added value.28 In this study, 

however, we could not replicate this, because PET/CT was more successful in the 

detection of bone metastases showing both sclerotic and lytic bone metastases.

Ultrasound of the liver is considered an accurate procedure in the detection of liver 

metastases, but the low incidence of liver metastases and the combination of PET and 

CT may render it unnecessary.7,11,25 This study shows a low incidence of liver metastases 

and a good performance of ultrasound of the liver: liver metastases were detected in 

two patients (2%), whereas no missed metastases or false positive lesions were perceived. 

PET/CT detected these two lesions as well and did not miss any liver metastases, although 

we found a large false positive rate in the detection of liver metastases with PET/CT.

Pulmonary metastases are relatively rare, while mediastinal lymph node metastases occur 

more frequently.25 Sensitivity of chest radiographs in the detection of pulmonary and 

mediastinal metastases has been shown to be low,12,15 which is confirmed by our own 

Figure 2 PET/CT scan of a 48-year-old patient without additional lesions on conventional imaging techniques. 
The maximum-intensity-projection image is shown in figure a with corresponding axial fused PET/
CT images at the six arrows: large and multifocal primary tumor (b), multiple axillary and retropectoral 
lymph nodes (c), and lesions suspect for a bone metastasis in the 10th thoracic vertebra (d), a metastasis 
in the left adrenal gland (e), and a bone metastasis in the 5th lumbar vertebra (f) and the right femur 
(g). Lymph nodes were histopathologically confirmed, Magnetic Resonance Imaging and high-
resolution contrast-enhanced Computed Tomography depicted the metastases in the adrenal gland 
and bones as well
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results. An additional advantage of the PET/CT is the possibility to detect parasternal 

lymph nodes as well.29

Based on recent studies, the routinely use of PET/CT in staging primary breast cancer is 

not recommended.20-22 However, its use is justified and recommended for other purposes, 

since PET/CT has already shown its added value in the detection of (extra-) axillary lymph 

nodes 29-31 and, depending on further research, could also be of value in monitoring 

tumor response to neoadjuvant chemotherapy.32-37 

This study comprises the largest prospective cohort so far in a selected group of breast 

cancer patients. However, some limitations of our study should be acknowledged. First 

of all, the involved radiologists and nuclear physicians were not blinded for the cTN-stage 

of the patient, which was variable, possibly resulting in bias caused by a more accurate 

assessment in patients with a higher TN-stage. Moreover, investigators were not blinded 

for results of other diagnostic procedures. Blinding of observers, however, might even 

lead to a larger difference between PET/CT and conventional imaging, since PET/CT 

was performed as the first staging procedure in the majority of patients. Finally we did 

not perform a calculation on cost-effectiveness, since PET/CT is an expensive procedure. 

As compared to conventional imaging, a PET/CT scan costs approximately 5-10 times 

as much. However, we propose a strategy where PET/CT would exclude at least two 

(bone scintigraphy and chest radiography) and perhaps all three conventional diagnostic 

procedures. Furthermore, exact knowledge on the extent of the disease is of value for 

the patient as well as the treating physician and costs of an expensive, redundant 

treatment can be prevented in almost one tenth of patients. Also, as knowledge of the 

use of PET/CT in breast cancer patients increases, the diagnostic spectrum for the PET/

CT in this population may be extended, for example with response monitoring during 

systemic therapy.

For this study we chose an arbitrary minimal follow-up period of six months as a 

confirmation of absence of additional lesions. During part of this period patients in our 

population were treated with NAC. This might have biased our results, since PET/CT 

could have missed a small (micro)metastatic lesion that would not appear during follow-

up because of the protection of the systemic therapy. A longer follow-up will not change 

the positive predictive value and specificity, but extension of the follow-up duration 

might result in the detection of missed metastases, thereby decreasing the sensitivity 

and negative predictive value. However, if PET/CT would have missed one or two (micro)

metastatic distant lesions, sensitivity remains high. Furthermore, upon detection of a 

metastasis 2 years after the PET/CT, one could argue whether this metastasis was already 

present at the time of the PET/CT and should be considered as an occult metastasis 

missed by the PET/CT, or that it has originated after the PET/CT scan.

Although sensitivity is high and no additional lesions were missed, specificity and positive 

predictive value were not optimal. Use of PET/CT will lead to unfounded concern and 

patient distress because of false positivity in a minority of patients. Moreover, without 

confirmation of suspect lesions, potentially curative treatment could be falsely restrained. 

Therefore every suspect lesion on PET/CT should be confirmed, preferably with 

histopathological analysis.
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Also it should be stressed that our analysis on sensitivity and specificity is based on stage 

II and III breast cancer patients and should not be extrapolated to stage I or other lower 

risk populations.

In conclusion, this study shows that 18F-FDG PET/CT has a good sensitivity and negative 

predictive value in the detection of additional lesions in primary stage II and III breast 

cancer eligible for NAC. PET/CT discovered a significant number of additional lesions, 

of which the majority was not detected when using conventional imaging modalities. 

This resulted in a change in treatment in 8% of patients. We suggest that PET/CT could 

replace the conventional imaging techniques as primary staging procedure in patients 

with primary stage II and III breast cancer scheduled for NAC where available, especially 

since the diagnostic spectrum of PET/CT increases with the monitoring of neoadjuvant 

therapy in this group. However, because of the suboptimal specificity and positive 

predictive value, no change in treatment should result, unless the nature of the suspect 

lesions can be verified by microscopic examination.
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Purpose

Response monitoring with MRI during neoadjuvant chemotherapy (NAC) in breast 

cancer is promising, but knowledge of breast cancer subtype is essential. The aim of 

the present study was to evaluate the relevance of breast cancer subtypes for 

monitoring of therapy response during NAC with 18F-FDG PET/CT. 

Methods

Evaluation included 98 women with stage II-III breast cancer. PET/CTs were performed 

before and after six or eight weeks of NAC. FDG uptake was quantified using maximum 

standardized uptake values (SUVmax). Tumors were divided into three subtypes: 

HER2-positive, ER-positive/HER2-negative, and triple negative. Tumor response at 

surgery was assessed dichotomously (presence or absence of residual disease) and 

ordinally (breast response index, representing relative change in tumor stage). 

Multivariate regression and receiver operating characteristic (ROC) analyses were 

employed to determine associations with pathological response. 

Results

A (near) complete pathological response was seen in 19 (76%) of 25 HER2-positive, 

7 (16%) of 45 ER-positive/HER2-negative, and 20 (71%) of 28 triple negative tumors. 

Multivariate regression of pathological response indicated a significant interaction 

between change in FDG uptake and breast cancer subtype. The area under the ROC 

curve was 0.35 (0.12-0.64) for HER2-positive, 0.90 (0.76-1.00) for ER-positive/HER2-

negative, and 0.96 (0.86-1.00) for triple negative tumors. We found no association 

between age, stage, histology, or baseline SUVmax and pathological response. 

Conclusion

Response monitoring with PET/CT during NAC in breast cancer seems feasible, but 

is dependent on the breast cancer subtype. PET/CT may predict response in ER-

positive/HER2-negative and triple negative tumors, but seems less accurate in HER2-

positive tumors. 
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is the standard of care in locally advanced breast 

cancer and is increasingly applied in larger operable breast cancer or in node-positive 

disease.1 As compared with adjuvant chemotherapy, the administration of NAC results 

in similar disease-free and overall survival and in comparable local control.2,3 However, 

by reducing tumor load in the majority of patients, it results in a higher proportion of 

breast-conserving treatment and may allow surgery in patients who are deemed to be 

inoperable.2,4

Breast cancer is a heterogeneous disease comprising various subtypes with different 

prognoses. NAC offers an excellent platform for translational research in this context, 

since the molecular characteristics of the individual tumors can be directly related to 

sensitivity and resistance for NAC. Based on immunohistochemistry, three different 

subtypes can be distinguished: human epidermal growth factor receptor 2 (HER2)-

positive, estrogen receptor (ER)-positive/HER2-negative, and triple negative. These 

subtypes exhibit different behavior regarding response to chemotherapy 5 and prognosis.6,7 

The presence of tumor cells in the surgery specimen following NAC has been associated 

with an unfavorable prognosis, thereby emphasizing the need for individualized 

chemotherapy and achieving a complete pathological response (pCR) of the primary 

tumor.8,9 

NAC provides an opportunity to monitor treatment response as well. In case of an 

unfavorable response, there is the possibility to switch the chemotherapeutic regimen 

or perform early surgery. This could prevent patients from experiencing unnecessary 

further drug toxicity. Further, randomized controlled trials, performing response 

assessment with clinical examination and ultrasound, have shown potential benefit of 

modifying therapy in both responders and non-responders regarding pCR and survival.10-12 

These findings substantiate the need for accurate response prediction during NAC.

A recent review by Marinovich et al concluded that response monitoring with magnetic 

resonance imaging (MRI) during NAC is promising, although there is lack of 

standardization.13 If response during NAC is monitored with MRI, knowledge of the breast 

cancer subtype is important; MRI response monitoring during NAC seemed accurate in 

HER2-positive and triple negative disease, but was less accurate in ER-positive/HER2-

negative breast cancer.14

The value of positron emission tomography with integrated computed tomography (PET/

CT) using 18F-fluorodeoxyglucose (FDG) in breast cancer has been studied extensively 

in recent years. Several studies have reported diverse behavior of different types of breast 

cancer regarding visualization and quantification of FDG uptake, with a higher degree 

of FDG uptake in tumors with an unfavorable prognosis.15,16 Studies regarding the use of 

PET/CT during NAC to monitor response have shown promising results,17-21 but up till 

now only one paper differentiates between clinical subtypes.22 The aim of the present 

study was to evaluate the relevance of breast cancer subtype on PET/CT markers for 

monitoring of therapy response during NAC. 
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PATIENTS AND METHODS

Patients

Patients with primary invasive breast cancer >3 cm and/or at least one tumor-positive 

node receive NAC according to one of several prospective trials studying 

chemotherapeutic regimens.14 The N08-RMB trial, running since September 2008, is 

an additional imaging study that evaluates the value of FDG PET/CT for response 

monitoring during NAC. Patients with two PET/CT examinations, one before and a 

second during NAC (after 6 weeks or, in case of HER2-positivity, 8 weeks), quantifiable 

tumor FDG uptake, and undergoing surgery after NAC were included in this analysis. 

The institutional review board approved this study and informed consent was obtained 

from all patients.

Histopathological analysis

A core biopsy from the primary tumor was used to determine the histological type and 

to perform immunohistochemical stainings. An experienced consultant breast pathologist 

(J.W.) revised all biopsies. Samples were scored as positive for ER or progesterone 

receptor (PR) by immunohistochemistry (IHC) when at least 10% of the tumor cells 

showed staining. Samples were scored as HER2-positive when either a strong membrane 

staining (3+) could be observed by IHC or if chromogenic in situ hybridization revealed 

amplification of HER2 in samples with moderate (2+) membrane staining at IHC. Grade 

was determined using modified Bloom-Richardson criteria. Ki-67 was considered to 

indicate high proliferation when ≥15% of cells showed positivity.

Treatment

Patients with HER2-negative tumors were generally treated with six courses of 

cyclophosphamide (600 mg/m2) and doxorubicin (60 mg/m2) (AC), administered in a 

dose-dense schedule (every two weeks). Conform institutional guidelines, based on 

consensus in a multidisciplinary meeting, chemotherapy could be switched to a 

(hypothetically) non-cross-resistant regimen (CD; capecitabine 2x daily 850mg/m2 orally 

on days 1-14 and docetaxel 75 mg/m2 IV on day 1). A switch was based on patient’s 

preference, drug toxicity, or MRI response monitoring.23 Further, inclusion of triple 

negative tumors in additional chemotherapeutic trials could lead to treatment 

modification (CTC, cyclophosphamide 3000 mg/m2, thiotepa 250 mg/m2, carboplatin 

400 mg/m2). Patients with HER2-positive tumors were treated with a trastuzumab-based 

regimen consisting of paclitaxel (70 mg/m2), trastuzumab (2 mg/kg), and carboplatin 

(AUC=3 mg.ml-1.min) in three courses of 8 weeks (PTC). In week seven and eight of each 

course only trastuzumab was given. After the last course of chemotherapy, all selected 

patients underwent breast-conserving surgery or mastectomy based on post-

chemotherapy MRI evaluation.
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18F-FDG PET/CT

Patients were prepared with a six-hour fasting period. Blood glucose levels were required 

to be <10 mmol/l. An FDG dose of 180-240 MBq was given intravenously, depending on 

body mass index. The PET/CT was acquired after a resting period of 60 ± 10 minutes 

using a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, USA). A PET scan 

(3.00 min per bed position) of the thorax was performed with the patient in prone 

position, with hanging breasts and the arms above the head, with image reconstruction 

to 2x2x2 mm voxels.24 PET acquisition was preceded by a low-dose CT (40 mAs, 2 mm 

slices). Subsequently, as a baseline staging procedure, a standard supine whole body 

PET/CT (1.30 min per bed position and 5.0 mm CT slices) was performed from the base 

of the skull to the upper half of the femora. During NAC, only the hanging breast PET/

CT was repeated for response monitoring using similar acquisition, time interval after 

FDG injection, and patient positioning as at baseline.

Image reading

A panel of experienced readers evaluated the images using orthogonal multiplanar 

reconstruction and simultaneous display of PET, CT, and fused PET/CT images. First 

the primary tumor was qualitatively assessed. Moderate or intense FDG uptake was 

considered sufficient for response monitoring with PET/CT. FDG uptake was measured 

using maximum standardized uptake values (SUVmax), obtained by generating a 3D 

region of interest (ROI) based on region-growing procedures.25 In case of a low tumor-

to-background ratio, rendering an automated ROI generation unreliable, the SUV was 

derived from a manually drawn 3D volume of interest. In case of a complete metabolic 

response on second PET/CT (increased FDG uptake at baseline, no increased FDG 

uptake on the second scan), the same ROI location of the PET/CT at baseline was used 

for calculation of SUVmax (i.e. background value in the breast at the site of the tumor). 

Relative changes in SUVmax between both PET/CTs were calculated for analytic 

purposes. 

Response assessment of the primary tumor

One breast consultant pathologist (J.W.) reviewed all surgery specimens regarding 

pathological response. A pCR was defined as complete absence of residual tumor cells 

at microscopy, irrespective of carcinoma in situ. The presence of a small number of 

scattered tumor cells was classified as near-complete remission (near pCR). All tumors 

showing progression, stable disease, or a partial response to NAC were classified as 

residual disease. Axillary response was not evaluated.

In addition, the breast response index (BRI) was used, which is an ordinal scale, derived 

from the change in T-stage before treatment (on imaging) to the T-stage at final 

pathological assessment.26 One point is awarded for each transition in T-stage, except 

for the change from T1 to T0. One extra point is given for near-complete response, two 

extra points for complete response. The BRI is calculated by dividing the accumulated 

points by the maximum number of achievable points, resulting in scores between 0 (no 

response) and 1 (complete response). 
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Statistical analysis

Since the aim of this study was to differentiate between high and low sensitivity to 

chemotherapy, tumors with near pCR were included in the group of no residual disease 

at pathology for analytic purposes (i.e., ‘(near)pCR’). A second analysis is performed with 

pCR only as a reference. Logistic regression and mixed-effect logistic regression were 

used to model dichotomous pathological response and BRI, respectively. For BRI we 

assume, for each patient, a binomial distribution where a success is a reduction in the 

T-stage. Univariate regression including either the log-transformed baseline FDG uptake 

or log-transformed FDG uptake ratio (i.e. transformed relative change), as fixed effects, 

assessed PET-response association. In addition, pairwise interactions with change in FDG 

uptake and other factors were tested: baseline FDG uptake, age, tumor grade (1-2 vs 3), 

stage, histology (ductal vs other), and clinical subtype (HER2-positive, ER-positive/HER2-

negative, and triple negative). Significant interactions were confirmed in multivariate 

models (adjusting for other factors). No imputation was performed, patients with missing 

grade status were allocated a separate level. A level of 0.05 was taken as significance 

and no adjustments were made for multiple testing. Receiver operating characteristic 

(ROC) analysis was used to calculate the area under the ROC curve (ROC-AUC) for 

different cohorts. Confidence intervals of the ROC-AUC were determined using a 

bootstrap with 500 replicates. 

RESULTS

Since September 2008 a total of 185 breast cancer patients underwent baseline PET/CT 

before treatment with NAC. Due to insufficient FDG uptake PET/CT response monitoring 

was impossible in ten (5%) of them. Of the remaining 175 patients, 58 did not give 

informed consent for PET/CT response monitoring. Of 117 patients, the second PET/CT 

was not performed in 16 of them, whereas in 3 patients it was performed at a different 

time-point during NAC. We included a total of 98 patients in this study. Baseline 

characteristics are presented in Table 1. A pCR was found in 17 (68%) of 25 HER2-positive, 

5 (11%) of 45 ER-positive/HER2-negative, and 17 (61%) of 25 triple negative tumors. A 

(near)pCR was observed in 19 (76%) HER2-positive, 7 (16%) ER-positive/HER2-negative, 

and 20 (71%) triple negative tumors (Table 2).

We found no association between pathological response and SUVmax at baseline (p=0.14 

for (near)pCR, p=0.09 for pCR), but we did find an association between the change in 

SUVmax and pathological response (p<0.0001 for (near)pCR, p<0.0001 for pCR). For 

(near)pCR the ROC-AUCs for baseline FDG uptake and change in FDG uptake were 0.57 

(95% confidence interval [CI] 0.45-0.69) and 0.79 (95% CI 0.70-0.88), respectively. For 

pCR only the ROC-AUCs were almost unchanged: baseline FDG uptake 0.58 (95% CI 

0.46-0.69), change in FDG uptake 0.77 (0.68-0.87).

Table 3 presents the tests of interaction between factors and change in FDG uptake, with 

either dichotomous response (logistic regression) or BRI (mixed logistic regression) as 

the outcome. These indicate that there was a strong statistically significant interaction 
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with clinical subtype and moderate significant interactions with age, grade, and baseline 

FDG uptake. Both grade and baseline FDG uptake were significantly associated with 

clinical subtype (see Table 2; both p<0.0001), while age was not (p=0.38). Including each 

pairwise interaction with change in FDG uptake along with the interaction between 

subtype and change in FDG uptake indicated that these moderate interactions provided 

no additional value in predicting response (age p=0.58, grade p=0.36, baseline FDG 

uptake p=0.20).

The final multivariate logistic regression models are shown in Table 4, indicating no 

significant associations of age, stage, and histology with pathological response. A 

significant association was found for change in FDG uptake and clinical subtype. The 

occurrence of response was independent of change in FDG uptake in HER2-positive 

patients, while for both ER-positive/HER2-negative and triple negative cohorts the 

occurrence of response increased with greater decreases in FDG uptake (relative to 

baseline uptake rates). Figure 1 depicts pathological response in relation to the change 

in FDG uptake for the entire cohort and the three different subtypes. ROC curves, 

presented in Figure 2, demonstrated good discrimination of response by change in FDG 

uptake in ER-positive/HER2-negative and triple negative tumors with an ROC-AUC of 

0.90 (95% CI 0.76-1.00) and 0.96 (95% CI 0.86-1.00), respectively. Since the slope of 

HER2-positive tumors in Figure 1 was slightly positive and results are presented as subsets 

of the complete group (in which the slope was negative), the ROC curve of HER2-

Table 1  Baseline characteristics of 98 patients.

Age (years)

  Median 47

  Range 25-68

T-stage prior to NAC (MRI)

  T1 8

  T2 59

  T3 24

  T4 7

N-stage prior to NAC (FNA/SLNB)

  N0 14

  N1 57

  N2 2

  N3 25

Multifocal or multicentric (MRI) 33

Clinical subtype

  HER2-positive 25

  ER-positive/HER2-negative 45

  Triple negative 28

Abbreviations: T-stage, tumor stage; NAC, neoadjuvant chemotherapy; MRI, magnetic resonance imaging; 
N-stage, locoregional lymph node stage; FNA, fine needle aspiration; SLNB, sentinel lymph node biopsy; HER2, 
human epidermal growth factor receptor 2; ER, estrogen receptor.
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negative tumors was reversed as compared with the other ROC curves. The ROC-AUC 

for HER2-positive tumors was 0.35 (95% CI 0.12-0.64). ROC-AUCs for pCR only were 

0.91 (95% CI 0.77-1.00) for ER-positive/HER2-negative, 0.85 (95% CI 0.68-1.00) for triple 

negative, and 0.41 (95% CI 0.16-0.76) for HER2-positive tumors (Figure 3).

Table 2  pathological and imaging characteristics per subtype.

HER2-positive 
(n=25)

ER-positive/
HER2-negative (n=45)

Triple negative 
(n=28)

Histology

  Invasive ductal carcinoma 21 (84%) 41 (91%) 27 (96%)

  Invasive lobular carcinoma 4 (16%) 4 (9%) 0

  Adenocarcinoma NOS 0 0 1 (4%)

ER

  Negative 16 (64%) 0 28 (100%)

  Positive 9 (36%) 45 (100%) 0

Grade

  1 0 4 (9%) 0

  2 9 (36%) 29 (64%) 1 (4%)

  3 12 (48%) 9 (20%) 25 (89%)

  Unknown 4 (16%) 3 (7%) 2 (7%)

SUVmax baseline

  Median 6 6.3 12

  Range 2.3-11 2.4-19 4.5-47

Chemotherapeutic regimen

  AC 0 29 (64%) 19 (68%)

  AC-CTC 0 0 4 (14%)

  AC-CD 0 15 (33%) 5 (18%)

  CD   0 1 (2%) 0

  PTC 25 (100%) 0 0

Complete metabolic response

  Yes 15 (60%) 10 (22%) 3 (11%)

  No 10 (40%) 35 (78%) 25 (89%)

Pathological response

  pCR 17 (68%) 5 (11%) 17 (61%)

  near pCR 2 (8%) 2 (4%) 3 (11%)

  Residual disease 6 (24%) 38 (84%) 8 (29%)

Abbreviations: HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; NOS, not otherwise 
specified; SUVmax, maximum standardized uptake value; AC, cyclophosphamide, doxorubicin; CTC, 
cyclophosphamide, thiotepa, carboplatin; CD, docetaxel, capecitabine; PTC, paclitaxel, trastuzumab, 
carboplatin; (near)pCR, (near) complete pathological response.
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Table 3  Tests of interactions between factors and change in SUVmax with either dichotomous (near) complete 
pathological response (logistic regression), complete pathological response (logistic regression), or BRI (mixed 
logistic regression) as the outcome variable.

(near)pCR (dichotomous)
p-value

pCR (dichotomous)
p-value

BRI (ordinal)
p-value

Age 0.11 0.06 0.06

Stage 0.20 0.72 0.19

Histology 0.71 0.78 0.82

Grade 0.05 0.08 0.02

Subtype 0.0001 0.004 0.0001

Baseline SUVmax 0.03 0.03 0.03

Abbreviations: BRI, breast response index; SUVmax, maximum standardized uptake value.

Figure 1 (near)pCR and breast response index (y-axis) in relation to the change in FDG uptake (x-axis) for the 
entire group and for the three subtypes separately. 

 Abbreviations: HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; BRI, breast 
response index; NRD, no residual disease (combination of complete and near complete response); 
RD, residual disease; FDG, fluorodeoxyglucose.
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DISCUSSION

This study demonstrates that the association between the change in FDG uptake during 

NAC and pathological response is dependent on the breast cancer subtype. Changes in 

FDG uptake during NAC correlated well with pathological response for ER-positive/

HER2-negative and triple negative tumors, but not for HER2-positive tumors. 

Numerous studies have shown that breast cancer is a heterogeneous disease. 

Classification according to the clinical subtype (HER2-positive, ER-positive/HER2-

negative, and triple negative) has gained widespread acceptance and has been shown 

to differ in presentation, response to treatment, and prognosis.5-7,27 The prognosis of 

Figure 2 Receiver operating characteristic curves on change in FDG uptake and (near)pCR for all patients and 
the three breast cancer subtypes separately. AUCs: all 0.79 (95% CI 0.70-0.88), HER2-positive 0.35 
(95% CI 0.12-0.64), ER-positive/HER2-negative 0.90 (95% CI 0.76-1.00), triple negative 0.96 (95% CI 
0.86-1.00).

 Abbreviations: HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; TPF, true 
positive fraction; TP, true positive; P, positive; FPF, false positive fraction; FP, false positive; N, negative; 
FDG, fluorodeoxyglucose; AUC, area under the curve; 95% CI, 95% confidence interval.
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HER2-positive tumors was initially poor, but has shown a marked improvement after the 

introduction of targeted HER2-therapy such as trastuzumab.28,29 ER-positive/HER2-

negative tumors, the most common subtype, tend to be less aggressive, but are also less 

responsive to NAC.5 Triple negative tumors are often very proliferative and bear the 

poorest prognosis, but frequently result in a high rate of response to systemic therapy.30 

In comparison with previous studies we found a relatively high proportion of pCR in the 

HER2-positive and triple negative tumors.5,14,21,28 The relatively small number of patients 

in these subgroups could partially explain this finding. Further, analyzed patients were 

included in currently active, prospective trials studying a two-week schedule instead of 

a three-week schedule. Also, some form of inclusion bias could have appeared, since 

patients with insufficient baseline FDG uptake were excluded from this analysis; however, 

this was only 5% of all patients.

Figure 3 Receiver operating characteristic curves on change in FDG uptake and pCR for all patients and the 
three breast cancer subtypes separately. 

 AUCs: all 0.77 (95% CI 0.68-0.87), HER2-positive 0.41 (95% CI 0.16-0.67), ER-positive/HER2-negative 
0.91 (95% CI 0.77-1.00), triple negative 0.85 (95% CI 0.68-1.00).
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PET/CT RESPONSE MONITORING: BREAST CANCER SUBTYPE

The administration of chemotherapy prior to surgery enables response assessment of 

the tumor to therapy. Moreover, if response of the tumor can be visualized during NAC, 

then the possibility of switching chemotherapy regimens in case of an unfavorable 

response becomes available.31 Loo et al have recently shown that response monitoring 

during NAC with MRI seems accurate in HER2-positive and triple negative breast cancer.14 

However, MRI seemed less reliable in ER-positive/HER2-negative tumors, usually 

comprising the largest subgroup.

Several articles have reported on the use of FDG PET and PET/CT in the prediction of 

response to NAC in breast cancer patients.17-21 Recently, Humbert et al published an 

article on the relevance of subtype in PET/CT response monitoring during NAC.22 They 

found that PET/CT was accurate in HER2-positive tumors, but inaccurate in triple negative 

tumors, which is exactly contrary to our findings. However, some differences in study 

designs are perceived: as compared with our study, they used PET without CT, scanned 

after the first cycle of chemotherapy, employed a longer time between injection and 

scanning, and used slightly different chemotherapeutic regimens in HER2-negative 

patients. Further, the results from our study are in accordance with a recent study by 

Groheux et al, which demonstrates accurate response prediction in triple negative 

tumors.21 Clearly, larger patient cohorts in further trials are needed to clarify this.

The number of patients in our study was too small for determination of cut-off points 

in predicting responders and non-responders. Therefore, for validation of ROC-AUCs 

and establishment of robust cut-off points, this study will be extended to a total of 300 

patients. However, the aim of the present study was to analyze the (potential) impact of 

breast cancer subtype on the discriminative value of PET/CT for response monitoring 

during NAC, not to provide monitoring guidelines. This finding is relevant since we now 

know that monitoring guidelines should be stratified according to breast cancer subtype.

Further, this study shows that PET/CT can predict pathological response, dependent on 

breast cancer subtype, after six or eight weeks. One of the focus points for future research 

on this topic should be the selection of an optimal time-point for PET/CT response 

monitoring.

Some studies suggest an association between the degree of baseline FDG uptake and 

final response rates.32 Although we could not confirm this (possibly due to the relatively 

small numbers of patients), we did find an interaction between change in FDG uptake, 

baseline FDG uptake, and pathological response. Because of the small size of different 

subgroups we could not analyze this interaction in detail, but an increased association 

between change in SUVmax and pathological response was found after exclusion of 

patients with low baseline FDG uptake. 

On the reasons for the inaccuracy of PET/CT in response monitoring of HER2-positive 

tumors can only be speculated. It is thought that anti HER2-therapy sensitizes the tumor 

for chemotherapeutic treatment by inhibiting HER2 signaling, but also through an 

immunologic mechanism, antibody-dependent cellular cytotoxicity (ADCC).33 Although 

the confidence interval was large, the slope of changes in FDG uptake in HER2-positive 

tumors and response to chemotherapy was slightly positive (see Figure 1) and the ROC 

curve was reversed (see Figure 2), thereby not excluding the possibility of an inflammatory 
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reaction and an initial rise in FDG uptake in responsive tumors. It is purely speculative, 

but the addition of trastuzumab could facilitate chemotherapeutic action by inducing 

an initial inflammatory response. If this were true, a rise in glucose uptake and increased 

SUVmax would be perceived in case of response to therapy. This inflammatory reaction 

and visualization with PET/CT has been described in ER-positive/HER2-negative tumors 

treated with hormonal therapy, but not in HER2-positive tumors during NAC.34,35

A previous study by de Ronde et al has shown that immunohistochemical and molecular 

subtyping show high concordance, with the exception of the HER2-positive (IHC) 

group.36 Also, previous analysis by our group has shown that these tumors show variable 

FDG uptake, confirming heterogeneity of this group.16 In the HER2-positive group, 

molecular subtyping or distinction between ER-positivity and –negativity might improve 

knowledge on the value of PET/CT in response monitoring. Unfortunately, microarray 

analysis was only available for a limited number of patients in our study group and the 

number of patients in the HER2-positive subgroup was too small for differentiation 

based on ER.

Finally, we cannot make a statement regarding the accuracy in HER2-positive disease 

on other time-points. Based on Figure 1, showing an initial increase in SUVmax in patients 

eventually achieving (near)pCR, it is unlikely that an early PET/CT for response monitoring 

would show a decrease in responders. However, a decrease may be perceived in 

responders if a PET/CT was performed after, for instance, twelve weeks (halfway NAC, 

which is the same time-point as in HER2-negative patients). 

FDG PET/CT is based on increased glucose uptake of tumors and shows the rate of 

metabolism, whereas MRI shows vascularization in response to injection with gadolinium. 

Based on these different mechanisms of visualization and the fact that the accuracy of 

these imaging devices differs according to the breast cancer subtype, there might be a 

complementary value of PET/CT and MRI. This may be particularly important for the 

ER-positive/HER2-negative tumors, for which response monitoring with MRI was shown 

to be less reliable,14 whereas our PET/CT results are quite encouraging. 

In conclusion, this study shows that response monitoring of breast cancer patients with 

PET/CT during NAC is dependent on the clinical subtype: response prediction may be 

accurate in ER-positive/HER2-negative and triple negative tumors, but seems less 

adequate in HER2-positive tumors. Robust cut-off points and the optimal time-point for 

FDG PET/CT for the prediction of responders and, probably most important, non-

responders will be calculated after inclusion of additional patients.
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Purpose

To investigate the value of combined primary tumor and axillary node response 

monitoring with sequential PET/CTs during neoadjuvant chemotherapy (NAC) for 

predicting pCR, taking the breast cancer subtype into account.

Methods

Two hundred and ninety PET/CTs were performed in consecutive 107 patients at 

baseline (PET/CT1, n=107), after two to three weeks of chemotherapy (PET/CT2, 

n=85), and after six to eight weeks (PET/CT3, n=98). The relative SUVmax change 

(from baseline) of the tumor, the lymph node, a combination of both (after logistic 

regression), and the change of the highest SUVmax per scan (either tumor or lymph 

node) were determined and their associations with complete pathological response 

of tumor and lymph node (pCR) after completion of NAC were assessed using receiver 

operating characteristic (ROC) analyses. 

Results

A pCR was seen in 17 (65%) HER2-positive, 1 (2%) ER-positive/HER2-negative, and 16 

(52%) triple negative tumors. The areas under the ROC curves (ROC-AUC) for the 

prediction of pCR in HER2-positive tumors with PET/CT at week 3 were 0.61 for the 

relative change in the tumor, 0.67 for the combination of the change in tumor and 

node, and 0.72 for the change of highest SUVmax per scan. At week 8 these were 

0.59, 0.42, and 0.64, respectively. In triple negative tumors the ROC-AUCs with PET/

CT at week 2 were 0.76, 0.84, and 0.76, respectively. At week 6 these values were 

0.87, 0.93, and 0.88, respectively.

Conclusion

In triple negative tumors a PET/CT after six weeks (three courses) appears optimally 

predictive of pCR; in HER2-positive tumors neither PET/CTs at week 3 nor at week 

8 seem useful. A combination of the change in SUVmax of both breast and axilla 

correlates best with pCR.
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INTRODUCTION

Primary systemic therapy or neoadjuvant chemotherapy (NAC) is increasingly employed 

in the treatment of breast cancer.1 Compared with adjuvant chemotherapy, treatment 

with NAC resulted in similar survival.2 A major advantage of NAC is a reduction in tumor 

size. As a result, more patients can be offered breast-conserving surgery and initially 

unresectable tumors may become operable.3,4 Another advantage of NAC is the possibility 

to monitor response to chemotherapy. Complete absence of tumor cells in the surgery 

specimen (complete pathological response, pCR) of breast and axilla is associated with 

a favorable prognosis and is regarded as a highly desirable outcome of NAC, particularly 

in triple negative and human epidermal growth factor receptor 2 (HER2)-positive tumors.5 

Response monitoring during NAC provides an opportunity to switch the chemotherapeutic 

regimen in an attempt to increase pCR rates in cases of an unfavorable response.6 

Magnetic resonance imaging (MRI) for response monitoring has been shown to be 

valuable, but is dependent on the breast cancer subtype.7 As MRI visualizes anatomical 

change that requires time to occur, it is not particularly effective after only one course 

of chemotherapy.

The use of 18F-fluorodeoxyglucose (FDG) positron emission tomography with computed 

tomography (PET/CT) is valuable for regional and distant staging in breast cancer.8-10 

Further, several studies have reported promising results for the prediction of pCR to NAC 

with PET/CT.11-17 We and others have demonstrated that the accuracy of PET/CT response 

monitoring during NAC depends on the breast cancer subtype.18,19

Since sequential PET/CTs visualize the change in glucose metabolism of the tumor, it is 

hypothesized that response prediction with PET/CT could be performed early. This has 

been demonstrated previously, in some trials already after the first course of NAC.13,14,16,19 

Accurate prediction of response to NAC at an early time-point is highly desirable, since 

administration of ineffective treatment can be limited and unnecessary drug toxicity may 

be decreased.20 Furthermore, more courses of effective chemotherapy can be 

administered before surgery, increasing the likelihood of achieving a pCR and possibly 

avoiding the necessity of adjuvant chemotherapy. As patient series reported in the 

literature have been relatively small and/or heterogeneous, no robust cut-off point for 

the selection of responders or non-responders has been established yet.17 In addition, 

the optimal time-point for response monitoring with PET/CT remains unknown, since 

most recent studies performed only a single PET/CT during NAC for response 

prediction.15,16,19 

PET/CT visualizes both the breast and the axilla, enabling response monitoring of primary 

tumor as well as lymph node metastases. Response monitoring of primary tumor or axilla 

with PET/CT has been studied separately, but the combination of breast and axilla and 

its association with pCR of both breast and axilla has not been described.11-17,19,21

The aim of this analysis was to assess the accuracy of sequential PET/CTs early during 

NAC to detect response in relation to breast cancer subtype. We emphasized on the 

value of combined breast and axilla response monitoring for prediction of pCR of breast 

and axilla.
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PATIENTS AND METHODS

Patients

Patients with invasive breast cancer >3cm and/or at least one tumor-positive axillary 

node (stage II-III breast cancer) received NAC in our institute within one of several 

prospective trials studying different chemotherapeutic regimens.7 Since September 2008 

patients were recruited for an additional imaging study, assessing the value of PET/CT 

for response monitoring during NAC. Patients with at least two PET/CT examinations 

(one at baseline and one during NAC), quantifiable tumor FDG uptake at baseline, and 

undergoing surgery after NAC were included in this analysis. The institutional board 

approved this study and informed consent was obtained from all patients.

Histopathological analysis

Core biopsies from the primary tumor were used for determination of the histological 

type, grade, and for immunohistochemical stainings. Estrogen receptor (ER) and 

progesterone receptor (PR) were considered positive when at least 10% of tumor cells 

showed staining. Samples were scored as HER2-positive when either a strong membrane 

staining (3+) was observed or if chromogenic in situ hybridization revealed amplification 

in samples with moderate (2+) membrane staining. Tumors were classified in three groups 

according to their receptor status: HER2-positive, ER-positive/HER2-negative, and triple 

negative. Grade was determined using modified Bloom-Richardson criteria. 

Treatment

Neoadjuvant chemotherapy was administered as previously described.7,18 Briefly, HER2-

positive tumors were treated with paclitaxel, trastuzumab, and carboplatin (PTC), 

administered weekly in three cycles of eight courses.22 In weeks seven and eight of each 

cycle only trastuzumab was given. HER2-negative tumors were treated with six courses 

of cyclophosphamide and doxorubicin (AC) in a dose-dense schedule (every two weeks). 

Conform institutional guidelines, based on consensus in a multidisciplinary meeting, 

chemotherapy could be switched to a (hypothetically) non-cross-resistant regimen 

(two-weekly capecitabine and docetaxel; CD). A switch was based on patient’s preference, 

drug toxicity, or MRI response monitoring.23 Further, inclusion of triple negative tumors 

in chemotherapeutic trials could lead to treatment modification (cyclophosphamide, 

thiotepa, and carboplatin; CTC). 

PET/CTs were performed at baseline in all patients, after three and eight courses in 

HER2-positive tumors (after three and eight weeks), and after one and three courses in 

HER2-negative tumors (after two and six weeks). After NAC, all patients underwent 

breast-conserving or ablative surgery and a lymph node dissection in case of initial 

node-positivity.

18F-FDG PET/CT

After preparation with a six-hour fasting period and with a blood glucose level <10 

mmol/l, an FDG dose of 180-240 MBq was given intravenously, depending on body mass 
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index. Using a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, USA), a PET/

CT was acquired after a resting period of 60 ± 10 min. A PET scan (3.00 min per bed 

position) of the thorax was performed with the patient in prone position, with hanging 

breasts and the arms above the head, with image reconstruction to 2x2x2 mm voxels.24 

PET acquisition was preceded by a low-dose CT (2 mm slices). Subsequently, as a staging 

procedure, a standard supine whole body PET/CT was performed.8 During NAC only the 

hanging breast PET/CT was repeated for response monitoring using similar time interval 

after FDG injection, patient positioning, and acquisition as at baseline. 

Image reading

A panel of three experienced reviewers (BK, WV, RVO) evaluated the images. FDG uptake 

was measured with maximum standardized uptake values (SUVmax), obtained by 

generating a 3D region of interest (ROI) based on region-growing procedures.25 In case 

of low tumor-to-background ratio, rendering an automated ROI generation unreliable, 

the SUV was derived from a manually drawn 3D volume of interest. In case of a complete 

metabolic response on the second or third PET/CT, the same ROI location of the PET/

CT at baseline was used for calculation of SUVmax (i.e. background value in the breast 

at the site of the tumor). 

Response assessment of the primary tumor

One consultant breast pathologist (JW) revised all surgery specimens regarding 

pathological response. Tumor response was assessed dichotomously. A pCR was defined 

as complete absence of residual tumor cells in the breast and the axilla, irrespective of 

the presence of in situ carcinoma. All specimens involving residual vital tumor cells (either 

in the breast or the axilla), including patients with only a few scattered cells (i.e., “near 

complete response”), were defined as incomplete remissions (non-pCRs).

Statistical methods

Accuracy of response assessment of final pathological response by PET/CT2 and PET/

CT3 was assessed using four receiver operating characteristic (ROC) analyses. The first 

analysis assessed the value of the primary tumor SUVmax change. The second assessed 

the association between changes in SUVmax of axillary lymph nodes and response at 

final pathology in patients with FDG-avid tumor-positive nodes on PET/CT1. Patients 

without baseline axillary SUVmax data (based on tumor-negative nodes or false-negative 

axillary PET/CT) were excluded from this analysis. The third analysis combined SUVmax 

changes of the primary tumor and axillary node in a logistic regression, the linear 

predictor of which was entered into the ROC analysis. Finally, the highest SUVmax per 

scan (either in the tumor or in the lymph node) and its relative change during NAC were 

calculated as proposed in the PERCIST algorithm.26 The area under the ROC curve (ROC-

AUC) was calculated for the different cohorts. Confidence intervals (CI) were determined 

using the DeLong method 27 and presented as 95% confidence intervals.
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RESULTS

A total of 290 PET/CTs were performed in 107 stage II-III breast cancer patients; all 

patients underwent baseline PET/CT, 85 patients underwent a PET/CT after 2 to 3 weeks, 

and 98 patients underwent a PET/CT after 6 to 8 weeks. Baseline characteristics of the 

107 included patients are presented in Table 1. 

A pCR was found in 34 (32%) of 107 patients: 17 (65%) of 26 HER2-positive, 1 (2%) of 50 

ER-positive/HER2-negative, and 16 (52%) of 31 triple negative tumors (Table 2). Because 

only a single patient with an ER-positive/HER2-negative tumor achieved pCR, this group 

could not be analyzed in detail. 

HER2-positive disease

The ROC analysis for primary tumor SUVmax change at week 3 (after three courses) 

indicated a poor association with pCR, yielding an ROC-AUC of 0.61 (95% CI 0.33-0.89). 

This was 0.67 (0.43-0.92) for the combination of primary tumor and axilla SUVmax change 

(using a logistic model) and 0.72 (0.50-0.96) for the change in highest SUVmax values. 

The ROC-AUC for change in axillary SUVmax in patients with FDG-avid tumor-positive 

nodes was 0.74 (0.51-0.97). 

Table 1  Baseline characteristics of 98 patients.

Age (years)

  Median 47

  Range 25 - 68

T-stage prior to NAC (MRI)

  cT1 9 (8%)

  cT2 66 (62%)

  cT3 24 (22%)

  cT4 8 (7%)

N-stage prior to NAC (FNA/SLNB)

  cN0 18 (17%)

  cN1 61 (57%)

  cN2 2 (2%)

  cN3 26 (24%)

Multifocal or multicentric (MRI) 34 (32%)

Subtype

  HER2-positive 26 (24%)

  ER-positive/HER2-negative 50 (47%)

  Triple negative 31 (29%)

Abbreviations: NAC, neoadjuvant chemotherapy; MRI, magnetic resonance imaging; FNA, fine needle aspiration; 
SLNB, sentinel lymph node biopsy; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor.
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In general, ROC analyses of the week 8 scans (after 8 courses) generated relatively worse 

associations. The ROC-AUC for primary tumor SUVmax change was 0.59 (0.34-0.85) 

and was 0.42 (0.18-0.66) for the logistic model of primary tumor and axilla SUVmax 

change. They were 0.63 (0.36-0.89) for axillary SUVmax change and 0.64 (0.38-0.90) 

for the change in highest SUVmax values. ROC curves are presented in Figure 1.

Figure 1 PET/CT ROC analyses for breast (Breast) and axilla (Axilla) SUVmax change detecting pCR, the linear 
predictor of these two variables combined in a logistic regression (Logistic), and finally the change in 
the highest SUVmax (tumor or axilla) at each scan (Max) for HER2-positive tumors. The solid line 
presents the accuracy after 3 weekly courses in 21 patients (pCR n=14), whereas the dashed line 
presents the accuracy after 8 weekly courses in 25 patients (pCR n=17). Areas under the curves:

 PET/CT2:
 Breast: 0.61 (95% confidence interval (CI) 0.33-0.89)
 Axilla:  0.74 (0.51-0.97) (2 patients without PET/CT1 axillary data excluded)
 Logistic regression:  0.67 (0.43-0.92)
 Highest SUVmax: 0.72 (0.50-0.96)
 PET/CT3:
 Breast:  0.59 (95% CI 0.34-0.85)
 Axilla:  0.63 (0.36-0.89) (2 patients without PET/CT1 axillary data excluded)
 Logistic regression:  0.42 (0.18-0.66)
 Highest SUVmax:  0.64 (0.38-0.90)
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Triple negative disease

A more obvious discrimination of response with PET/CTs during NAC was found in triple 

negative tumors. The relative change in SUVmax of the primary tumor and axillary nodes 

on PET/CT at week 2 (after one course) generated an ROC-AUC of 0.76 (0.55-0.96) and 

0.74 (0.47-1.00), respectively, whereas the combination of primary tumor and axilla 

SUVmax change yielded an ROC-AUC of 0.84 (0.65-1.00). The ROC-AUC for highest 

SUVmax change was 0.76 (0.56-0.97). 

Even more obvious associations of changes on PET/CT and pCR were found in triple 

negative tumors at week 6 (after three courses). The ROC-AUC for SUVmax change of 

primary tumor and axilla were 0.87 (0.73-1.00) and 0.86 (0.73-1.00), respectively. The 

change in highest SUVmax generated an ROC-AUC of 0.88 (0.74-1.00), increasing to 

0.93 (0.82-1.00) for the combination of primary tumor and axilla in a logistic model (see 

Figure 2).

ER-positive/HER2-negative disease

Since only a single patient achieved pCR of breast and axilla combined, we performed 

a limited sensitivity analysis to compare PET/CT2 and PET/CT3 in this subgroup with 

(near)pCR of the breast as a reference standard; this was achieved by 7 of 50 patients. 

Looking at the relative decrease in SUVmax of the primary tumor only, ROC-AUC was 

0.61 (0.37-0.86) for PET/CT2 and 0.87 (0.69-1.00) for PET/CT3 in predicting (near)pCR.
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Figure 2 PET/CT ROC analyses for breast (Breast) and axilla (Axilla) SUVmax change detecting pCR, the linear 
predictor of these two variables combined in a logistic regression (Logistic), and finally the change in 
the highest SUVmax (tumor or axilla) at each scan (Max) for triple negative tumors. The solid line 
presents the accuracy after 1 course (2 weeks) in 25 patients (pCR n=13), whereas the dashed line 
presents the accuracy after 3 courses (6 weeks) in 28 patients (pCR n=14). Areas under the curves:

 PET/CT2:
 Breast:  0.76 (95% CI 0.55-0.96)
 Axilla:  0.74 (0.47-1.00) (8 patients without PET/CT1 axillary data excluded)
 Logistic regression:  0.84 (0.65-1.00)
 Highest SUVmax: 0.76 (0.56-0.97)
 PET/CT3:
 Breast:  0.87 (95% CI 0.73-1.00)
 Axilla:  0.86 (0.73-1.00) (7 patients without PET/CT1 axillary data excluded)
 Logistic regression:  0.93 (0.82-1.00)
 Highest SUVmax:  0.88 (0.74-1.00)
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Table 2  ER-status, number of patients undergoing PET/CT2 and PET/CT3, and final pathological responses 
of primary tumor, axillary nodes, and primary tumor and axillary nodes combined, stratified by subtype.

HER2-
positive 
(n=26)

ER-positive/
HER2-negative 
(n=50)

Triple negative 
(n=31)

Total
(n=107)

ER

  Negative 16 (62%) 0 31 (100%) 47 (44%)

  Positive 10 (38%) 50 (100%) 0 60 (56%)

PET/CT2 performed

  No 5 (19%) 11 (22%) 6 (19%) 22 (21%)

  Yes 21 (81%) 39 (78%) 25 (81%) 85 (79%)

PET/CT3 performed

  No 1 (4%) 5 (10%) 3 (10%) 9 (8%)

  Yes 25 (96%) 45 (90%) 28 (90%) 98 (92%)

Chemotherapy

  AC 0 31 (62%) 22 (71%) 53 (50%)

  CD 0 1 (2%) 0 1 (1%)

  AC-CD 0 18 (36%) 5 (16%) 23 (21%)

  AC-CTC 0 0 4 (13%) 4 (4%)

  PTC 26 (100%) 0 0 26 (24%)

Primary tumor

  No complete pathological response 9 (35%) 45 (90%) 12 (39%) 66 (62%)

  Complete pathological response 17 (65%) 5 (10%) 19 (61%) 41 (38%)

Axillary nodes

  No complete pathological response 3 (12%) 38 (76%) 13 (42%) 54 (50%)

  Complete pathological response 23 (88%) 2 (4%) 10 (32%) 35 (33%)

  cN0 before NAC 0 10 (20%) 8 (26%) 18 (17%)

Primary tumor and nodes combined

  No complete pathological response 9 (35%) 49 (98%) 15 (48%) 73 (68%)

  Complete pathological response 17 (65%) 1 (2%) 16 (52%) 34 (32%)

Abbreviations: HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; NOS, not otherwise 
specified; AC, cyclophosphamide and doxorubicin; CD, capecitabine and docetaxel; CTC, cyclophosphamide, 
thiotepa, and carboplatin); PTC, paclitaxel, trastuzumab, carboplatin.
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Figure 3 Scatter plots showing the relative change in highest SUVmax (tumor or node) and primary tumor size 
in HER2-positive (left column), ER-positive/HER2-negative (middle column), and triple negative (right 
column) tumors on PET/CT2 (upper row) and PET/CT3 (lower row). Non-responders (non-pCR) are 
indicated with a downwards triangle, responders (pCR) with a upwards triangle. 
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DISCUSSION

This study demonstrates that PET/CT response monitoring during NAC appears to be 

informative, depending on the breast cancer subtype. In HER2-positive tumors, 

associations between PET/CT2, PET/CT3, and pCR could not be demonstrated, but 

results were slightly better for PET/CT2 than for PET/CT3. In triple negative tumors pCR 

was more accurately predicted by PET/CT, with the largest discriminative power between 

pCR and non-pCR for PET/CT3. From this study no robust conclusions could be drawn 

regarding accuracy of PET/CT in predicting pCR of breast and axilla in ER-positive/HER2-

negative tumors. However, PET/CT3 seemed superior to PET/CT2 in predicting (near)

pCR. Further, this study suggests that a combined analysis of changes in SUVmax in the 

primary tumor and the axillary nodes improves the ability to discriminate early between 

tumors that will or will not achieve a pCR at final pathology.

Several studies have reported promising results for PET/CT response monitoring during 

NAC.11-17 Up until now, the studied series of patients have been heterogeneous; only two 

papers have made a distinction between the clinical subtypes.18,19 Whereas Humbert et 

al have reported accurate response prediction in 37 HER2-positive tumors and poor 

distinction in 25 triple negative tumors,19 we found the exact opposite; accuracy was 

high in triple negative tumors, but suboptimal in HER2-positive tumors.18 Several 

explanations may exist for these conflicting results: the differences in patient numbers, 

timing of the scan, chemotherapeutic regimens, patient preparation, or scan acquisition 

protocols may all contribute. In the present study, using pCR of breast and axilla as 

outcome instead of (near)pCR of the breast only, does not change our previous findings 

that PET/CT response monitoring appears accurate in triple negative tumors, but less 

accurate in HER2-positive tumors.18 Part of our findings have been corroborated by 

Groheux et al, demonstrating accurate identification of complete responders in triple 

negative tumors after two courses of NAC.15 

The optimal time-point for PET/CT response monitoring during NAC has not yet been 

established. Many studies have used one fixed time-point for response monitoring with 

PET/CT 11,15,16,19; only a few recent studies have performed sequential PET/CTs.14,28 In a 

recent meta-analysis Wang et al stated that early response monitoring (after 1 or 2 

courses) was more accurate than late (after 3 courses or later),17 although the latter 

consisted of end-of-treatment scans as well, which were generally less accurate. An 

important remark is that most studies used a chemotherapeutic regimen with four 

courses every three weeks.11-13,15,16,19,28 In our study, HER2-negative tumors were treated 

with a dose-dense schedule (every two weeks) and PET/CTs were performed after three 

courses (six weeks), which is the same relative time-point as after the second course in 

a three-week schedule. In HER2-positive tumors a relatively new schedule was used, 

consisting of weekly administrations of paclitaxel, trastuzumab, and carboplatin.22 

Some authors have stated that response monitoring could be performed after the first 

course.13,14,16,19 Our results suggest that the efficacy of PET/CT to monitor response in 

triple negative tumors after one course may be suboptimal in comparison with the 

performance after three courses (six weeks). In HER2-positive tumors the early PET/CT 
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seemed superior, although both PET/CT2 and PET/CT3 yielded poor to moderate 

associations.

Although detection of responders could be important for prognostication, it would also 

be valuable to detect non-responders at an early time-point. Our study shows that this 

is particularly useful with PET/CT3 in triple negative tumors (Figure 3). Changing the 

chemotherapy regimen at this point, based on the PET/CT response, could possibly lead 

to increased pCR rates (and improved survival).

A recently published large study by von Minckwitz and co-workers reported that a pCR 

in both breast and lymph nodes is a better discriminator between patients with favorable 

and unfavorable outcomes than a pCR or (near)pCR in the breast only.5 When using pCR 

of the breast only as outcome measure, further post-surgery adjuvant chemotherapy 

could still be considered in case of (extensive) nodal involvement after NAC. Based on 

our promising results regarding response monitoring in primary tumor as well as axillary 

nodes and the ability of PET/CT to visualize both regions in one scan, we hypothesized 

that assessment of FDG uptake in both breast and axilla would yield stronger associations 

with pCR in breast and axilla. Although the subgroups of breast cancer subtypes available 

for evaluation in this study were relatively small, we have shown the potential benefit of 

this combined approach. This might be a valuable addition to MRI response monitoring, 

in which axillary nodes are not adequately visualized.

It should be acknowledged that our results are preliminary findings from an early analysis. 

Even the relatively large patient group was insufficient to reveal some important aspects 

of response monitoring with PET/CT. The group of patients with ER-positive/HER2-

negative tumors undergoing PET/CT evaluation and achieving a favorable pathological 

response was too small for more advanced statistical analysis. Nevertheless, PET/CT 

response in this group was variable (Figure 3), enabling differentiation based on PET/CT 

information, perhaps with other reference standards (for instance, survival). Further, it 

appeared useful for predicting (near)pCR, particularly with PET/CT3.

Since patients with insufficient baseline FDG uptake were not included in this analysis, 

some form of inclusion bias might have occurred. However, our baseline analysis in this 

cohort of patients showed that FDG uptake was sufficient for response monitoring in 

the majority of patients (95%),29 thereby excluding only a very small number of patients 

(particularly from the ER-positive/HER2-negative group).

In conclusion, PET/CT response monitoring during NAC is informative, but its 

performance is heavily dependent on the breast cancer subtype. In triple negative tumors, 

a PET/CT after one course (two weeks) seems relatively accurate, but a PET/CT after 

three courses (six weeks) appears optimal for response assessment. For HER2-positive 

tumors, neither a PET/CT after three nor a PET/CT after eight weekly courses was found 

to be accurately associated with pathological response. A combination of the change in 

FDG uptake of breast and axilla had the strongest association with pCR.
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Purpose

To investigated the complementary value of positron emission tomography with 

computed tomography (PET/CT) and MRI in predicting pathological response during 

neoadjuvant chemotherapy (NAC) of breast cancer. Furthermore we studied the role 

of breast cancer subtype in this context.

Methods

An 18F-FDG PET/CT and an MRI were performed at baseline and during NAC. After 

NAC all patients underwent surgery. MRI interpretation included lesion morphology 

at baseline and patterns change in morphology, tumor size, and contrast uptake 

kinetics. The 18F-FDG maximum standardized uptake value (SUVmax) of the primary 

tumor was measured at baseline PET/CT and during treatment. Tumor response after 

surgery was classified as (near) complete pathological response ((near)pCR) or non-

complete response (non-pCR). The former was defined as complete absence of 

invasive residual tumor or only a small number of scattered tumor cells. The latter 

was defined as any residual invasive tumor that not satisfied the criteria for a (near)

pCR. Statistical analyses, including receiver operating characteristic (ROC) curves, 

with area under the curve (AUC), were employed to identify imaging factors associated 

with pathological response. 

Results

Forty-three of 93 patients (46%) achieved a (near)pCR. At multivariate analysis the 

following factors were significantly associated with pathological response: relative 

reduction in SUVmax on PET/CT, AUC: 0.78 (95% confidence interval (CI) 0.68-0.88), 

and relative reduction in largest tumor diameter of initial enhancement on MRI, AUC: 

0.81 (CI 0.72-0.91). The AUC increased to 0.86 (CI 0.79-0.94) in the final multivariate 

model with MRI and PET/CT combined, compared to PET/CT alone (p=0.044), and 

compared to MRI alone (p=0.096). We observed a dependency on breast cancer 

subtype, but limited statistical power disabled their incorporation in advanced analyses 

at this stage.

Conclusion

MRI and PET/CT show complementary potential to predict response during NAC, 

but more research in a larger group of patients is needed.
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is currently the standard treatment for locally 

advanced breast cancer. NAC has several advantages. First, by reducing the tumor load 

it may enable breast-conserving surgery (BCS) instead of mastectomy in about 16% of 

all patients.1 Second, monitoring of the treatment effect during NAC enables adaptations 

in cases of an unfavorable tumor response. Third, NAC offers an excellent platform for 

translational research, since the molecular characteristics of breast cancer can be directly 

related to chemo-sensitivity.

Results from several studies demonstrate superior disease-free survival in patients who 

achieve pathological complete response (pCR).2,3 This finding emphasizes the benefit of 

achieving pCR, particularly in triple negative and human epidermal growth factor receptor 

2 (HER2)-positive tumors.2 Response monitoring during treatment may distinguish 

between patients with a favorable and those with an unfavorable outcome. Early and 

accurate prediction of the response to NAC is desirable, since administration of ineffective 

treatment can be limited, unnecessary drug toxicity may be decreased, and more cycles 

of effective chemotherapy can be administered before surgery. Moreover, some studies 

suggest an improvement in outcome after treatment modification during NAC.4-6 

Dynamic contrast-enhanced magnetic resonance imaging (MRI) is frequently used to 

evaluate the treatment effect, but its predictive value is far from ideal and it performs 

particularly poorly in estrogen receptor (ER)-positive/HER2-negative disease.7-9 This 

limitation has led to the investigation of other imaging strategies. In that context the role 

of 18F-fluorodeoxyglucose (FDG) positron emission tomography with computed 

tomography (PET/CT) is subject of research. Up till now, promising but varying results 

have been reported.10-12 Furthermore, studied patient populations were relatively small 

and/or heterogeneous.

PET/CT visualizes the change in glucose metabolism, whereas contrast-enhanced MRI 

depicts changes in morphology and perfusion. Theoretically, this difference in 

visualization of underlying tumor function may provide complementary information to 

monitor tumor response when both modalities are combined. If this complementary 

value can be exploited effectively, new strategies can be developed to improve the 

accuracy of evaluating response during NAC. 

Previously, we have shown the value of breast cancer response monitoring using PET/

CT alone and MRI alone. Response monitoring was strongly dependent on breast cancer 

subtype in those reports.9,13,14 The aim of the present study was to investigate the 

complementary value of a combined use of PET/CT and MRI to monitor response during 

NAC. In line with our previous research we furthermore studied the role of breast cancer 

in this context.
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PATIENTS AND METHODS

Patient selection

Since September 2008 we consecutively included patients who were eligible for NAC, 

in a prospective single-institution NAC trial. In this trial different regimens of NAC and 

the role of breast imaging in this context were investigated. The patients were women 

with primary invasive breast cancer >3 cm and/or at least one tumor-positive node. The 

institutional review board approved this study and written informed consent was obtained 

from all patients.

Pre-treatment pathology

A core biopsy from the primary tumor was taken before NAC to determine the histologic 

type and to perform immunohistochemical staining. All biopsies were reviewed by an 

experienced breast pathologist (JW). Samples were scored as positive for estrogen 

receptor (ER) and progesterone receptor (PR) by immunohistochemistry (IHC) when at 

least 10% of the tumor cells showed staining. Samples were scored as HER2-positive 

when either a strong membrane staining (3+) could be observed by IHC or if chromogenic 

in situ hybridization revealed amplification of HER2 in samples with moderate (2+) 

membrane staining at IHC. We categorized breast cancer subtypes into HER2-positive 

(ER and PR may be positive or negative), ER-positive/HER2-negative-, and triple negative 

(ER, PR-, and HER2-negative). Grade was determined using modified Bloom-Richardson 

criteria.15

Treatment

Patients with HER2-positive tumors were treated with a trastuzumab-based regimen 

consisting of paclitaxel, trastuzumab, and carboplatin (PTC) in three courses of 8 weeks. 

In week seven and eight of each course only trastuzumab was given. Patients with HER2-

negative tumors were treated with six courses of cyclophosphamide and doxorubicin 

(AC), administered in a dose-dense schedule (every two weeks). In case of an unfavorable 

response after three courses, chemotherapy was typically switched to a theoretically 

non-cross-resistant regimen consisting of capecitabine (twice daily on days 1-14) and 

docetaxel (on day 1) (CD).16 Courses were repeated every 3 weeks. After NAC, all patients 

underwent breast-conserving surgery or mastectomy.

PET/CT and MRI

Baseline and interim tumor response monitoring was done using MRI and PET/CT. Interim 

MRI and PET/CT were performed at the end of the first of three 8-week courses of 

primary chemotherapy for HER2-positive tumors after and 3 of 6 cycles of primary 

chemotherapy for HER2-negative tumors.

For PET/CT patients were prepared with a six-hour fasting period. Blood glucose levels 

were required to be <10 mmol/l. An FDG dose of 180-240 MBq was given intravenously, 

depending on body mass index. The PET/CT was acquired after a resting period of 60 

± 10 minutes using a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, USA). 
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With the patient in prone position a PET scan (3 min per bed position) of the chest was 

performed with image reconstruction to 2x2x2 mm voxels. PET acquisition was preceded 

by a low-dose CT (40 mAs, 2 mm slices). Subsequently, as a baseline staging procedure, 

a standard supine whole body PET/CT (1.30 min per bed position and 5.0 mm CT slices) 

was performed from the base of the skull to the upper half of the femora. During NAC, 

only the breast PET/CT was repeated for response monitoring using similar acquisition, 

time interval after FDG injection, and patient positioning as those used at baseline imaging.

A panel of experienced readers (BK, WV, and RVO) evaluated the images using orthogonal 

multiplanar reconstructions and simultaneous display of PET, CT, and fused PET/CT 

images. First, the primary tumor was qualitatively assessed. Moderate or intense FDG 

uptake was considered sufficient for response monitoring with PET/CT. FDG uptake was 

measured using maximum standardized uptake values (SUVmax), obtained by generating 

a 3D region of interest (ROI) based on region-growing procedures. In case of a low 

tumor-to-background ratio, rendering an automated ROI generation unreliable, the 

SUVmax was derived from a manually drawn volume of interest. In case of a complete 

metabolic response on the second PET/CT (increased FDG uptake at baseline, no 

increased FDG uptake on the second examination), the same ROI location of the PET/

CT at baseline was used for calculation of SUVmax (i.e., the background value in the 

breast at the original site of the tumor was taken). Relative changes in SUVmax between 

both PET/CTs were calculated for analytic purposes. 

MRI was performed with a 3.0-Tesla scanner (Achieva, Philips, Best, The Netherlands) 

using a dedicated 7-elements Sense breast coil. Both breasts were simultaneously imaged 

in prone orientation. An unenhanced coronal 3D thrive sense T1-weighed sequence was 

acquired before the administration of contrast agent. Subsequently, five consecutive 

series were acquired after the intravenous administration of contrast. A bolus (14 ml) of 

gadolinium containing contrast agent was administered intravenously at 3 mL/s using a 

power injector followed by a bolus of 30 ml of saline solution. These series were acquired 

with a voxel size of 1.1x1.1x1.1 mm. The following scanning parameters were used: 

acquisition time 90 s TR/TE: 4.4/2.3; flip angle 10O; FOV 360 mm. 

A viewing station that permitted simultaneous viewing of two series reformatted and 

linked in three orthogonal directions was used for the interpretation of the breast MRI. 

The viewing station displayed all image series (unenhanced and contrast enhanced), 

subtraction images at initial, and at late enhancement, and maximum intensity projection 

of both breasts. The subtraction images were also color coded, representing different 

rates and curve types of enhancement. The largest tumor diameter was assessed in the 

three reformatted planes (sagittal, axial and coronal) at initial and late enhancement. The 

results were reported by a radiologist experienced in breast MR imaging (CL). 

Post surgery pathology

All surgery specimens were reviewed by an experienced breast pathologist (JW). 

Pathological response to chemotherapy was assessed dichotomously (i.e., presence or 

absence of viable residual disease in the surgery specimen). Response at pathology was 

classified as (near) complete pathological response ((near)pCR) or non-complete 
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response (non-pCR). The former was defined as complete absence of invasive residual 

disease or only a small number of scattered tumor cells. The latter was defined as 

presence of vital invasive tumor cells. A pCR was defined as complete absence of residual 

invasive tumor cells at microscopy. Residual in situ carcinoma was not incorporated in 

the definition of residual disease. 

Statistics

Relative change in FDG-SUVmax was calculated using the equation: 

SUVmax interim PET/CT / SUVmax baseline PET/CT    x 100%
 SUVmax baseline PET

Relative change in size on MRI was calculated using the equation:

Largest diameter interim MRI / Largest diameter baseline MRI    x 100%
 Largest diameter baseline MRI

SPSS (version 20·0; SPSS Chicago, Ill) was used for all analyses. Univariate analyses were 

done using Student T-tests for normally distributed variables and Mann Whitney-U for 

the non-normally distributed ones. Multivariate binary logistic regression was performed 

using backward step-wise feature selection with probability to enter 0.05 and probability 

to remove 0.10. The following features were entered in the multivariate analysis: age, 

baseline SUVmax on PET/CT, baseline largest tumor diameter of initial and late 

enhancement on MRI, relative change in SUVmax on PET/CT, relative change in largest 

tumor diameter of initial and late enhancement on MRI. Receiver operating characteristics 

(ROC) curve analyses with area under the curve (AUC) measurement were employed to 

investigate associations between patients, tumor, and imaging characteristics and the 

tumor response at pathology after surgery. In addition these associations were studied 

separately for the different breast cancer subtypes.

RESULTS 

The mean age of the 93 women was 47.8 years. The vast majority of the tumors (91%) 

were invasive ductal cancers. The baseline characteristics of the cohort are presented 

in Table 1. Forty-three patients (46%) achieved a (near)pCR, whereas 50 (54%) had residual 

disease (non-pCR) (Table 2). There was a higher rate of (near)pCR in HER2-positive and 

triple negative tumors compared with ER-positive/HER2-negative tumors: 76%, 68% and 

13%, respectively (p<0.001) (Table 3). 
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Table 1  Baseline characteristics of 93 included patients. 

Age (years) 47.8 (25.8-68.1)

T-stage before NAC

  cT1 7

  cT2 58

  cT3 23

  cT4 5

N-stage before NAC

  cN0 13

  cN1 52

  cN2 2

  cN3 26

Histologic type

  Invasive ductal carcinoma 85

  Invasive lobular carcinoma 7

  Adenocarcinoma NOS 1

Type of lesion on MRI

  Mass 42

  Multifocal 28

  Diffuse 23

SUVmax on baseline PET/CT

  HER2-positive 6.0 (2.3-11.1)

  ER-positive/HER2-negative 6.2 (2.4-18.7)

  Triple negative 11.6 (4.5-47.3)

Clinical subtype

  HER2-positive 25

  ER-positive/HER2-negative 40

  Triple negative 28

Chemotherapy regimen

  AC 43

  PTC 25

  AC and CD 19

  AC and CTC 4

  AC and PTC 1

  CD 1

Data are presented as median (range) or number of patients. Abbreviations: T-stage, tumor stage; NAC, 
neoadjuvant chemotherapy; N-stage, locoregional lymph node stage; NOS, not otherwise specified; SUVmax: 
maximum standardized uptake value; HER2: human epidermal growth factor receptor 2; ER: estrogen receptor; 
AC: doxorubicin (adriamycin) and cyclophosphamide; CD: capecitabine and docetaxel; PTC: paclitaxel, 
trastuzumab, and carboplatin; CTC: carboplatin, thiotepa, and cyclophosphamide.
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At univariate analysis the following variables were significantly associated with absence 

of pCR: age (p=0.033), tumor subtype (p<0.001), relative reduction in SUVmax on PET/

CT (p<0.001), and relative reduction in largest tumor diameter on late and initial 

enhancement on MRI (both p<0.001) (Table 2). At multivariate analysis, relative reduction 

in SUVmax on PET/CT and relative reduction in largest tumor diameter of initial 

enhancement on MRI retained significant associations with (near)pCR. 

Twenty-three of 93 tumors (25%) had a reduction in largest diameter of initial 

enhancement of 75% or more on interim MRI. Twenty of these 23 tumors (87%) achieved 

a (near)pCR at pathology. These results and other percentage of tumor reduction on 

MRI for both initial and late enhancement are shown in Table 4.

In 21 of 58 tumors (36%) with a 50% reduction in SUVmax, residual disease was found at 

pathology. This fraction reduced to 5 of 19 tumors (26%), when an 80% reduction in 

SUVmax had been found (Table 5). The AUC was 0.78 (95% confidence interval (CI) 0.68-

0.88) for relative reduction in SUVmax on PET/CT and 0.81 (CI: 0.72-0.91) for relative 

reduction in tumor diameter of initial enhancement on MRI. This AUC increased to 0.86 

(CI: 0.79-0.94) in the final multivariate model with MRI and PET/CT combined (p=0.044 

compared with PET/CT, and p=0.096 compared with MRI).

In Figure 1 the relationship between relative changes in SUV max on PET/CT and relative 

changes in tumor largest diameter on MRI at initial enhancement with regard to pathology 

response is depicted. This is specified for the different breast cancer subtypes.

Table 2  Patient and imaging characteristics related to residual disease at pathology.

(near) pCR

No =50 Yes n=43 p-value

Mean SD Mean SD

Age (years) 48.8 10.1 44.2 10.3 0.033

SUVmax baseline PET/CT 8.3 5.3 10.5 8.6 0.29

LD tumor IE baseline MRI (mm) 49.2 27.8 47.2 23.8 0.696

LD tumor LE baseline MRI (mm) 42.2 23.5 40.0 19.7 0.629

Relative reduction SUVmax on PET/CT (%) 41.4 23.5 64.4 18.6 <0.001

Relative reduction LD tumor IE on MRI (%) 26.4 27.3 67.1 34.0 <0.001

Relative reduction LD tumor LE on MRI (%) 36.5 34.2 79.1 32.8 <0.001

Abbreviations: SD, standard deviation; LD, largest diameter; IE, initial enhancement; LE, late enhancement.

Table 3  Response at pathology in relation with breast cancer subtype (p<0.001).

Breast cancer subtype No
N=50

Yes
N=43

Total

HER2-positive 6 (24%) 19 (76%) 25

ER-positive/HER2-negative 35 (88%) 5 (13%) 40

Triple negative 9 (32%) 19 (68%) 28
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DISCUSSION

We explored the potential complementary value of contrast-enhanced MRI and PET/CT 

to monitor stage II-III breast cancer response to NAC. For this purpose, we identified 

features that were associated with pathological response after the completion of 

chemotherapy, the golden standard. At multivariate analysis, a large relative reduction 

in the largest tumor diameter at initial enhancement on MRI and a large relative reduction 

in SUVmax on PET/CT were independent markers for (near)pCR. A combination of these 

features in 93 patients led to an increased AUC of the ROC curves, suggesting an 

improved ability to differentiate between responders and non-responders during NAC. 

As described in the introduction of this paper, PET/CT visualizes the change in glucose 

metabolism, and MRI changes in morphology and perfusion. The rationale behind the 

possible complementary value of PET/CT and MRI is based on this knowledge. 

Several studies have been published recently with regard to PET/CT and MRI in the setting 

of NAC. These studies were focused on differences, rather than assessment of 

complimentary values.17-20 Moreover, studies were typically performed in relatively small 

patient groups. To our best knowledge no studies have been reported with a comparable 

design and size as the current study.

Table 4  Reduction largest diameter of enhancement on MRI in relation with response at pathology.

(near)pCR

MRI reduction LD IE no yes Total

≥25% 21 37 58

≥50% 9 32 41

≥75% 3 20 23

100% 3 18 21

MRI reduction LD LE

≥25% 28 37 65

≥50% 15 34 49

≥75% 8 30 38

100% 8 28 36

Abbreviations: LD, largest diameter; IE, initial enhancement; LE, late enhancement.

Table 5  Reduction of SUVmax on PET/CT in relation with response at pathology.

(near)pCR

PET/CT reduction SUVmax no yes Total

≥50% 21 37 58

≥60% 14 30 44

≥70% 9 27 36

≥80% 5 14 19
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Controversies in NAC imaging studies

Some key issues in NAC imaging studies are currently under investigation. Lack of 

standardization across studies hampers generalization and comparison of study results. 

First, there is no consensus with regard to the optimal time point to perform the 

examination(s) during NAC. Usually, examinations are done at baseline, but the time 

points for the subsequent examination(s) vary: after the first cycle of NAC, halfway NAC, 

and sometimes after completion of NAC, shortly before surgery. The interim examinations 

in this study were done halfway the treatment.

Second, there is no consensus which threshold values should be employed using MRI 

or PET/CT to assess tumor response during NAC. The response criteria for solid tumor 

(RECIST) are widely applied to assess tumor response to therapy and recently the PERCIST 

Figure 1 Relationship between relative changes on PET/CT and MRI regarding pathological response for all 
cases and different breast cancer subtypes separately.
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was proposed for PET/CT monitoring.21,22 Criteria for the response monitoring in breast 

cancer are not yet standardized, mainly due to varied chemotherapeutic regimens and 

differences in time-points for response monitoring across studies. In the current study, 

we employed ROC analysis based on continuous values rather than choosing a specific 

threshold value on the ROC curve. An important reason for this choice is the relatively 

large confidence intervals associated with a specific choice of threshold given the 

number of cases. The area under the curve indicates, however, that PET/CT and MRI 

overall may provide complementary information.

Third, different endpoints are used, and different definitions of pCR are applied in NAC 

studies.7,23 An international panel of representatives of breast cancer clinical research 

groups recommended that pCR should be based on histopathological assessment, 

including absence of invasive cancer in both breast and lymph nodes.24 In a large pooled 

analysis von Minckwitz et al. demonstrated the importance of this definition with respect 

to the prognosis (depending on breast cancer subtypes) of patients treated with NAC.2 

In the current explorative research we primarily focused on the sensitivity of interim MRI 

and PET/CT to visualize changes in the primary tumor associated with response at 

pathology. A study involving monitoring of treatment response of lymph nodes and 

primary tumor using PET/CT and MRI may be an ideal setting to relate imaging findings 

to pCR (breast and lymph nodes). The application of PET/CT in the detection of lymph 

node metastases is reported in several studies, but is still subject of research.25-28 MRI is 

typically unable to visualize axillary lymph nodes effectively due to the design of the MR 

breast coils. Visualization of response of lymph nodes to chemotherapy using PET/CT 

is part of ongoing parallel research. 

Current limitations and research prospects

There is emerging evidence that breast cancer subtypes play an important role in the 

response prediction during NAC. Loo et al. reported relevance of subtype in the accuracy 

of MRI to monitor response during NAC.9 In recent studies Humbert et al and Koolen et 

al reported differences in SUV decrease on PET when stratifying for breast cancer 

subtype.13,29 Although the number of patients in our study was relatively high, stratification 

into subgroups of breast cancer subtypes did not yet allow firm statistical analysis to 

address the impact of breast cancer subtype on response monitoring with PET/CT and 

MRI. Particularly in the ER-positive/HER2-negative subgroup (the largest subgroup), the 

number of responders at final pathology was relatively small (5/40, 13%) (Table 3). 

Nevertheless our explorative analyses may generate hypotheses for promising further 

research. Figure 1 depicts that for some tumors response at pathology is associated with 

response at PET/CT, for others with response at MRI, and for still others with responses 

according to both modalities. Apparently this is a reflection of the differences in the 

underlying tumor functions and related subtypes that are affected by the treatment. With 

regard to breast cancer subtypes Figure 1D suggests that there is no (near)pCR when the 

decrease in SUVmax on PET/CT is smaller than about 40% in ER-positive/HER2-negative 

tumors, but due to the abovementioned small numbers of responders this finding need 

to be interpret with caution so far. 
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In this ongoing research we will expand the cohort to approximately 300 patients. The 

relevance of breast cancer subtype will then be studied more thoroughly in the context 

of the combined use of PET/CT and MRI. In our opinion the increase in AUC when 

combining PET/CT and MRI may become more explicit in this larger group of patients 

as well. Moreover the observed relationship between a good response at interim MRI 

and (near)pCR (Table 4) will be integrated in our future studies. We will also explore cut-

off values for SUVmax reduction on PET/CT, in both the breast and the lymph nodes, 

combined with cut-off values in size reduction on MRI, in more detail. These efforts may 

eventually lead to an improved patient-tailored treatment.

In this explorative analysis, the combined use of interim MRI and PET/CT showed 

potential to improve the ability to predict final tumor response at pathology during NAC. 

The exact merits of this combined use for different subtypes of breast cancer may 

become more apparent in a larger group of patients.
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Purpose

If all initially node-positive patients undergo axillary lymph node dissection (ALND) 

after neoadjuvant chemotherapy (NAC), overtreatment may occur in complete 

responders. PET/CT during NAC may predict axillary response and select patients 

appropriate for less invasive treatment after NAC. The aim of the present study was 

to evaluate the value of sequential 18F-FDG PET/CTs during NAC for axillary response 

monitoring in stage II-III breast cancer.

Methods 

A total of 219 PET/CTs were performed in 80 patients with cytology-proven node-

positive breast cancer at baseline (PET/CT1, n=80) and twice during NAC (PET/CT2 

n=62, PET/CT3 n=77). The relative changes in maximum standardized uptake value 

(SUVmax) of axillary nodes were examined for their ability to assess pathological 

response. All patients underwent ALND after chemotherapy and complete axillary 

response (pCR), defined as absence of isolated tumor cells, micro-, and 

macrometastases, served as reference standard. 

Results 

32 (40%) patients achieved axillary pCR. The relative decrease in SUVmax was 

significantly higher in patients achieving pCR than in those who did not, both on PET/

CT2 (P<0.001) and PET/CT3 (P=0.025). The ROC-AUCs for PET/CT2 and PET/CT3 

were 0.80 (95% CI 0.68-0.92) and 0.65 (95% CI 0.52-0.79), respectively. A relative 

decrease ≥60% on PET/CT2 had an excellent specificity (35/37, 95%), a high positive 

predictive value (12/14, 86%), and a sensitivity of 48% - that is, it accurately identified 

histologic pCR in 12 of 25 responders.

Conclusion 

18F-FDG PET/CT early during NAC is useful for axillary response monitoring in 

cytology-proven node-positive breast cancer, identifying pathological responders in 

whom an ALND might possibly be spared.
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is increasingly used in large or node-positive breast 

cancer.1 Survival is similar as compared with adjuvant chemotherapy, but by reducing 

the tumor load NAC results in an increased proportion of breast-conserving treatment 

and may facilitate surgery of initially unresectable tumors.2,3 Patients with complete 

pathological response (pCR) of both primary tumor and axillary nodes have longer survival 

than patients with residual disease, thereby emphasizing the need for individualized 

treatment and the intention of achieving a pCR, particularly in triple negative and human 

epidermal growth factor receptor 2 (HER2)-positive tumors.4 Response monitoring during 

treatment may increase pCR rates by changing the chemotherapeutic regimen in case 

of an unfavorable response.5 Both positron emission tomography with computed 

tomography (PET/CT) using 18F-fluorodeoxyglucose (FDG) and magnetic resonance 

imaging (MRI) have been demonstrated to be useful for this purpose.6,7 

The optimal approach for the staging of axillary nodes in patients receiving NAC remains 

unclear. Especially the optimal timing for sentinel lymph node biopsy (SLNB) is 

controversial.8 SLNB before NAC determines the initial nodal stage, but requires an 

additional surgical procedure. Also, if a tumor-positive pre-chemotherapy SLNB is 

routinely followed by post-chemotherapy axillary lymph node dissection (ALND), 

overtreatment may occur in complete axillary responders.9 Post-chemotherapy SLNB 

results in less invasive axillary treatment in patients achieving pCR, but the identification 

rate is suboptimal (81-94%) and the false negative rate is high (14-20%).10,11 Further, 

uncertainty exists about the remaining nodes in case of a negative post-chemotherapy 

SLNB, although they may have been tumor-positive initially.9

Previous studies have demonstrated a high positive predictive value of PET/CT for the 

detection of axillary metastases (96-98%), indicating that pre-chemotherapy SLNB can 

be omitted in case of an FDG-avid node.12,13 When the tumor-positive node is not 

removed, response to chemotherapy can be assessed, for instance by post-chemotherapy 

SLNB 10,11 or by marking the node with a radioactive iodine seed.14 When the axillary 

response can be accurately determined, an ALND might be omitted in patients achieving 

axillary pCR, which is seen in approximately 20% of node-positive patients.9 The use of 

PET(/CT) for axillary response monitoring has been reported twice, but results were 

inconsistent.15,16

The aim of the present study was to assess the accuracy of sequential PET/CTs during 

NAC to identify patients achieving a complete axillary response, thereby rendering them 

candidates for less invasive axillary treatment after NAC.

METHODS

In our institute patients with invasive breast cancer >3 cm and/or at least one tumor-

positive axillary node receive NAC within one of several trials studying chemotherapeutic 

regimens. Since September 2008, patients can be included in an additional imaging 
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study, assessing the value of PET/CT for response monitoring during NAC.17 Patients with 

inflammatory tumors are not included in this trial. All patients undergo baseline PET/CT 

for staging purposes. In case of primary tumor FDG uptake on PET/CT1 and absence of 

distant metastases, patients are asked to undergo two additional PET/CT scans during 

chemotherapy. PET/CTs are performed after three and eight courses of the first cycle 

(three and eight weeks) in HER2-positive tumors and after one and three courses (two 

and six weeks) in HER2-negative tumors. The difference in timing of PET/CTs is based 

on different chemotherapeutic regimens. In this analysis we included patients with 

cytology-proven axillary lymph node metastases, at least two PET/CTs (one at baseline 

and one during NAC), and an ALND after NAC. The institutional review board approved 

this study; informed consent was obtained from all patients.

Treatment

All HER2-positive tumors were treated with paclitaxel, trastuzumab, and carboplatin, 

administered weekly in three cycles of eight courses. In weeks seven and eight of each 

cycle only trastuzumab was given. HER2-negative tumors were treated with six courses 

of cyclophosphamide and doxorubicin in a dose-dense schedule (every 2 weeks). 

Conform institutional guidelines, based on consensus in a multidisciplinary meeting, 

chemotherapy could be switched to a (hypothetically) non-cross-resistant regimen 

(docetaxel and capecitabine). A switch was based on patient’s preference, drug toxicity, 

or MRI response monitoring.18 Further, inclusion of triple negative tumors in 

chemotherapeutic trials could lead to treatment modification. After NAC, all patients 

underwent level I-II ALND.

18F-FDG PET/CT

Patients were prepared with a six-hour fasting period. An FDG dose of 180-240 MBq was 

given intravenously, depending on body mass index. The PET/CT was acquired after a 

resting period of 60 ± 10 min with a whole body PET/CT scanner (Gemini TF, Philips, 

Cleveland, OH). First, a PET scan (3.00 min per bed position) of the thorax was performed 

with the patient in prone position, with hanging breasts, and with image reconstruction 

to 2x2x2 mm voxels.19 PET acquisition was preceded by a low-dose CT (2 mm slices). 

Subsequently, a supine whole body PET/CT was performed as a staging procedure.20 

During NAC only the hanging breast PET/CT was repeated for response monitoring. 

Image reading

A panel of at least three experienced reviewers evaluated the images, blinded for other 

diagnostic procedures. FDG uptake was measured with maximum standardized uptake 

values (SUVmax), obtained by generating a 3D region of interest (ROI) based on region-

growing procedures.21 On each PET/CT the SUVmax of the node with highest SUVmax 

was calculated (not necessarily the same node). In case of low tumor-to-background 

ratio (slightly increased FDG uptake, disabling region-growing procedures), the SUV was 

derived from a manually drawn 3D ROI. If a complete metabolic response is perceived, 

the ROI was placed manually at the initially FDG-avid node. Relative changes in SUVmax 
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between two PET/CTs were calculated according to the formula:

Relative decrease in SUVmax = ( [SUVmax PET/CT during NAC – SUVmax PET/CT1] / 

[SUVmax PET/CT1] ) * 100%.

Internal mammary, infraclavicular, and supraclavicular nodes were not evaluated.

Response assessment of axillary nodes 

Histopathological analysis of the ALND specimen started with visual and palpable 

inspection. Identification of nodes was done by pathology technicians, specialized in the 

detection of lymph nodes in different resection specimens. Lymph nodes were evaluated 

at one level and stained with hematoxylin and CAM5.2, an antibody detecting cytokeratin 

8/18. Patients without residual axillary disease were classified as responders (pCR, no 

residual disease); patients with isolated tumor cells (≤0.2 mm) and patients with one or 

more micro- (>0.2 and ≤2 mm) or macrometastases (>2 mm) were classified as 

nonresponders (non-pCR, residual disease).

Statistical analysis

Baseline SUVmax and relative SUVmax changes were compared with pathological 

response. Differences in decrease in SUVmax between pCR and non-pCR were examined 

for statistical significance using the Mann Whitney test. The area under the receiver 

operating characteristic (ROC) curves (ROC-AUC) was used as a measure of ability to 

discriminate between pCR and non-pCR. Confidence intervals (95% CI) were determined 

using a bootstrap with 500 replicates. Sensitivity, specificity, positive predictive value 

(PPV), negative predictive value (NPV), and accuracy for identification of axillary pCR 

were calculated for different cut-off points of relative decrease in SUVmax. Further, log-

likelihood ratio tests of logistic regression models were used to assess the additional 

value of PET/CT to clinical subtype in predicting axillary pCR.

RESULTS

Since September 2008 a total of 195 breast cancer patients underwent baseline PET/CT. 

After exclusion of 115 patients (Figure 1), 80 cytology-proven node-positive patients with 

axillary FDG uptake were included in this study, in whom 219 PET/CTs were performed: 

all patients underwent baseline PET/CT, 62 patients underwent PET/CT2, and 77 patients 

underwent PET/CT3. Fifty-nine patients underwent all three PET/CTs. Patient, tumor, 

and PET/CT characteristics of included patients are listed in Tables 1 and 2; an example 

of PET/CT images is shown in Figure 2.

PET/CT1 was performed after axillary fine needle aspiration (FNA) in all patients but one. 

Mean time between FNA and PET/CT was 14.5 ± 7.8 days. Mean delay between 

chemotherapy and PET/CT was 12.9 ± 1.9 days to PET/CT2 and 7.9 ± 2.2 days to PET/

CT3 for HER2-negative tumors. It was 5.7 ± 1.7 days to PET/CT2 and 11.3 ± 4.6 days to 

PET/CT3 for HER2-positive tumors. 
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Patient outcome

The ALND revealed pCR in 30 (38%) of 80 patients. Twenty (83%) of 24 HER2-positive, 1 

(3%) of 34 ER-positive/HER2-negative, and 9 (41%) of 22 triple negative tumors achieved 

an axillary pCR. Of 80 included patients, 2 (3%) were classified as ypN0(itc), 5 (6%) as 

ypN1mi, 25 (31%) as ypN1, 11 (14%) as ypN2, and 7 (9%) as ypN3. 

Figure 1 Flow chart of eligibility, exclusion, inclusion, and number of PET/CT scans during neoadjuvant 
chemotherapy.Abbreviation: NAC, neoadjuvant chemotherapy; FNA, fine needle aspiration.
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Baseline PET/CT

Baseline FDG uptake (SUVmax) was not associated with axillary response after NAC; the 

ROC curve for baseline SUVmax (Figure 3), had an AUC of 0.52 (95% CI 0.39-0.65).

PET/CT during NAC

Figure 3, depicting mean decrease in SUVmax on PET/CT2 and PET/CT3 for responders 

and non-responders, demonstrates that an early decrease in SUVmax was observed in 

patients achieving axillary pCR. The relative decrease in SUVmax was significantly larger 

in patients achieving pCR, both on PET/CT2 (P<0.001) and on PET/CT3 (P=0.025). The 

ROC-AUC for axillary pCR was 0.80 (95% CI 0.68-0.92) for PET/CT2 and 0.65 (95% CI 

0.52-0.79) for PET/CT3 (Figure 3). Restricting the analysis to patients who had all three 

assessments did not qualitatively change the ROC-AUC estimates (ROC-AUC: PET/CT2 

0.79, PET/CT3 0.66). Table 3 shows sensitivity and specificity of PET/CT2 and PET/CT3 

for different cut-off points of decrease in SUVmax regarding their ability to discriminate 

between pCR and non-pCR. A relative decrease ≥60% on PET/CT2 had an excellent 

specificity (35/37, 95% (95% CI 82-99%)), a high positive predictive value (12/14, 86% (95% 

CI 65-100%)), and a sensitivity of 48% (12/25 (95% CI 27-69%)), i.e. accurately identifying 

histologic pCR in 12 of 25 responders.

Multivariate analysis revealed that PET/CT2 added significant prognostic value to clinical 

subtype (p=0.01), while PET/CT3 added less information (p=0.11). A sensitivity analysis 

Table 1  Baseline characteristics of 80 included patients.

PET/CT1
n=80

PET/CT2
n=62

PET/CT3
n=77

Age (years)

  Median 48 49 49

  Range 25-68 28-68 25-68

T-stage prior to NAC (MRI)

  T1 9 (11%) 6 (10%) 8 (10%)

  T2 45 (56%) 36 (58%) 43 (56%)

  T3 20 (25%) 17 (27%) 20 (26%)

  T4 6 (8%) 3 (5%) 6 (8%)

N-stage prior to NAC (FNA/SLNB)

  N0 0 0 0

  N1 55 (69%) 46 (74%) 53 (69%)

  N2 1 (1%) 1 (2%) 1 (1%)

  N3 24 (30%) 15 (24%) 23 (30%)

Clinical subtype

  HER2-positive 24 (30%) 19 (31%) 24 (31%)

  ER-positive/HER2-negative 34 (43%) 26 (42%) 32 (42%)

  Triple negative 22 (28%) 17 (27%) 21 (27%)

Abbreviations: NAC, neoadjuvant chemotherapy; FNA, fine needle aspiration; SLNB, sentinel lymph node 
biopsy; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor
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Table 2  Tumor and PET/CT characteristics of 80 included patients, subdivided by subtype.

HER2-positive 
(n=24)

ER-positive/
HER2-
negative 
(n=34)

Triple negative 
(n=22)

Total
(n=80)

Histology

  Invasive ductal carcinoma 20 (83%) 31 (91%) 21 (95%) 72 (90%)

  Invasive lobular carcinoma 4 (17%) 2 (6%) 0 6 (8%)

  Adenocarcinoma NOS 0 1 (3%) 1 (5%) 2 (3%)

ER

  Negative 15 (63%) 0 22 (100%) 37 (46%)

  Positive 9 (38%) 34 (100%) 0 43 (54%)

Grade

  1 0 2 (6%) 0 2 (3%)

  2 8 (33%) 21 (62%) 2 (9%) 31 (39%)

  3 12 (50%) 9 (26%) 18 (82%) 39 (49%)

  Unknown 4 (17%) 2 (6%) 2 (9%) 8 (10%)

SUVmax axilla baseline

  Median 5 5.7 7.5 6.1

  Range 2.2-21 1.8-16 2.5-23 1.8-23

Complete metabolic response PET/CT2

  Yes 10 (53%) 6 (23%) 1 (6%) 17 (27%)

  No 9 (47%) 20 (77%) 16 (94%) 45 (73%)

  PET/CT2 not performed 5 8 5 18

Complete metabolic response PET/CT3

  Yes 17 (71%) 18 (56%) 9 (43%) 44 (57%)

  No 7 (29%) 14 (44%) 12 (57%) 33 (43%)

  PET/CT3 not performed 0 2 1 3

Pathological response

  Complete pathological response (pCR) 20 (83%) 1 (3%) 9 (41%) 30 (38%)

  Residual disease (non-pCR) 4 (17%) 33 (97%) 13 (59%) 50 (63%)

Mean decrease in SUVmax on PET/CT2

  pCR -58.0% (n=17) -67.3% (n =1) -48.4% (n =7) -55.7% (n =25)

  non-pCR -31.2% (n =2) -29.8% (n =25) -26.7% (n =10) -29.0% (n =37) 

  Total group -55.2% (n =19) -31.3% (n =26) -35.6% (n =17) -39.8% (n =62)

Mean decrease in SUVmax on PET/CT3

  pCR -57.3% (n =20) -86.5% (n =1) -80.0% (n =8) -64.6% (n =29)

  non-pCR -63.9% (n =4) -56.1% (n =31) -58.1% (n =13) -57.3% (n =48)

  Total group -58.4% (n =24) -57.0% (n =32) -66.4% (n =21) -60.0% (n =77)

Abbreviations: NOS, not otherwise specified; ER, estrogen receptor; HER2, human epidermal growth factor 
receptor 2; ER, estrogen receptor
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performed only on patients having PET/CT2 and 3 data indicated that PET/CT2 was still 

significant (p=0.02), while PET/CT3 was now borderline significant (p=0.05). Baseline 

SUVmax and grade were not significantly associated with pCR. 

Since only four HER2-positive patients were non-responders and only one ER-positive/

HER2-negative patient achieved pCR, a subgroup analysis was only possible in triple 

negative patients. The ROC curves, shown in Figure 4, had an AUC of 0.74 (95% CI 0.48-

1.00, n=17) for PET/CT2 and 0.87 (95% CI 0.70-1.00, n=21) for PET/CT3, respectively. 

Figure 2 Fused PET/CT images of a tumor-positive lymph node in the right axilla before (A), after one course 
(B), and after three courses (C) of neoadjuvant chemotherapy. SUVmax was 12.0 on PET/CT1, 7.4 on 
PET/CT2, and 4.4 on PET/CT3. In the axillary lymph node dissection after six cycles of chemotherapy 
(twelve weeks) five macrometastases were found.

Figure 3 Figure 3 Box plots and ROC curves demonstrating the discriminative value of baseline SUVmax on 
PET/CT1 (left column) and the relative change in SUVmax on PET/CT2 (middle column) and PET/CT3 
(right column) in identifying pCR after NAC. Areas under the curves: 

 PET/CT1: 0.52 (95% CI 0.39-0.65)
 PET/CT2: 0.80 (95% CI 0.68-0.92)
 PET/CT3: 0.65 (95% CI 0.52-0.79)
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DISCUSSION

Axillary staging and treatment before or after NAC remains subject of debate.8 Although 

it requires an additional surgical procedure, in our institute a pre-chemotherapy SLNB 

is performed for accurate assessment of initial axillary stage in clinically node-negative 

patients. However, if all initially node-positive patients undergo ALND after NAC, 

overtreatment may occur in complete responders. This study demonstrates that a PET/

CT during NAC may detect axillary responders, in whom less invasive axillary treatment 

(for instance, axillary radiotherapy) may be justified.

Axillary response monitoring during NAC with PET/CT has been described earlier. Jung 

et al found no correlation between the relative decrease in SUVpeak and axillary response 

after NAC in 66 patients.15 Another study, performed by Rousseau et al in 52 patients, 

showed that axillary response monitoring with PET/CT was possible.16 The highest 

discriminative value was found after the first cycle of NAC. Our study confirms the 

findings of Rousseau et al. An important difference between these studies is that we used 

a trastuzumab-based regimen in HER2-positive patients, which is currently the standard 

of care.22 Further, we have performed ROC analyses with possible incentive for practical 

implementation, including cut-off points.

Table 3  Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of 
PET/CT2 and PET/CT3 regarding identification of complete axillary response for different cut-off points of 
relative decrease in SUVmax.

PET/CT2

Decrease in 
SUVmax (%)

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

≥50 60 78 65 74 71

≥55 56 89 78 75 76

≥60 48 95 86 73 76

≥65 32 95 80 67 69

≥70 24 95 75 65 66

≥75 24 95 75 65 66

≥80 16 97 80 63 65

PET/CT3

Decrease in 
SUVmax (%)

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

≥55 76 46 46 76 57

≥60 72 50 47 75 58

≥65 72 58 51 78 64

≥70 55 69 52 72 66

≥75 45 79 57 70 66

≥80 31 90 64 68 68

≥85 24 92 64 67 66
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Several studies have reported an association between the degree of primary tumor FDG 

uptake and prognostic characteristics.23,24 Triple negative tumors are associated with the 

highest degree of FDG uptake and an unfavorable prognosis, but generally exhibit a high 

pCR rate to NAC.17,25 The association between baseline tumor FDG uptake and pCR has 

been reported previously.6,26 In this study we did not find an association between baseline 

axillary FDG uptake and axillary pCR. 

Previously it has been shown that response monitoring of the primary tumor during NAC 

with PET/CT and MRI depends on the breast cancer subtype.17,25 Clearly, subtype is an 

important factor in axillary response monitoring as well, since pCR rates differ greatly 

between subtypes. Our multivariate analysis indicates an association of both subtype 

and relative change in SUVmax with axillary pCR. In the future, larger trials should further 

evaluate the optimal time-point for PET/CT response monitoring and assess the accuracy 

per subtype.

Physical examination, ultrasound, and MRI cannot accurately evaluate the response of 

axillary metastases.27 Marking the axilla with a radioactive iodine seed (MARI procedure), 

Figure 4 Box plots and ROC curves assessing the discriminative value of PET/CT2 (left column) and PET/CT3 
(right column) in identifying pCR in triple negative patients. Areas under the curves: 

 PET/CT2: 0.74 (95% CI 0.48-1.00)
 PET/CT3: 0.87 (95% CI 0.70-1.00)
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however, is a promising technique; in this procedure an iodine seed is used for localization 

of a cytology-proven tumor-positive node before NAC.14 After NAC the marked node is 

selectively removed, which was indicative of the overall response.

The pCR rate in our study (38%) was relatively high as compared with other trials (20-

23%),9,28 but it was comparable with the trial from Rousseau et al.16 An explanation may 

be the exclusion of patients without FDG uptake in the primary tumor and/or axillary 

node. FDG uptake is associated with unfavorable tumor characteristics and proliferation, 

thereby possibly excluding slowly growing, unresponsive lymph node metastases.

A few trials have demonstrated benefit of altering management based on mid-NAC 

response in both non-responders and responders.5,29,30 In our study a switch was 

performed in 18 (23%) of 80 patients. In two of them an axillary pCR was found, but in 

these patients a switch was carried out after an excellent mid-NAC tumor response on 

MRI. Nevertheless, pCR could depend on the second chemotherapeutic regimen only, 

possibly biasing our results. 

A limitation of response monitoring with sequential PET/CTs is that it cannot be done in 

patients who underwent SLNB. Further, it can only be performed in case of FDG-avid 

axillary nodes. Detection and response monitoring of axillary nodes with PET/CT can 

more accurately be performed in patients with prognostically unfavorable characteristics,20 

in whom an early start of effective treatment is essential. Another limitation is the 

possibility of increasing FDG uptake of an axillary node due to infection or inflammation. 

In our group this was seen in two patients.

The relatively short delay between chemotherapy and PET/CT may have affected SUV 

measurements and final results. In lymphoma, for instance, a delay of 6-8 weeks between 

chemotherapy and response assessment is advised.31 Based on the chemotherapeutic 

regimens in this trial, the use of a longer delay between chemotherapy cycle and PET/

CT is difficult. Still, the relatively short delay might be a bias in SUV measurement and 

possibly a PET/CT 4-6 weeks after chemotherapy may provide improved response 

prediction. Second, PET/CT1 was performed after axillary FNA in 79 of 80 patients, 

possibly resulting in calculating SUV in inflamed or reactive nodes. Mean delay between 

puncture and PET/CT was 14.5 days and ≥7 days in 73 patients.

In conclusion, this study shows that axillary response monitoring with PET/CT during 

NAC in stage II-III breast cancer patients with cytology-proven tumor-positive axillary 

nodes is feasible and useful. It may accurately select patients who will achieve an axillary 

pCR, in whom less invasive axillary treatment after NAC could be appropriate. 



165

AXILLARY RESPONSE MONITORING WITH PET/CT

C
H

A
P

T
E

R
  

10

REFERENCES

1 Kaufmann M, Minckwitz von G, Mamounas EP, et 
al. Recommendations from an International 
Consensus Conference on the Current Status and 
Future of Neoadjuvant Systemic Therapy in 
Primary Breast Cancer. Ann Surg Oncol 2012; 19: 
1508-16.

2 Mieog JSD, van der Hage JA, van de Velde CJH. 
Neoadjuvant chemotherapy for operable breast 
cancer. Br J Surg 2007; 94: 1189–200.

3 Rastogi P, Anderson SJ, Bear HD, et al. 
Preoperative chemotherapy: updates of National 
Surgical Adjuvant Breast and Bowel Project 
Protocols B-18 and B-27. J Clin Oncol 2008; 26: 
778–85.

4 Minckwitz von G, Untch M, Blohmer J-U, et al. 
Definition and impact of pathologic complete 
response on prognosis after neoadjuvant 
chemotherapy in various intrinsic breast cancer 
subtypes. J Clin Oncol 2012; 30: 1796–804.

5 von Minckwitz G, Blohmer JU, Costa S, et al. 
Neoadjuvant chemotherapy adapted by interim 
response improves overall survival of primary 
breast cancer patients – results of the GeparTrio 
trial. Abstract S3-2, presented at the San Antonio 
Breast Cancer Symposium, San Antonio TX, USA, 
December 2011.

6 Schwarz-Dose J, Untch M, Tiling R, et al. 
Monitoring primary systemic therapy of large and 
locally advanced breast cancer by using sequential 
positron emission tomography imaging with [18F]
fluorodeoxyglucose. J Clin Oncol 2009; 27: 535–
41.

7 Loo CE, Straver ME, Rodenhuis S, et al. Magnetic 
resonance imaging response monitoring of breast 
cancer during neoadjuvant chemotherapy: 
relevance of breast cancer subtype. J Clin Oncol 
2011; 29: 660–6.

8 Kaufmann M, Karn T, Ruckhäberle E. Controversies 
Concerning the Use of Neoadjuvant Systemic 
Therapy for Primary Breast Cancer. World J Surg 
2012; 36: 1480-5.

9 Straver ME, Rutgers EJT, Russell NS, et al. Towards 
rational axillary treatment in relation to 
neoadjuvant therapy in breast cancer. Eur J 
Cancer 2009; 45: 2284–92.

10 Gimbergues P, Abrial C, Durando X, et al. Sentinel 
lymph node biopsy after neoadjuvant 
chemotherapy is accurate in breast cancer 
patients with a clinically negative axillary nodal 
status at presentation. Ann Surg Oncol 2008; 15: 
1316–21.

11 Pecha V, Kolarik D, Kozevnikova R, et al. Sentinel 
lymph node biopsy in breast cancer patients 
treated with neoadjuvant chemotherapy. Cancer 
2011; 117: 4606-16.

12 Pritchard KI, Julian JA, Holloway CMB, et al. 
Prospective Study of 2-[18F]Fluorodeoxyglucose 
Positron Emission Tomography in the Assessment 
of Regional Nodal Spread of Disease in Patients 

With Breast Cancer: An Ontario Clinical Oncology 
Group Study. J Clin Oncol 2012; 30: 1274-9.

13 Koolen BB, Valdés Olmos RA, Elkhuizen PHM. 
Locoregional lymph node involvement on 18F-
FDG PET/CT in breast cancer patients scheduled 
for neoadjuvant chemotherapy. Breast Cancer Res 
Treat 2012; 135: 231-40.

14 Straver ME, Loo CE, Alderliesten T, Rutgers EJT, 
Vrancken Peeters MTFD. Marking the axilla with 
radioactive iodine seeds (MARI procedure) may 
reduce the need for axillary dissection after 
neoadjuvant chemotherapy for breast cancer. Br 
J Surg 2010; 97: 1226–31.

15 Jung S-Y, Kim S-K, Nam B-H, et al. Prognostic 
Impact of [18F] FDG-PET in operable breast 
cancer treated with neoadjuvant chemotherapy. 
Ann Surg Oncol 2010; 17: 247–53.

16 Rousseau C, Devillers A, Campone M, et al. FDG 
PET evaluation of early axillary lymph node 
response to neoadjuvant chemotherapy in stage 
II and III breast cancer patients. Eur J Nucl Med 
Mol Imaging 2011; 38: 1029-36.

17 Koolen BB, Pengel KE, Wesseling J, et al. FDG PET/
CT during neoadjuvant chemotherapy may 
predict response in ER-positive/HER2-negative 
and triple negative, but not in HER2-positive 
breast cancer. Breast 2013, epub ahead of print.

18 Loo CE, Teertstra HJ, Rodenhuis S, et al. Dynamic 
contrast-enhanced MRI for prediction of breast 
cancer response to neoadjuvant chemotherapy: 
initial results. AJR 2008; 191: 1331–8.

19 Vidal-Sicart S, Aukema TS, Vogel WV, Hoefnagel 
CA, Valdes Olmos RA. [Added value of prone 
position technique for PET-TAC in breast cancer 
patients]. Rev Esp Med Nucl 2010; 29: 230–5.

20 Koolen BB, Vrancken Peeters M-JTFD, Aukema 
TS, et al. 18F-FDG PET/CT as a staging procedure 
in primary stage II and III breast cancer: 
comparison with conventional imaging 
techniques. Breast Cancer Res Treat 2012; 131: 
117–26.

21 Boellaard R, Oyen WJG, Hoekstra CJ, et al. The 
Netherlands protocol for standardisation and 
quantification of FDG whole body PET studies in 
multi-centre trials. Eur J Nucl Med Mol Imaging 
2008; 35: 2320–33.

22 Gianni L, Eiermann W, Semiglazov V, et al. 
Neoadjuvant chemotherapy with trastuzumab 
followed by adjuvant trastuzumab versus 
neoadjuvant chemotherapy alone, in patients with 
HER2-positive locally advanced breast cancer (the 
NOAH trial): a randomised controlled superiority 
trial with a parallel HER2-negative cohort. Lancet 
2010; 375: 377–84.

23 Gil-Rendo A, Martínez-Regueira F, Zornoza G, 
García-Velloso MJ, Beorlegui C, Rodriguez-Spiteri 
N. Association between [18F]fluorodeoxyglucose 
uptake and prognostic parameters in breast 
cancer. Br J Surg 2009; 96: 166–70.

24 Groheux D, Giacchetti S, Moretti J-L, et al. 
Correlation of high 18F-FDG uptake to clinical, 



166

PART TWO  |  HANGING BREAST PET/CT

pathological and biological prognostic factors in 
breast cancer. Eur J Nucl Med Mol Imaging 2011; 
38: 426–35.

25 Humbert O, Berriolo-Riedinger A, Riedinger JM, 
et al. Changes in 18F-FDG tumor metabolism after 
a first course of neoadjuvant chemotherapy in 
breast cancer: influence of tumor subtypes. Ann 
Oncol 2012; 23: 2572-7.

26 Quarles van Ufford HME, van Tinteren H, 
Stroobants SG, Riphagen II, Hoekstra OS. Added 
value of baseline 18F-FDG uptake in serial 18F-
FDG PET for evaluation of response of solid 
extracerebral tumors to systemic cytotoxic 
neoadjuvant treatment: a meta-analysis. J Nucl 
Med 2010; 51: 1507–16.

27 Prati R, Minami CA, Gornbein JA, Debruhl N, 
Chung D, Chang HR. Accuracy of clinical 
evaluation of locally advanced breast cancer in 
patients receiving neoadjuvant chemotherapy. 
Cancer 2009; 115: 1194–202.

28 Rouzier R, Extra J-M, Klijanienko J, et al. Incidence 
and prognostic significance of complete axillary 
downstaging after primary chemotherapy in 
breast cancer patients with T1 to T3 tumors and 
cytologically proven axillary metastatic lymph 
nodes. J Clin Oncol 2002; 20: 1304–10.

29 Smith IC, Heys SD, Hutcheon AW, et al. 
Neoadjuvant chemotherapy in breast cancer: 
significantly enhanced response with docetaxel. 
J Clin Oncol 2002; 20: 1456–66.

30 Minckwitz von G, Kümmel S, Vogel P, et al. 
Neoadjuvant vinorelbine-capecitabine versus 
docetaxel-doxorubicin-cyclophosphamide in 
early nonresponsive breast cancer: phase III 
randomized GeparTrio trial. J Natl Cancer Inst 
2008; 100: 542–51.

31 Juweid ME, Stroobants S, Hoekstra OS, et al. Use 
of positron emission tomography for response 
assessment of lymphoma: consensus of the 
Imaging Subcommittee of International 
Harmonization Project in Lymphoma. J Clin 
Oncol 2007; 25: 571–8.



167



C
H

A
P

T
E

R

PART THREE  |  HANGING BREAST IMAGING 

WITH PET/CT AND DEDICATED BREAST PET

Improving primary tumor characterization

11



Lotte E. Elshof

Bas B. Koolen

Claudette E. Loo

Jelle Wesseling

Marie-Jeanne T.F.D. Vrancken Peeters

Wouter V. Vogel

Emiel J.Th. Rutgers

Renato A. Valdés Olmos

Submitted

Does the pretreatment tumor sampling location 

correspond with metabolic activity on 18F-FDG PET/CT 

in breast cancer patients scheduled for neoadjuvant 

chemotherapy?



A
B

S
T

R
A

C
T

PART THREE  |  HANGING BREAST IMAGING WITH PET/CT AND DEDICATED BREAST PET

Purpose

To define the correlation between the core biopsy location and the area with highest 

metabolic activity on 18F-FDG PET/CT in stage II-III breast cancer patients before 

neoadjuvant chemotherapy. Also, we would like to select a subgroup of patients in 

which PET/CT information may optimize tumor sampling.

Methods

A PET/CT in prone position was acquired in 199 patients with 203 tumors. The 

distance and relative difference in standardized uptake value (SUV) between core 

biopsy localization (indicated by a marker) and area with highest degree of FDG 

uptake were evaluated. A distance ≥2 cm and a relative difference in SUV ≥25% were 

considered clinically relevant and a combination of both was defined as non-

correspondence. Non-correspondence for different tumor characteristics (TNM 

stage, lesion morphology on MRI and PET/CT, histology, subtype, grade, and Ki-67) 

was assessed.

Results

Non-correspondence was found in 28 (14%) of 203 tumors. Non-correspondence 

was significantly associated with T-stage, lesion morphology on MRI and PET/CT, 

tumor diameter, and histologic type. It was more often seen in tumors with a higher 

T-stage (p=0.028), diffuse (non-mass) and multifocal tumors on MRI (p=0.001), diffuse 

and multifocal tumors on PET/CT (p<0.001), tumors >3 cm (p<0.001), and lobular 

carcinomas (p<0.001). No association was found with other features. 

Conclusion

Non-correspondence between the core biopsy location and area with highest FDG 

uptake is regularly seen in stage II-III breast cancer patients. PET/CT information and 

possibly FDG-guided biopsies are most likely to improve pretreatment tumor sampling 

in tumors >3 cm, lobular carcinomas, and diffuse and multifocal tumors.



CORRELATING BREAST BIOPSIES WITH PET/CT

171

C
H

A
P

T
E

R
  

11

INTRODUCTION

Breast cancer can be characterized according to various criteria,1-4 but pathological 

examination remains the cornerstone of tumor classification. Breast core biopsies are 

usually obtained under image guidance. Diagnostic accuracy of ultrasound-guided core 

biopsies has been reported to be equivalent to open surgical biopsy for both palpable 

and non-palpable tumors and percutaneous needle biopsy is currently standard 

practice.5-7 For gene-expression analysis or molecular subtyping, requiring sufficient RNA 

of the tumor, the demands are higher and success percentages of biopsies are lower. 

For instance, in the report on the validation and clinical utility of the 70-gene prognostic 

signature, useful RNA could be extracted from 81% of the core biopsies.8

After performing a core biopsy, a marker is usually placed for confirmation of the biopsy 

location and as a reference point for further imaging and treatment procedures.9 

Moreover, if a radioactive marker (such as a 125I-seed) is placed, it can be used for lesion 

localization at surgery in case of an occult (non-palpable) primary tumor.10

18F-fluorodeoxyglucose (FDG) positron emission tomography (PET), with or without 

concomitant computed tomography (CT), has been shown useful in staging and response 

monitoring in primary and recurrent breast cancer.11-15 In contrast with ultrasound (US, 

based on anatomical changes and reflection/absorbance of sound waves) and magnetic 

resonance imaging (MRI, based on gadolinium uptake and contrast kinetics), PET is a 

functional imaging procedure based on the principle of elevated glucose metabolism in 

malignant tumors. The area of the tumor with the highest degree of FDG uptake 

represents a zone with a high number of most actively proliferating tumor cells (the most 

proliferative tumor part) and has been shown to correlate with prognostic characteristics 

and survival.16-18 Based on intratumor heterogeneity,19 PET/CT information may enable 

tumor sampling from the most proliferative part of the tumor. 

The aim of this study was to define the correlation between the core biopsy location 

(indicated by a marker) and the area with highest metabolic activity on FDG PET/CT in 

breast cancer patients scheduled for neoadjuvant chemotherapy (NAC). Second, we 

aimed to identify a subgroup of patients in which PET/CT information may optimize 

tumor sampling.

MATERIALS AND METHODS

Patient cohort

Patients with pathologically proven invasive breast cancer >3 cm in diameter and/or at 

least one tumor-positive axillary lymph node are offered to be treated with NAC in our 

institute. In all patients an ultrasound-guided core biopsy was performed to determine 

the histologic type, hormone receptors, and human epidermal growth factor receptor 

2 (HER2)-status before NAC. At least three 14-gauge core samples (22 mm long from 

an area of approximately 2 cm in diameter) were obtained according to the standard 

institutional protocol. An O-Twist marker (BARD GmbH, Karlsruhe, Germany) or 
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Iodine-125 seed (BARD brachytherapy, Carol Stream, Illinois, USA) was placed to indicate 

pretreatment lesion localization. In the case of Iodine-125 seed placement prior to 

neoadjuvant chemotherapy, the radioactive marker was in situ for a maximum of 200 

days. Based on a radiation risk analysis, special care only needs to be taken in case of 

contact with small infants.10

All patients who underwent an FDG PET/CT as a staging procedure after core biopsy 

and marker placement between September 2006 and September 2011 were included in 

this analysis. Tumors without increased FDG uptake in relation to background uptake 

were excluded. The institutional review board approved this study and informed consent 

was obtained from all patients.

Table 1  Patient demographics and clinical tumor characteristics.

Total (n=203 tumors)

Characteristic No. %

Age (years)

  Mean
48

27-74
  Range

T-stage 

  cT1 14 7

  cT2 124 61

  cT3 49 24

  cT4 16 8

N-stage 

  cN0 40 20

  cN1 115 57

  cN2 5 3

  cN3 43 21

Histologic type

  IDC 181 89

  ILC 15 7

  Other 7 3

Subtype

  HER2-positive 41 20

  ER-positive/HER2-negative 108 53

  Triple negative 54 27

Grade

  1 14 7

  2 107 53

  3 66 33

  Unknown 16 8
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Staging and treatment

Mammography, ultrasonography, and MRI were used for assessment of the primary 

tumor in all patients. Ultrasound, bone scintigraphy, chest radiography, and PET/CT were 

used for detection of regional and distant metastases. A pre-chemotherapy sentinel node 

biopsy was performed in clinically node-negative axillae. After exclusion of distant 

metastases, chemotherapy was administered as previously described.15 NAC was followed 

by surgery of the breast and, in case of axillary metastases before chemotherapy, an 

axillary dissection.

18F-FDG PET/CT

Patients were prepared with a fasting period of 6 hours. Blood glucose levels had to be 

less than 10 mmol/l. A total dose of 180-240 MBq, depending on body mass index, was 

injected intravenously. After a resting period of 60 ± 10 minutes the PET/CT was 

performed on a whole body PET/CT scanner (Gemini TF, Philips, Cleveland, Ohio, USA). 

For locoregional assessment, a PET scan of the thorax was performed with the patient 

in prone position and with hanging breasts, preceded by a low-dose CT (40 mAs, 2.0 

mm slices). Subsequently, an additional whole body PET/CT (5.0 mm CT slices) from the 

base of the skull to the upper half of both femora in supine position was performed, as 

a staging procedure. For calculation of standardized uptake value (SUV) at the location 

of the marker and maximum SUV (SUVmax) of the tumor, the activity administered, time 

of administration, and the patient’s weight on the day of the scan were recorded.

Image reading 

Images were evaluated using orthogonal multiplanar reconstruction and simultaneous 

display of PET, CT, and fused PET/CT images. The use of cross-reference lines allowed 

the navigation between axial, coronal, and sagittal views. The degree of FDG uptake of 

the tumor was measured using SUVmax, obtained by generating a 3D automated region 

of interest (ROI) based on region-growing procedures.20 The SUV at the location of the 

marker was derived from a manually drawn 3D volume of interest. Second, the distance 

between the area with SUVmax of the tumor and the location of the marker was 

measured. Because of superior spatial resolution and improved anatomical localization 

using the hanging breast procedure, measurements were done in prone position.21

To identify non-correspondence the following cut-off points were defined as clinically 

relevant: distance ≥2.0 cm (i.e., biopsied area) and relative difference in SUVmax ≥25%.

Statistics

SPSS (Version 20, SPSS Inc, Chicago, IL, USA) was used to analyze which tumor 

characteristics were associated with non-correspondence. Analyses were performed 

using Fisher’s exact (two factors), Pearson’s Chi-Square (three or more nominal factors), 

and Linear-by-Linear Association tests (three or more ordered factors). All tests were 

two-sided and statistical significance was defined as p≤0.05.
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RESULTS

A total of 211 patients scheduled for NAC underwent an FDG PET/CT after core biopsy 

and marker placement between September 2006 and September 2011. Twelve patients 

were excluded because of insufficient tumor FDG uptake. A total of 199 patients with 

203 cancers were included. The tumor type of most lesions was ER-positive/HER2-

negative (53%) followed by triple negative (27%) and HER2-positive (20%). Baseline 

characteristics are presented in Table 1.

Lesion morphology on PET/CT

Triple negative tumors presented significantly more often as unifocal lesions (72%) on 

PET/CT than the HER2-positive tumors (37%) and the ER-positive/HER2-negative 

tumors (37%, p<0.001). Lesion morphology of invasive lobular carcinomas was 

predominantly diffuse (73%), whereas invasive ductal carcinomas were generally 

unifocal masses (50%, p=0.010). Lesion morphology on PET/CT of several subgroups 

is demonstrated in Table 2.

Tumor sampling location vs area with highest degree of FDG uptake

Non-correspondence was found in 28 (14%) of 203 tumors, i.e. relative difference in 

SUVmax ≥25% and distance ≥2.0 cm (Table 3). In 59 patients we observed a relative 

difference in SUVmax ≥25%, but the tumor sampling area was within 2 cm from the area 

with highest FDG uptake. Conversely, for five tumors the distance between the tumor 

sampling location and area with highest FDG uptake was ≥2.0 cm, but the relative 

difference in SUV between both areas was <25%. A total of 111 tumors (55%) corresponded 

well for both parameters. Figures 1 and 2 show examples of discrepancy between marker 

localization and SUVmax of the tumor. Other cut-off points defining non-corresponding 

tumor localization are presented in Table 4.

We observed a significant association of non-correspondence with advanced T-stage 

(p=0.028) and tumor size (p<0.001). Also, non-correspondence was more often seen in 

tumors presenting as diffuse non-masses and multifocal masses on MRI (p<0.001, Figure 

3) and diffuse or multifocal tumors on PET/CT (p<0.001). Lobular carcinomas were more 

often classified as non-correspondence as compared with ductal carcinomas (p<0.001). 

No significant associations were found for N-stage, M-stage, subtype, grade, and Ki-67 

(Table 5).

DISCUSSION

Optimization of primary tumor localization is important to obtain the most representative 

information about histopathological features. A prior study showed that it is essential to 

have this information before NAC.22 In this study we compared the tumor sampling 

location with the area with highest degree of FDG uptake on PET/CT to evaluate the 

possible role of PET/CT in lesion localization for obtaining a core biopsy. In this study 
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Table 2  Lesion morphology on PET/CT stratified by tumor diameter, histology, and breast cancer subtype. 
Data are shown as number of tumors (percentage within tumor variable).

Lesion morphology on PET/CT

Tumor variable Unifocal Diffuse Multifocal p-value

Largest tumor diameter <0.001

  ≤3 cm 62 (71%) 12 (14%) 14 (16%)

  >3 cm 32 (28%) 61 (53%) 22 (19%)

Histologic type 0.010

  IDC 91 (50%) 59 (33%) 31 (17%)

  ILC 1 (7%) 11 (73%) 3 (20%)

  Other 2 (29%) 3 (43%) 2 (29%)

Subtype by receptor status <0.001

  HER2-positive 15 (37%) 20 (49%) 6 (15%)

  ER-positive/HER2-negative 40 (37%) 46 (43%) 22 (20%)

  Triple negative 39 (72%) 7 (13%) 8 (15%)

Abbreviations: IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; HER2, human epidermal 
growth factor receptor 2; ER, estrogen receptor.

Figure 1 Maximum intensity projection (MIP) MRI image during initial enhancement of a 43-year-old woman 
with right-sided lobular carcinoma showing a large, diffuse non-mass lesion (A). Fused PET/CT image 
with MIP showing diffuse and heterogeneous FDG uptake in the breast surrounding a central area 
without FDG uptake (B). A marker indicates the tumor sampling location. The SUVmax within 2 cm 
from the marker was 2.6. The SUVmax of the tumor, located in the black dashed circle, was 3.9 
(difference 33%). The distance between the marker and the SUVmax location was 4.5 cm.
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Table 3  Core biopsy localization compared with the SUVmax area of the tumor. Data are shown as number of 
tumors (percentage within table).

Distance between SUVmax tumor and marker

<2.0cm ≥2.0cm

Relative difference between <25% 111 (55%) 5 (3%)

SUVmax tumor and SUV marker ≥25% 59 (29%) 28 (14%)

Abbreviations: SUV, standardized uptake value; SUVmax, maximum standardized uptake value.

Table 4 Definition of non-corresponding tumor localization: different cut-off points. Data are shown as number 
of non-corresponding tumors.

Distance between SUVmax tumor and marker

≥2.0 cm ≥2.5 cm ≥3.0 cm

Relative difference between ≥25% 28 19 12

SUVmax tumor and SUV marker ≥30% 25 18 11

≥40% 15 12 6

Abbreviations: SUV, standardized uptake value; SUVmax, maximum standardized uptake value.

Figure 2 Maximum intensity projection (MIP) MRI image during initial enhancement of a 40-year-old woman 
with left-sided HER2-positive ductal carcinoma showing an irregular, unifocal mass in the lower outer 
quadrant (A). Fused PET/CT images with MIP showing two small, intense FDG-avid lesions, while no 
uptake is seen in between (B). A marker indicates the tumor sampling location. The SUVmax within 2 
cm from the marker was 2.2. The SUVmax of the tumor, located in the black dashed circle, was 8.3 
(difference 73%). The distance between the marker and the SUVmax location was 2.7 cm.
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non-correspondence between the pretreatment tumor sampling location and the area 

with highest FDG uptake was significantly associated with different tumor characteristics, 

suggesting that PET/CT could have a role in optimizing core biopsies in specific tumors. 

The tumor sampling location of tumors with a large diameter and T3 lesions did not 

correspond well with the highest degree of FDG uptake on the PET/CT. Further, lobular 

carcinomas were significantly more often non-corresponders than ductal carcinomas, 

as were diffuse and multifocal lesions in comparison to unifocal masses. Not surprisingly, 

these different characteristics associated with non-corresponding tumor localization 

correlate with each other. Also, the relation of tumor diameter and T-stage with and 

correspondence is rather obvious, since core biopsy and marker placement of a small 

tumor will generally be within 2 cm from the area with highest FDG uptake. Finally, we 

found that triple negative tumors were more often unifocal lesions on MRI and PET/CT 

than the HER2-positive and ER-positive/HER2-negative tumors. This finding is in 

agreement with a previous study describing lesion morphology on MRI.23

Earlier studies have demonstrated intratumor heterogeneity 19 and have shown that 

intratumor heterogeneity in breast cancers can lead to significant sampling bias.24,25 In a 

study by Vriens et al. tumor heterogeneity was determined using dynamic FDG PET.26 

With increasing metabolic rate, significant increases in uptake, washout, and 

phosphorylation were observed with decreasing tissue blood volume fractions. As 

mentioned before, the area of the tumor showing the highest degree of FDG uptake 

represents the most aggressive tumor cells. This suggests that biopsies should be 

obtained from this area to optimize tumor subtyping. 

The consequences of improved tumor sampling may vary. If a large distance and large 

difference in FDG uptake is found, a different clinical subtype may be found and the 

chemotherapeutic regimen may change (for instance, in case of positive or negative 

HER2-status). Less profound, but still important features may be changes in genetic 

profile or proliferative activity.

A pilot study has shown that high-resolution positron emission mammography (PEM) 

could be safe and effective for the sampling of PET-depicted breast lesions.27 Recently, 

another dedicated breast PET has been introduced 28 of which the development of a 

biopsy system is in the final stage. Breast lesion biopsies using the MAMmography with 

Molecular Imaging (MAMMI) PET are scheduled in our institute. The high resolution and 

small voxel size of dedicated PETs could offer more accurate visualization of 

heterogeneous tumor FDG uptake.29 PET-guided biopsy could be of value to obtain the 

most proliferative part of the tumor by ensuring tissue sampling from the area with 

highest degree of FDG uptake.

A prior study found significantly higher SUVs for nodular tumors than for tumors with a 

diffuse growth pattern.30 A low overall SUV or a low relative difference in SUVmax of the 

tumor and the surrounding malignant tissue could complicate a PET-guided biopsy 

procedure. However, in only 5% of patients scheduled for NAC the primary tumor is not 

sufficiently visualized by PET/CT.18

In our hospital at least three 14G biopsies (22 mm long) are obtained from an area of 

approximately 2 cm. This has lead to the cut-off value of 2 cm for non-correspondence, 
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Table 5  Association between tumor characteristics and (non-)correspondence. Data are shown as number of 
tumors (percentage within characteristic)..

Tumor localization

Characteristic Corresponding Non-corresponding p-value

T-stage prior to NAC 0.028

  cT1 14 0

  cT2 112 12 (10%)

  cT3 34 15 (31%)

  cT4 15 1 (6%)

Lesion morphology on MRI 0.001

  Mass unifocal 74 2 (3%)

  Diffuse (non-mass) 61 14 (19%)

  Mass multifocal 40 12 (23%)

Lesion morphology on PET/CT

  Unifocal 92 2 (2%) <0.001

  Diffuse 55 18 (25%)

  Multifocal 28 8 (22%)

Largest tumor diameter on MRI

  ≤3 cm 63 1 (2%) <0.001

  >3 cm 112 27 (19%)

  ≤5 cm 128 9 (7%) <0.001

  >5 cm 47 19 (29%)

Largest tumor diameter on PET/CT

  ≤3 cm 88 0 <0.001

  >3 cm 87 28 (24%)

  ≤5 cm 143 13 (8%) <0.001

  >5 cm 32 15 (32%)

N-stage prior to NAC 0.548

  cN0 36 4 (10%)

  cN1 98 17 (15%)

  cN2 5 0

  cN3 36 7 (16%)

M-stage 0.441

  M0 163 25 (13%)

  M1 12 3 (20%)

Histologic type <0.001

  IDC 160 21 (12%)

  ILC 8 7 (47%)

  Other 7 0

Subtype by receptor status 0.103

  HER2-positive 33 8 (20%)

  ER-positive/HER2-negative 91 17 (16%)

  Triple negative 51 3 (6%)
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since biopsies are obtained within an area of 2 cm from the marker. A distance ≥2 cm 

between marker and SUVmax area assures that tumor sampling was not performed from 

the location with highest degree of FDG uptake. A difference ≥25% in SUV values within 

2 cm from the marker might be clinically relevant, but tumor sampling may have occurred 

within that area as well. Since the cut-off values of 2 cm and 25% are arbitrary, we have 

included analyses for different cut-off values as well (Table 4).

Some limitations of our study should be mentioned. First, without the use of PET-guided 

biopsies as a reference, only assumptions can be made about the differences in biopsy 

outcome compared to US-guided biopsy. Subsequent research should evaluate these 

table 5 continued

Tumor localization

Characteristic Corresponding Non-corresponding p-value

Grade (based on core biopsy) (n=187) 0.250

  1 13 1 (7%)

  2 87 20 (19%)

  3 61 5 (8%)

Ki-67 (n=180) 0.179

  ≤10% 55 12 (18%)

  >10% 101 12 (11%)

Abbreviations: T-stage, tumor stage; NAC, neoadjuvant chemotherapy; N-stage, locoregional lymph node 
stage; M-stage, distant metastases; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; HER2, 
human epidermal growth factor receptor 2; ER, estrogen receptor.

Figure 3 Difference between SUVmax tumor and SUV marker and distance between SUVmax tumor and marker, 
stratified by lesion morphology on MRI. Non-correspondence was predominantly found in tumors 
presenting as diffuse or multifocal lesions on pretreatment MRI.

 Abbreviations: SUVmax, maximum standardized uptake value; SUV, standardized uptake value.
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differences and further explore the role of PET-guided biopsy. Second, in our hospital a 

minimum of 3 core samples are obtained from the most suspect area in the breast. A 

marker is subsequently placed in the center of the biopsied area for future visualization, 

lesion localization at surgery, and tumor detection by the pathologist. In this study design, 

the localization of the marker will never be the exact biopsy site, but was chosen as the 

most accurate reflection. Furthermore, different radiologists may choose different 

suspect areas in the breast to obtain core samples from, and therefore interobserver 

variation might play a role in our results.

Further, one could argue that invasive diagnostic procedures prior to PET/CT may 

influence the FDG uptake, because of inflammatory reactions in the mammary tissue. A 

prior study found no correlation between SUV and presence of inflammatory cells.30 

Moreover, if PET results were affected by marker placement, the amount of non-

corresponding tumor localizations would be underestimated.

In conclusion, in stage II-III breast cancer patients scheduled for NAC non-

correspondence between the core biopsy location and the area with highest FDG uptake 

is regularly (14%) seen. PET/CT information is most likely to improve pretreatment tumor 

sampling in tumors >3 cm, lobular carcinomas, and in diffuse and multifocal tumors. 

Further research comparing PET-guided biopsy to conventional image-guided biopsy 

is warranted to explore this finding.
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Purpose

Recently, a high-resolution dedicated PET system for hanging breast imaging (MAMMI 

PET) has been developed to improve primary tumor detection and characterization. 

The aim of this pilot study was to assess its feasibility for tumor detection and FDG 

uptake measurements in patients with stage II and III breast cancer.

Methods

Thirty-two patients with invasive breast cancer (26 ductal, 4 lobular, 2 other), prior 

to and/or during neoadjuvant chemotherapy, underwent both conventional PET/CT 

and MAMMI PET in prone position with hanging breasts. Conventional PET/CT and 

MAMMI PET were performed 60 ± 10 min and 110 ± 10 min after injection of 180-240 

MBq of FDG, respectively. Primary tumor detection was assessed and FDG uptake, 

expressed as maximum standardized uptake value (SUVmax), was calculated. 

Results

Both MAMMI PET and conventional PET/CT visualized the primary tumor in 31 patients 

(97%). The mean distance from the tumor to the pectoral muscle was 26.4mm 

(smallest distance 3.3 mm). Agreement in FDG uptake between PET/CT and MAMMI 

PET was high (r=0.86, 95% CI 0.69-0.94). However, SUVmax as assessed with MAMMI 

PET was consistently higher than with PET/CT in all patients with an average ratio of 

2.7. 

Conclusion

The dedicated high-resolution breast PET with hanging breast technique is able to 

visualize approximately all breast tumors in stage II and III breast cancer patients, 

including tumors in the vicinity of the thoracic wall. This may enable its sequential 

use in the assessment of response in breast cancer patients receiving neoadjuvant 

systemic therapy, although SUVmax values are not directly comparable to standard 

PET/CT. 
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INTRODUCTION

Both positron emission tomography (PET) and, later, PET with integrated computed 

tomography (PET/CT) using fluorine-18 (18F) fluorodeoxyglucose (FDG) have been 

evaluated extensively in recent years. Its application as a staging technique in primary 

breast cancer is promising,1-4 but recommendations cannot be made yet due to the small 

size of evaluated patient groups.5-7 Additional value has been shown in the detection of 

(extra-)axillary lymph nodes 8-10 and in the detection of metastatic disease in patients 

with recurrent disease.11,12

Uncertainties remain with regard to visualization of primary breast tumors with FDG PET/

CT. The primary tumor can be visualized with PET and PET/CT in most breast cancer 

patients, but the sensitivity for the detection of smaller tumors (<1 cm) is low.13 A reason 

for this limited sensitivity is the spatial resolution of 5mm or more (full width half 

maximum [FWHM]) of most whole body PET and PET/CT devices. Furthermore, patients 

are usually scanned in standard supine position, resulting in blurring of the breasts due 

to the breathing motion of the thorax.14 Because the path of photons in tissue is long 

and involves structures of the entire thorax, the likelihood of the photons being absorbed 

or scattered is increased, resulting in signal loss due to attenuation and decreased 

contrast. 

Using dedicated breast PET systems with compression of the breast, such as the Positron 

Emission Mammography (PEM) system, may improve visibility of the primary tumor.15-18 

However, due to compression the anatomic shape of the breast is deformed, which may 

limit correlation with magnetic resonance imaging (MRI) and therefore may compromise 

localization of the tumor during surgery.19 Furthermore, tumors close to the pectoral 

muscle are difficult to visualize because of compression of the breast.15,20 

In addition to the detectability of lesions, quantification of metabolic activity in primary 

breast cancer is gaining interest. A correlation has been found between uptake of FDG 

and histologic subtypes, receptor status, and prognosis.21-24 Results regarding the 

incorporation of PET in monitoring tumor response to neoadjuvant chemotherapy (NAC) 

are promising.25-29 Although relative changes in tumor FDG uptake are the strongest 

indicator of response to NAC, baseline primary tumor uptake may provide additional 

information with regard to predicting response to therapy as well.30 

These issues have led to efforts to improve the detection and quantification of primary 

breast tumors with FDG PET. Recently, a high-resolution breast PET (MAMMI PET) for 

hanging breast molecular imaging has been developed. The aim of this pilot study was 

to assess the feasibility of MAMMI PET for tumor detection and FDG uptake measurements, 

expressed as maximum standardized uptake value (SUVmax), in patients with stage II or 

III breast cancer scheduled for or receiving NAC as compared to conventional whole 

body PET/CT.
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PATIENTS AND METHODS

Women with invasive breast cancer larger than 3 cm in diameter (one single tumor or 

multifocal) and/or at least one tumor-positive axillary lymph node were offered to receive 

NAC in our institute in one of several prospective clinical trials.19 Part of these protocols 

is the application of 18F-FDG PET/CT scans prior to and during NAC for response 

monitoring. All patients who participated in these studies and were scheduled to undergo 

conventional PET/CT between May 27th 2009 and July 28th 2010 were asked to undergo 

an additional scan using the MAMMI PET immediately following the conventional PET/

CT. The Institutional Ethics Committee approved this study and informed consent was 

obtained from all patients.

All breast tumors of included patients were initially characterized using mammography 

and ultrasound. A fine needle aspiration (FNA) of the breast lesion had been done for 

rapid diagnosis and a core biopsy was performed to determine the histologic type, 

hormone receptor-status and human epidermal growth factor receptor 2 (HER2)-status, 

and further to obtain tumor tissue for molecular studies. Tumor size was assessed with 

MRI in all patients.19 Axillary staging was primarily performed with ultrasound and 

subsequent FNA of suspect lymph nodes. In case of a negative axilla (either with 

ultrasound or with FNA) but a suspect axillary lymph node on PET/CT, targeted ultrasound 

with FNA was performed based on anatomical localization on PET/CT. If the axilla 

remained without proof of lymph node metastases, a sentinel lymph node biopsy (SLNB) 

was performed prior to treatment with NAC. Patients with HER2-positive tumors were 

treated with a trastuzumab-based regimen consisting of paclitaxel, trastuzumab, and 

carboplatin (PTC), preferably in three courses of 8 weeks. Patients with HER2-negative 

tumors were treated with six cycles of cyclophosphamide and doxorubicin (AC), 

administered in a dose-dense schedule (every two weeks). Response monitoring was 

performed with MRI after 3 (HER2-negative tumors) or 8 courses (HER2-positive tumors) 

of NAC, ensuring the possibility to switch the chemotherapeutic regimen or to perform 

early surgery in case of an unfavorable response. As part of a trial, response monitoring 

was also performed with PET/CT in the majority of patients. NAC was followed by breast-

conserving surgery or a mastectomy. 

FDG PET/CT

Patients undergoing PET/CT were prepared with a 6-hour fasting period and 10 mg of 

diazepam orally ten minutes prior to FDG administration to reduce FDG uptake in brown 

fat. Blood glucose levels were required to be <10 mmol/l. A total dose of 180-240 MBq 

was given intravenously, depending on the body mass index. The PET/CT scan was 

acquired after a resting period of 60 ± 10 min using a whole body PET/CT scanner 

(Gemini TF, Philips, Cleveland, OH, USA). An FDG PET/CT of the thorax (3.00 min per bed 

position) was performed with the patient in prone position with hanging breasts, together 

with a low-dose CT scan (40 mAs, 2 mm slices) without contrast for attenuation 

correction and anatomical localization. At baseline imaging, prior to NAC, an additional 

supine whole body PET/CT (1.30 min per bed position) was performed subsequently, 
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from the base of the skull to the upper half of the femora, for the detection of distant 

metastases. The concomitant low-dose CT scan was performed with 5 mm slices. During 

NAC, only the PET/CT of the thorax with the patient in prone position and with hanging 

breasts was repeated for response monitoring. The activity administered, time of 

administration, and the patient’s height and weight on the day of the scan were recorded 

for calculation of SUVmax in the tumor. Reconstruction of the scan of the thorax was 

performed with a standard Philips reconstruction protocol (‘neck-ctac’), using a 288x288 

matrix, 2 mm pixel size, and normal smoothing parameters.

MAMMI PET

Immediately following PET/CT (110 ± 10 min after injection), without the requirement 

of an additional injection, MAMMI PET acquisition was performed. We used the first 

prototype of the dedicated high-resolution breast PET (MAMMI, Oncovision, Valencia, 

Spain), developed in the context of a European project (MAMMI EU-037555). The scan 

was also performed with the patient in prone position, with hanging breasts, and 

adduction of the arm of the affected side (Figure 1). The dedicated PET uses scintillation 

crystals coupled to position sensitive photomultipliers (PSPMT). The detector ring consists 

of 12 detector modules in dodecagon configuration with a scanner aperture of 186 mm 

and an effective field of view (FOV) diameter of 170 mm. Each detector head contains a 

single monolithic LYSO crystal, a PSPMT, and a proprietary electronic board. 

Figure 1 MAMMI PET ring detector (A) connected to elevator and console. Patient in prone position with arm 
in adduction for image acquisition (B). Hanging breast in protection cylinder (C). Hanging breast in 
detector ring (D).
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The crystal thickness of the prototype is 10 mm with a trapezoidal shape. The axial FOV 

can extend to 170 mm by means of precise motion of the detector arm from which the 

ring extends. The direction of the acquisition was from the chest wall to the nipple. The 

number of ring positions depended on breast size. In patients with large breasts, 3 or 4 

ring positions were used and acquired for 400 seconds each, whereas in patients with 

smaller sized breasts only two ring positions with an acquisition time of 600 seconds 

each were acquired. MAMMI PET images were reconstructed in 3D using a Maximum 

Likelihood Expectation Maximization algorithm including an attenuation correction 

through image segmentation and using 12 iterations.31 This calculation is based on a 

simple model, using the theoretical attenuation of soft tissue and the anatomical 

simplicity of the breast as a homogeneous mass. MAMMI PET is able to acquire images 

with a voxel size of 1 mm3. The spatial resolution (FWHM) ranges from 1.6 mm in the 

center of the FOV to 2.7 mm at the edges of the FOV. 

Image reading

A consensus reading by at least three experienced readers was done at which the extent 

and the intensity of the FDG uptake patterns were assessed. Images of the dedicated 

MAMMI PET were qualitatively compared to the images of the PET/CT of the thorax 

regarding visualization and location of the primary tumor. The uptake of FDG was further 

quantified by measuring the SUVmax on both scans. The distance between the center 

of the tumor and the large pectoral muscle was calculated on conventional PET/CT 

images in prone position.

Statistical analysis

Agreement in SUVmax between both scans was quantified by calculating Pearson’s 

correlation coefficient with 95% confidence interval. Assessment of the difference 

between SUVmax on both scans was done with the Wilcoxon Signed Rank Test. Graphical 

presentation of the differences between the two versions was done by a scatter plot and 

a Bland and Altman plot. The Kruskal Wallis test and Mann-Whitney test have been used 

to calculate differences in SUVmax on MAMMI PET for different subtypes of breast cancer.

RESULTS

Between May 2009 and July 2010, we performed 39 measurements with both 

conventional PET/CT and MAMMI PET in 32 patients (seven patients were scanned both 

prior to and during NAC). All patients had invasive breast cancer (confirmed through 

biopsy) and were (scheduled to be) treated with NAC. Baseline characteristics of included 

patients are shown in Table 1. Figure 2 and Figure 3 show images as obtained with the 

MAMMI PET in comparison with conventional PET/CT and MRI.

Mean FDG dosage was 183.3 MBq (range 167.7-247.6 MBq). In 31 patients (97%) the 

primary tumor was visualized with MAMMI PET as well as with conventional PET/CT. In 

one patient, presenting with palpable axillary lymph nodes and an occult primary tumor, 
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neither conventional PET/CT nor MRI was able to visualize the primary tumor. The mean 

distance from the large pectoral muscle to the center of the tumor on PET/CT was 26.4 

mm (standard deviation [SD] 18.1 mm). The shortest distance between tumor and pectoral 

muscle was 3.3 mm and the MAMMI PET was able to visualize this lesion as well.

Calculation of SUVmax on MAMMI PET was possible in 23 (59%) of 39 scans. The tumor 

was occult on one scan (3%). In 10 scans (26%), at the beginning of the study period, we 

experienced some technical problems with the signal transfer from the detector ring to 

the acquisition computer. After minor adjustment of the cables, these problems were 

no longer encountered. The primary tumor was located against the thoracic wall in 5 

patients (13%), thereby being visible but returning only partial tumor information and 

causing a less reliable calculation of SUVmax. Therefore these patients were excluded 

Table 1  Baseline characteristics of 32 included patients.

Age (years)

  Mean ± SD 47.8 ± 11.4

  Range 28-70

T-stage prior to NAC

  cTx 1 (3%)

  cT1 2 (6%)

  cT2 15 (47%)

  cT3 13 (41%)

  cT4 1 (3%)

N-stage prior to NAC

  cN0 13 (41%)

  cN1 12 (38%)

  cN2 0

  cN3 7 (22%)

Multifocal 14 (44%)

Histology

  Invasive ductal 26 (81%)

  Invasive lobular 4 (13%)

  Other 2 (6%)

Clinical subtype

  HER2-positive 10 (31%)

  Triple negative 8 (25%)

  ER-positive, HER2-negative 13 (41%)

  No determination possible 1 (3%)

Distance to major pectoral muscle (mm)

  Mean ± SD 26.4 ± 18

  Range 3.3-67.9

Data are shown as mean ± standard deviation or as absolute numbers (percentage). Abbreviations: SD, 
standard deviation; T-stage, tumor stage; NAC, neoadjuvant chemotherapy; N-stage, locoregional lymph 
node stage; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor.
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Figure 2 Transversal PET-CT fusion image (A) showing an FDG-avid T2 tumor in the right breast very close to 
the pectoral muscle. Transversal MAMMI PET image (B) showing a similar pattern with intense FDG 
uptake and a hypoactive area of necrosis in the tumor. In another patient with small breast volume, 
PET/CT with maximum intensity projection (MIP) display shows a basally located FDG-avid T2 
carcinoma in the right breast (C, D), which is completely visualized on MAMMI PET image with MIP 
display (E).

Figure 3 Sagittal MRI (A) showing a T1 tumor of 1.5 cm in the left breast. Sagittal dedicated PET (B) shows the 
FDG-avid part of the breast tumor. In another breast cancer patient 3 lesions are seen on MRI (C) and 
MAMMI PET (D). Size of the smallest lesion (arrows) is 6 mm.
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from calculations on the correlation of FDG uptake. SUVmax as assessed with both scans 

and corresponding ratio is shown in Table 2. Mean SUVmax ± SD on 23 scans was 6.21 

± 3.0 and 16.57 ± 9.3 for conventional PET/CT and MAMMI PET, respectively. Correlation 

between both calculations was high (r=0.86, 95% CI 0.69-0.94), but we found a significant 

difference between both calculations of SUVmax (p<0.001), with SUVmax as assessed 

with MAMMI PET being consistently higher (ratio 2.7, min 1.25, max 5.10). A scatterplot 

with trendline showing PET/CT and MAMMI PET SUVmax values is presented in Figure 

4. The Bland and Altman plot, in which the mean SUVmax is plotted against the difference 

in SUVmax between both devices, is presented in Figure 5. 

The latter shows that the difference in SUVmax is less outspoken in tumors with a low 

SUVmax. There was no difference in SUVmax on MAMMI PET for different subtypes 

combined (p=0.317) or when comparing one subtype as a reference to both other 

subtypes (p=0.378 for HER2-positive tumors, p=0.136 for triple negative tumors, and 

p=0.705 for ER-positive, HER2-negative tumors).

Table 2  Maximum standardized uptake values (SUVmax) on conventional PET/CT and MAMMI PET in 23 
evaluable breast tumors. 

No. Histology Multifocal Treatment before scans SUVmax 
PET/CT

SUVmax 
MAMMI

Ratio

1 Ductal No None 4.77 17.80 3.73

2 Ductal No None 9.21 25.40 2.76

3 Ductal No None 7.20 31.00 4.31

4 Lobular Yes None 5.60 10.50 1.88

5 Ductal No None 5.03 6.28 1.25

6 Ductal No None 15.02 37.51 2.50

7 Ductal No None 6.55 17.90 2.73

8 Ductal Yes None 4.63 8.80 1.90

9 Ductal No 3 courses of PTC 3.64 5.23 1.44

10 Ductal No None 9.93 27.42 2.76

11 Ductal No None 5.80 11.30 1.95

12 Ductal No 1 course of AC 3.72 10.90 2.93

13 Ductal No None 6.34 13.30 2.10

14 Ductal No None 6.47 20.50 3.17

15 Ductal Yes None 10.74 34.60 3.22

16 Ductal No None 7.50 16.10 2.15

17 Lobular Yes None 5.02 17.05 3.40

18 Ductal No None 3.51 7.63 2.17

19 Ductal Yes None 5.80 13.91 2.40

20 Ductal Yes None 3.56 18.17 5.10

21 Ductal Yes 3 courses of PTC 2.45 8.41 3.43

22 Ductal Yes 3 courses of PTC 2.38 4.77 2.00

23 Ductal Yes None 7.95 16.52 2.08

Abbreviations: PTC, paclitaxel, trastuzumab and carboplatin; AC, cyclophosphamide and doxorubicin.
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Figure 5 Bland and Altman plot of PET/CT and MAMMI PET SUVmax. In 23 evaluable tumors the mean SUVmax 
of both devices (x-axis) is plotted against the difference in SUVmax between both devices (y-axis).

Figure 4 Scatter plot of PET/CT and MAMMI PET SUVmax. SUVmax of 23 evaluable tumors as assessed with 
PET/CT (x-axis) and MAMMI PET (y-axis) is shown. The trendline, showing the average ratio between 
both SUVmax calculations, has an incline rate of 2.7.
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DISCUSSION

This pilot study shows the feasibility of hanging breast imaging using a small PET detector 

ring. The MAMMI PET is able to visualize nearly all lesions, including those close to the 

pectoral muscle, two hours after an FDG dose of 180-240 MBq. This dose is considerably 

less than the dose used for other dedicated breast PET systems.18 Correlation between 

FDG uptake on this new dedicated breast PET and the conventional PET/CT scan is high 

(r=0.86), but SUVmax as assessed with MAMMI PET is consistently higher than with 

conventional PET/CT (ratio 2.7). 

In all 23 patients SUVmax as assessed with the MAMMI PET was higher than with the 

conventional PET/CT. A possible explanation for this finding is the fact that the MAMMI 

PET was performed approximately 50 minutes after conventional PET/CT, leading to a 

further increase in SUVmax. A recent study by Stahl et al has shown that FDG uptake 

tends to rise over time after administration.32 However, this phenomenon is believed to 

explain only a limited part of the increase, perhaps no more than approximately 10-15%. 

Another possible cause for the dissimilar SUVmax values is the difference in resolution 

and voxel size. The voxel size is not the same, being 2x2x2 mm3 in conventional whole 

body PET/CT and 1x1x1 mm3 in MAMMI PET, and the spatial resolution expressed as 

FWHM is also different.31 Therefore, looking at the maximum value of SUV in a volume 

of interest, MAMMI PET is better able to define the true activity distribution, whereas 

whole body PET/CT ‘averages’ the distribution over its larger voxel volume. This voxel 

size effect on the SUVmax is clearly seen when reconstructing the same patient data 

with both voxel sizes (2x2x2 mm3 and 1x1x1 mm3): the smaller the voxel size, the higher 

the SUVmax value. Finally, the partial volume effect of tumors presumably plays an 

important role regarding differences in SUVmax.33 Because of the higher resolution and 

smaller voxel size of the MAMMI PET and corresponding higher SUVmax, quantifications 

of FDG uptake as performed with MAMMI PET and conventional PET/CT are not 

interchangeable. 

The MAMMI PET is smaller and cheaper than a conventional PET/CT scan, thereby 

allowing hospitals that cannot afford a conventional PET/CT scan to exploit some of the 

advantages of PET imaging in breast cancer. Furthermore, MAMMI PET generates images 

with a higher resolution, allowing smaller tumors to be visualized, which might be of 

benefit as a breast screening tool or complementary to other diagnostic modalities, for 

example in cases of occult tumors or inconclusive mammography or MRI. Finally, MAMMI 

PET could theoretically allow the use of a biopsy system based on metabolic images,34,35 

multifocal tumors, or tumors with a mixed response to neoadjuvant chemotherapy.  

On the other hand, this device is dedicated to breast tumors, making it able to measure 

the therapy response of the primary tumor only.

The advantage of the MAMMI PET is the fact that patients are scanned in prone position 

with hanging breast, which allows for comparison with MRI and PET/CT. Although 

promising results have been described regarding dedicated PET devices for breast 

imaging, current devices require compression of the breast, thereby changing its 

anatomy.15-18 This makes it more difficult to determine the exact size and extent of the 
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primary tumor and to determine which type of surgery is deemed necessary (i.e. breast-

conserving surgery or radical mastectomy). Furthermore, due to breast compression a 

25% false negative rate for index lesions has been reported, principally for tumors located 

near the thoracic wall.18 Finally, compression of the breast for mammography of PEM 

imaging is a painful and unpleasant experience. In contrast, without compression, the 

hanging breast technique used for the MAMMI PET in the present study also visualized 

tumors located close to the thoracic wall. Positioning of the patient in the prone position 

with adduction of the arm on the side of the affected breast results in optimal positioning 

of the breast within the ring detector (Figure 1). 

In this study we used the first prototype of the MAMMI PET. Initial results indicate that 

this dedicated breast PET is able to visualize the primary tumor in 97% of the patients, a 

similar detection rate as with conventional FDG PET/CT in our population. However, we 

discovered certain SUVmax calculation limitations. Some tumors close to the pectoral 

muscle may not be fully visualized, making the SUVmax calculation less evaluable. We 

also experienced a problem with the connection between the detector ring and the 

acquisition software in 10 patients. This occurred only in the beginning and was solved 

by adjusting the cables. 

In conclusion the MAMMI PET for hanging breast images was able to visualize breast 

carcinomas in nearly all stage II-III breast cancer patients including tumors close to the 

thoracic wall. In completely visualized tumors there is a good agreement in FDG uptake 

expressed as SUVmax between conventional PET/CT and MAMMI PET. However, MAMMI 

PET SUVmax was consistently higher than PET/CT SUVmax, rendering a direct comparison 

between both devices impossible. Further studies are necessary to investigate the use 

of MAMMI PET in inconclusive mammography or ultrasound, the detection of carcinoma 

in situ or small invasive carcinomas, its possible role in response monitoring, and use of 

MAMMI PET in radioguided biopsies. 
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Positron emission tomography (PET), with or without integrated computed 

tomography (CT), using 18F-fluorodeoxyglucose (FDG) is based on the principle of 

elevated glucose metabolism in malignant tumors and its use in breast cancer patients 

is frequently being investigated. It has been shown useful for classification, staging, 

and response monitoring, both in primary and recurrent disease. However, because 

of the partial volume effect and limited resolution of most whole body PET scanners, 

sensitivity for the visualization of small tumors is generally low. To improve the 

detection and quantification of primary breast tumors with FDG PET, several dedicated 

breast PET devices have been developed. In this non-systematic review we shortly 

summarize the value of whole body PET/CT in breast cancer and provide an overview 

of currently available dedicated breast PETs.
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INTRODUCTION

Breast cancer is the most frequent type of cancer in women all over the world. In the 

United States it is expected to account for 29% (226,870) of all new cancer cases among 

women in 2012.1 After an increase in incidence rates during the 70’s and 80’s, mainly 

caused by improvements in early detection, breast cancer incidence in the United States 

has been relatively stable over the last decade.2 Overall cancer death rates have been 

declining consistently since 1991 (23% in men and 15% in women), with breast cancer 

accounting for 34% of the decrease in women. This decrease largely reflects 

improvements in early detection and/or treatment 3; breast cancer screening programs 

have been launched and improved, various imaging modalities have been developed 

and modified, and patient-tailored/targeted treatment has been introduced and 

expanded. 

Mammography, ultrasound (US), and magnetic resonance imaging (MRI) are employed 

as diagnostic tools for several years. Recently, molecular imaging techniques for tumor 

detection have gained interest. Positron emission tomography (PET), with or without 

integrated computed tomography (CT), using 18F-fluorodeoxyglucose (FDG) is based 

on the principle of increased glucose metabolism in malignant tumors and has been 

investigated frequently in breast cancer. It has been shown to be valuable for locoregional 

and distant staging in both primary and recurrent breast cancer.4-9 Based on the 

association between prognostic characteristics and the degree of primary tumor FDG 

uptake 10,11 and promising results regarding response monitoring during neoadjuvant 

chemotherapy with PET/CT,12 optimal quantification of metabolic activity is desirable. 

However, uncertainty remains regarding the visualization of primary breast tumors with 

conventional PET/CT, mainly due to the low sensitivity in small (cT1) breast cancers.13,14 

These issues have led to the development of high-resolution dedicated breast PET 

modalities, of which several have been investigated. 

In this non-systematic review we briefly summarize the value of whole body PET/CT in 

breast cancer patients and also report its limitations, which have been the foundation 

for development of dedicated breast PETs. Hereafter, we describe the added value of 

dedicated breast PETs and compare four currently available, in vivo evaluated dedicated 

breast PETs, subdivided by positioning of breast and patient. Special emphasis will be on 

the MAMMI (MAMmography with Molecular Imaging) PET, a recently developed high-

resolution dedicated breast PET for hanging breast molecular imaging. Finally, we discuss 

the possible clinical implementation of the dedicated breast PET.

WHOLE BODY 18F-FDG PET AND PET/CT

The value of 18F-FDG PET and PET/CT in breast cancer patients has been investigated 

extensively. It can be used for detection and visualization of the primary tumor. Several 

studies have demonstrated that tumors with unfavorable prognostic characteristics show 

a higher degree of FDG uptake,10,11 but due to the limited resolution of most whole body 
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scanners, suboptimal patient positioning, and the partial volume effect, sensitivity for the 

visualization of small primary tumors (cT1) was found to be low.13-15 However, optimal 

patient positioning and reconstruction protocols might improve primary tumor 

visualization. In our institute we perform a detailed scan of the thorax for locoregional 

evaluation with the patient in prone position, the arms above the head, with hanging 

breasts, and image reconstruction to 2x2x2 mm voxels. This approach provides high-

resolution images of the breasts and locoregional lymph nodes without tissue 

compression and results in improved tumor delineation and less breathing artifacts.16 

Further, it enables image comparison with MRI.

In the diagnostic work-up of breast cancer not only visualization of the primary tumor, 

but also locoregional and distant staging is important. The accuracy of PET/CT for 

detection of axillary lymph node metastases has predominantly been studied in early 

stage breast cancer; although sensitivity was suboptimal, specificity and positive 

predictive value are consistently reported to be high, providing a rationale for omission 

Figure 1 Fused whole body PET/CT images depicting FDG uptake in the primary tumor (A), an axillary lymph 
node (B), a lymph node in the internal mammy chain (C), a supraclavicular lymph node (D), the liver 
(E), and the fifth lumbar vertebra (F).
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of the sentinel lymph node procedure and allowing an immediate axillary lymph node 

dissection in case of an FDG-avid axillary node.8 Further, PET/CT has been shown to 

outperform conventional imaging procedures regarding the detection of extra-axillary 

lymph node metastases and distant metastases in primary stage II and III breast cancer.6,9 

The yield of PET/CT as a staging device in early stage breast cancer is relatively low, 

mainly because of the low incidence of distant metastases in this particular group of 

patients.14,15 In patients with breast cancer recurrence, several international guidelines 

recommend performance of an FDG PET or PET/CT, both for visualization of the 

recurrence and for detection of metastases.17,18 In Figure 1, examples of the primary tumor, 

locoregional lymph node metastases, and distant metastases as visualized with 

conventional whole body PET/CT are depicted.

DEDICATED BREAST PET IMAGING

Although several papers recommend performing a PET/CT for locoregional and distant 

staging in primary stage II-III or recurrent breast cancer, its use is not advised for detection 

or visualization of the primary tumor for several reasons. First, the spatial resolution full 

width at half maximum (FWHM) of most whole body scanners is limited to approximately 

5 mm. Second, the partial volume effect limits precise imaging and quantification of 

small tumors. Further, most scans are performed in supine position, which is suboptimal 

because of tissue compression and blurring of the signal due to the breathing motion.16 

Also, the path of the photons from source to detector is long and involves structures of 

the entire thorax, resulting in increased likelihood of the photons to be absorbed or 

scattered and signal loss because of attenuation and decreased contrast.

Despite the limitations in primary tumor visualization with PET and PET/CT there is an 

increased demand for accurate tumor visualization with FDG PET and quantification of 

metabolic activity; PET or PET/CT can be used in patients with dense breast glandular 

tissue, in which mammography, US, and MRI have been shown to be less accurate.19,20 

Further, multiple studies have reported a correlation between degree of FDG uptake and 

histologic subtypes, receptor status, and prognosis, suggesting a potential for tumor 

characterization.10,11 Finally, response monitoring with PET and PET/CT during neoadjuvant 

chemotherapy has been shown to be promising, with both the degree of FDG uptake at 

baseline and the relative decrease in FDG uptake between two scans giving information 

regarding pathological response achievement,12,21 thereby emphasizing accurate 

quantification of FDG uptake. 

The increased interest in visualizing and quantifying the primary tumor with PET or PET/

CT and the currently experienced hindrance and inaccuracy when using whole body 

PET/CT scanners have led to the development of dedicated breast PET devices. The high 

resolution, small voxel size, and short pathway from tumor to detector could improve 

tumor detection and quantification. Further, PET-guided biopsies could be facilitated, 

enabling a biopsy from the most proliferative part of the tumor (at the location with 

highest degree of FDG uptake 22), especially in tumors with a heterogeneous FDG uptake 
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pattern or in otherwise occult tumors.23,24 The dedicated breast PETs can be classified 

according to positioning of the breast and patient, using either compression of the breast 

with up-right patient positioning (PEM) or with hanging breast without compression in 

prone position (PEM/PET, dedicated breast PET/CT, MAMMI PET).

DEDICATED BREAST PET: COMPRESSION

Positron emission mammography (PEM)

Several solutions for compressed positron emission tomography of the breast are 

currently available. The positron emission mammography (PEM) system (Naviscan, San 

Diego, USA) has been investigated most extensively. Thompson et al have reported its 

feasibility in 1994 and the first clinical results followed shortly thereafter.25-27 MacDonald 

et al presented the second prototype (PEM Flex Solo II) in 2009.28 The system consists 

of two planar detectors, which are integrated in a conventional mammography device, 

enhancing comparison of PEM and mammography images. In recent studies 301-472 

MBq of 18F-FDG is injected intravenously and images are acquired after a resting period 

of approximately 60 minutes.29-33 PEM uses breast compression during image acquisition, 

which takes 10-20 minutes per breast on average. The resolution is 2.4 mm (FWHM) and 

the maximum field of view (FOV) is 24 x 16.4 cm. Several clinical trials have shown a high 

sensitivity, specificity, and accuracy for the detection of breast cancer. As compared with 

conventional whole body PET/CT scanners, PEM has a higher sensitivity, mainly due to 

improved detection of small tumors.33 Further, PEM and magnetic resonance imaging 

(MRI) yield comparable accuracy for detection of the primary tumor and similar 

effectiveness regarding pre-surgical planning.29,30 Also, PEM and MRI seemed equally 

effective in screening the contralateral breast of women with newly diagnosed breast 

cancer.32 Finally, a pilot study has shown that PEM-guided biopsy could be safe and 

effective 34; the procedure caused no adverse events, but invasive cancer was diagnosed 

in only 54% of biopsies, while 33% of FDG-avid biopsied lesions were eventually found 

to be benign. Although no comparisons have been made with stereotactic biopsies or 

biopsies obtained under US- or MRI-guidance, in which far more experience has been 

gained, PET-guided biopsy may be useful in selected cases.

Some disadvantages of the PEM should be acknowledged as well. First, because of 

compression of the breast, lesions close to the pectoral muscle (posterior localization) 

are more frequently missed.26,28,35,36 Also, because of activity at the edge of the FOV or 

incomplete lesion visualization, quantification of FDG uptake in these tumors is less 

reliable. Second, a high dose of FDG is generally used, which may come with higher 

risks on radiation-induced cancer.37,38 Third, compression of the affected breast is 

unpleasant or painful and, more important, hinders comparison with images obtained 

with MRI.
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DEDICATED BREAST PET: HANGING BREAST IN PRONE POSITION

PEM/PET

In 2008 Raylman et al described the design and construction of the PEM/PET (positron 

emission mammography/tomography).39 It consists of two sets of rotating planar detector 

heads, generating 3D reconstructed images with a FOV of 15x15x15 mm3 and a resolution 

of 1.84-2.04 mm. A biopsy system is included in the device. First clinical evaluation in 

five patients with known breast cancer showed promising results, but further evaluation 

is clearly necessary before implementation in clinical practice.40

Dedicated breast PET/CT

In 2009, Wu et al and Bowen et al introduced a dedicated breast PET/CT.41,42 Patients are 

scanned in prone position after insertion of a single breast into an opening in the table. 

The scanner acquires fully tomographic images of the breast by rotating two PET 

detectors, a CT detector, and an X-ray tube in the coronal plane around a single breast. 

First clinical evaluation, using 170-477 MBq of FDG and an imaging time of 12.5 min per 

breast, showed promising results.42 However, addition of a CT seems questionable, since 

CT alone has low accuracy in breast imaging, a relatively simple PET reconstruction 

model without CT could be used as well (using theoretical attenuation of soft tissue and 

the anatomical simplicity of the breast as a homogeneous mass), and because it results 

in increased radiation and corresponding radiation-induced cancer risks.

MAMMI PET

Recently, the MAMMI (MAMmography with Molecular Imaging) PET, a high-resolution 

breast PET for hanging breast molecular imaging, has been developed in the context of 

a European project.43 Patients are scanned in prone position, without compression of 

the breast. Through an opening in the table, a single hanging breast is positioned in the 

detector ring, which consists of 12 detector modules in dodecagon configuration and 

has a scanner aperture of 186 mm. The axial FOV (breast width) is 170 mm and the 

coronal FOV (breast length, from pectoral muscle to nipple) can extend to 170 mm by 

means of precise motion of the detector arm from which the ring extends. The spatial 

resolution (FWHM) ranges from 1.6 mm in the center of the FOV to 2.7 mm at the edges 

of the FOV and voxel size is 1 mm3. Images are reconstructed in 3D using a maximum 

likelihood expectation maximization algorithm including an attenuation correction 

through image segmentation and using 12 iterations. The use of CT for attenuation 

correction or anatomical localization is unnecessary, thereby preventing additional 

radiation and the increased risk of radiation-induced cancer.

The first clinical validation study, comparing MAMMI PET with MRI and conventional PET/

CT in patients with stage II-III breast cancer, was performed in 32 patients.44 In this pilot 

study using the first prototype, a MAMMI PET was performed immediately following the 

conventional whole body PET/CT. Approximately 110 minutes after injection of 170-240 

MBq of FDG, 97% of tumors were visualized with MAMMI PET, including lesions close to 

the pectoral muscle. Agreement in FDG uptake between whole body PET/CT and MAMMI 
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PET was high, but SUVmax as assessed with MAMMI PET was consistently higher in all 

patients (average ratio 2.7).

Currently the second prototype is available (Figure 2). With the exception of slight 

adjustments to the scintillation crystals, the technical features remained unchanged. 

Larger adaptations have been made to the software, integrated positioning table, and 

handling convenience. In current studies, total acquisition time is 15 minutes per breast, 

irrespective of the needed number of frames. Development of a biopsy system is in the 

final stage and phantom tests for biopsies are scheduled. Examples of MAMMI-generated 

images are shown in Figure 3 and Figure 4.

COMPARISON OF DEDICATED PETS

Up till now, most experience has been gained with PEM. However, in contrast with prone 

positioning dedicated PETs, 2D images are acquired and limited access to regions close 

to the pectoral muscle has been described. Compression of the breast facilitates 

comparison of images and lesion localization with mammography, most frequently used 

for screening or primary diagnostics; prone positioning generates images that are 

comparable with whole body PET/CT and MRI, which are normally used in a more 

advanced stage of the disease. Acquisition time per breast is comparable for all devices, 

but the FDG dose is considerably lower for the MAMMI PET. An overview of different 

characteristics of dedicated PETs is presented in Table 1.

Table 1  Comparison of characteristics of four different dedicated breast PETs.
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PEM Yes 2.4 24 x 16.4 No No Yes 301-472 10-20 > 750

PEM/PET No 1.8-2.0 20 x 15 Yes No Yes 370-444 3 5
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PET/CT

No 3.27
11.9 x 
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Yes Yes No 170-477 12.5 4
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In
progress
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Abbreviations:  FWHM, full width half maximum; FOV, field of view; 3D, three dimensional; CT, computed 
tomography; FDG, fluorodeoxyglucose; MBq, megabecquerel.
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FUTURE DIRECTIONS: MAIN PURPOSES AND POSSIBLE INCORPORATION IN 
CLINICAL PRACTICE

When using dedicated breast PET devices, tumor deposits outside the breast cannot be 

visualized and therefore staging of breast cancer patients is not possible. The value of 

dedicated breast PETs should therefore be sought in screening or more accurate imaging 

of the primary lesion using molecular techniques (Table 2). The addition of molecular 

imaging to conventional imaging modalities (mammography, US, MRI) could be valuable 

in patients with very dense breasts, after previous (breast-conserving) surgery, or if the 

lesion appears to be occult (for instance, if nodal metastases are the presenting symptom). 

Further, if the required FDG dose could be decreased, dedicated breast PETs could be 

used as a screening instrument. Also, its use could be of value following inconclusive 

mammography and/or US for a quick differentiation between benign or malignant 

disease. The high resolution and small voxel size of these devices could improve the 

detection of small (cT1) tumors, for which sensitivity of whole body PET/CT was found 

to be low, and allow for more accurate visualization of heterogeneous tumor FDG uptake. 

This might be particularly interesting in response monitoring to neoadjuvant 

chemotherapy, for which promising results have been reported. Finally, further research 

should be performed regarding FDG-guided biopsy, ensuring tissue sampling from the 

area with highest degree of FDG uptake, most likely corresponding with the most 

proliferative part of the tumor.

Figure 2 MAMMI PET with special bed for hanging breast position (A). Ring device detector (B) enables three-
dimensional acquisition and reconstruction after 15-20 minutes of acquisition (C). The hanging breast 
technique enables a close position of the breast in relation to the detector (D-F).
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Figure 3 MAMMI maximum intensity projections (MIP) covering the whole volume of the tumor, depicting 
lesions of 9 mm (A), 2 cm in the area of the nipple (B), and 2.8 cm very close to the thoracic wall (C). 
Note the heterogeneity of tumor FDG uptake in large tumors (D-F).

Figure 4 MAMMI maximum intensity projections (MIP) showing assessment of tumor metabolic response to 
neoadjuvant chemotherapy in a patient with multifocal breast cancer (A) and disappearance of FDG 
uptake in the breast lesions (B). The same pattern of complete metabolic response is seen for another 
patient with two breast tumors (C, D). By contrast, no significant response is seen in a patient with a 
T2 tumor (E, F) and in another patient with a T1 invasive breast carcinoma (G, H).
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DEDICATED BREAST PET: REVIEW

SUMMARY

Whole body PET/CT has additional value in locoregional and distant staging in both 

primary and recurrent breast cancer, but sensitivity for detection of (small) lesions in the 

breast seems suboptimal. Dedicated breast PETs could offer more accurate molecular 

imaging of breast tumors as compared with conventional PET/CT and might be a valuable 

addition to conventional imaging modalities. Currently available devices can be 

categorized according to patient positioning, using either compression of the breast or 

prone positioning with hanging breast. Although results are promising, further research 

should be performed before incorporation in daily clinical practice, especially regarding 

decrease in FDG dose, the additional value following inconclusive mammography and/

or US, use of FDG PET and PET/CT for response monitoring during neoadjuvant 

chemotherapy, and accuracy of FDG-guided biopsies. 

Table 2  Possible indications and applications for dedicated breast PETs in future clinical practice.

Indications and applications for dedicated breast PET

Screening in dense breasts, hindering mammography/ultrasound
Screening in (very) high risk patients
Occult lesion on conventional imaging
Inconclusive lesion on mammography/ultrasound
Accurate FDG uptake determination in heterogeneous lesions
Primary tumor response monitoring (in node-negative patients)
FDG-guided biopsies

Abbreviations: PET, positron emission tomography; FDG, fluorodeoxyglucose.
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Purpose

To evaluate heterogeneity of primary tumor FDG uptake in breast cancer patients 

using a dedicated breast PET.

Methods

Within the scope of two prospective trials studying preoperative chemo- or 

radiotherapy, a PET/CT of the thorax (2 mm slices) was performed 60 min after 

administration of 180-240 MBq 18F-FDG. Subsequently, 110 min after injection, a 

scan was performed with a dedicated high-resolution breast PET (MAMMI). Both 

procedures were performed in prone position. MAMMI images were compared with 

PET/CT images regarding intensity and heterogeneity of FDG uptake. Four-point 

scores were used to evaluate intensity (0: none; 1: light; 2: moderate; 3: high) and 

heterogeneity (0: diffuse; 1: mild; 2: moderate; 3: high) of FDG uptake. Further, 

SUVmax was calculated on both scans.

Results

Thirty-five patients, in whom the primary tumor was visualized on both scans, were 

included in this analysis. The mean primary tumor size was 35.1 mm (range 10-108 

mm). The mean intensity score was similar on both devices (2.4 for PET/CT and 2.3 

for MAMMI; p=0.439), but mean heterogeneity score on MAMMI images was 

significantly higher (PET/CT 1.9 vs MAMMI 2.3; p=0.005). MAMMI showed a higher 

heterogeneity score in 11 (31%) of 35 patients, especially in tumors with moderate or 

high intensity (score 2-3). Significantly higher heterogeneity scores on both PET/CT 

and MAMMI were seen in large tumors (p=0.005 and p=0.014, respectively) and 

tumors with high intensity scores (p=0.012 and p<0.001, respectively)

Conclusion

Heterogeneous tumor FDG uptake in breast cancer patients is frequently observed, 

particularly in large tumors with intense FDG uptake. It is more often seen on MAMMI 

PET than on conventional PET/CT. Although the observed heterogeneity should be 

proven histopathologically, this finding offers a rationale for FDG-guided biopsies. 

Eventually, this might improve histopathological tumor sampling in breast cancer 

patients.
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INTRODUCTION

Positron emission tomography (PET) using 18F-fluorodeoxyglucose (FDG) is based on 

the principle of elevated glucose metabolism in malignant tumors and its use in breast 

cancer patients is frequently being investigated. Due to the limited resolution of most 

whole-body scanners, suboptimal patient positioning, and the partial volume effect, 

sensitivity for the visualization of small primary tumors was found to be low.1 Despite 

these limitations there is an increased demand for accurate tumor visualization with FDG 

PET and quantification of metabolic activity, for example in patients with dense breast 

glandular tissue, in which mammography, ultrasound, and MRI have been shown to be 

less accurate.2,3 In recent years, several dedicated breast PET devices have been developed 

to improve primary tumor detection and quantification with FDG PET.4 One of them is 

the MAMmography with Molecular Imaging (MAMMI) PET, a high-resolution breast PET 

for hanging breast molecular imaging.5 

Recent studies have demonstrated the principle of intratumour heterogeneity, which 

may lead to significant sampling bias.6,7 An important aspect of improved tumor 

visualization using molecular imaging could be the evaluation of heterogeneity in tumor 

FDG uptake. The assessment of intratumour heterogeneous FDG uptake may improve 

the quality of breast cancer core biopsies by performing tumor sampling from the area 

with highest FDG uptake (i.e., highly proliferative area); this might be particularly 

interesting in patients treated with neoadjuvant chemotherapy, in which pre-treatment 

biopsies are used for determination of the chemotherapeutic regimen.8 

Against this background the aim of the present study was to assess the degree of 

heterogeneity as depicted with a high-resolution dedicated breast PET (MAMMI) in breast 

cancer patients as compared with conventional PET/CT.

PATIENTS AND METHODS

Patients analyzed in this study underwent a PET/CT within the scope of two prospective 

clinical trials. The first trial is a monitoring study evaluating the use of neoadjuvant 

chemotherapy in patients with large (>3 cm) and/or node-positive tumors. The second 

trial prospectively assesses the value of preoperative accelerated partial breast irradiation 

in small (<3 cm) node-negative tumors (PAPBI trial, registered with clinicaltrials.gov under 

number NCT01024582). In both trials primary tumor size is assessed with MRI. A core 

biopsy is used to determine the histologic type and to perform immunohistochemical 

stainings. Axillary ultrasound with subsequent fine needle aspiration of suspect nodes 

(cortex thickness ≥2.3 mm) is performed for staging of the axilla. If FNA shows absence 

of tumor cells, a sentinel lymph node biopsy before treatment is performed. 

In both trials a baseline PET/CT (before chemo- or radiotherapy) is performed for 

response monitoring purposes. In total, thirty-five patients with invasive breast cancer 

and visualized tumors on baseline PET/CT and MAMMI between April and October 2011 

were evaluated in this comparative study. The institutional review board approved these 

trials and informed consent was obtained from all patients. 
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18F-FDG PET/CT

A PET/CT was performed using a whole body PET/CT scanner (Gemini TF, Philips, 

Cleveland, Ohio, USA). Patients were prepared with a 6-hour fasting period and 10 mg 

of diazepam orally to reduce FDG uptake in brown fat. Blood glucose levels were required 

to be <10 mmol/l. A total dose of 180-240 MBq was given intravenously, depending on 

the body mass index. After a resting period of 60 ± 10 minutes, a PET/CT of the thorax 

(3.00 min per bed position) was performed with the patient in prone position and with 

hanging breasts. PET acquisition was preceded by a low-dose CT (40 mAs, 2 mm slices) 

without contrast for attenuation correction and anatomical localization. Subsequently, 

as a staging procedure, a standard whole body PET/CT scan (1.30 min per bed position) 

in supine position was performed from the base of the skull to the upper half of both 

femora.

MAMMI PET

Following PET/CT (110 ± 10 min after injection), without the requirement of an additional 

injection, an additional study of the breast was performed using a dedicated breast PET 

(MAMMI, Oncovision, Valencia, Spain).9 The MAMMI was also performed with the patient 

in prone position and with hanging breast. MAMMI uses scintillation crystals coupled to 

position sensitive photomultipliers (PSPMT). The detector ring consists of 12 detector 

modules. One ring position scans approximately 30 mm of the breast, but the axial field 

Figure 1 The method used for the visual analysis of PET/CT and MAMMI images was generating maximum 
intensity projection  (MIP) images with covering of the whole volume of the tumor.
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of view can extend to 170 mm by precise motion of the detector arm. The number of 

ring positions depends on breast size. In patients with large breasts, 4 ring positions were 

used (240 seconds per position), whereas in patients with smaller sized breasts only two 

or three ring positions (acquisition time 300 seconds each) were used. MAMMI PET 

images were reconstructed in 3D using a Maximum Likelihood Expectation Maximization 

algorithm including an attenuation correction through image segmentation and using 

12 iterations. The spatial resolution (FWHM) ranges from 1.6 mm in the center of the FOV 

to 2.7 mm at the edges of the FOV.

Image reading

Three experienced readers evaluated PET/CT and MAMMI images jointly using orthogonal 

multiplanar projection in axial, coronal, and sagittal views. They were blinded for other 

diagnostic procedures. Consensus had to be reached before any conclusions were 

drawn. A 4-point score was used to evaluate tumor uptake in both series (0: non 

visualization; 1: light intensity; 2: moderate intensity; 3: high intensity). Heterogeneity 

was assessed by identifying areas with different intensity in the tumor using a 4-point 

score (0= diffuse; 1= mild; 2= moderate; 3= high). This evaluation was performed by 

generating maximum intensity projection images with covering of the whole volume of 

the tumor (Figures 1 and 2). 

Figure 2 Patient with a T2 tumor showing extended intratumor heterogeneity of FDG uptake. Areas with more 
intense FDG uptake are observed within the tumor, possibly representing different cell clones (arrows).
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Data analysis

Due to pretreatment with chemo- or radiotherapy, in all patients tumor size (T-stage) 

and histopathological findings were determined with MRI and core biopsies, respectively. 

Differences in intensity and heterogeneity scores between PET/CT and MAMMI PET were 

assessed using the two-tailed Wilcoxon signed rank test. Differences in heterogeneity 

scores on PET/CT and MAMMI PET for different clinical and pathological factors were 

calculated using the Linear-by-Linear Association test.

RESULTS

Thirty-five patients (mean age 53.8 yrs, range 29-74) were analyzed (Table 1). The mean 

size of the primary tumor on MRI was 29 mm (range 10-108 mm). The majority of tumors 

were ER-positive/HER2-negative (24/35, 69%), 7 (20%) were triple negative, and 4 (11%) 

were HER2-positive. 

PET/CT showed light uptake in 4 (11%), moderate uptake in 13 (37%), and high uptake in 

18 (51%) tumors; MAMMI depicted light uptake in 5 (14%), moderate uptake in 14 (40%), 

and high uptake in 16 (46%) tumors. Mean primary tumor FDG uptake score was similar 

for both devices (2.4 for PET/CT and 2.3 for MAMMI; p= 0.439). PET/CT depicted diffuse 

FDG uptake in 1 (3%), mild heterogeneity in 11 (31%), moderate heterogeneity in 13 (37%), 

and high heterogeneity in 10 (29%) patients; MAMMI showed diffuse uptake in 1 (3%), 

mild heterogeneity in 4 (11%), moderate heterogeneity in 14 (40%), and high heterogeneity 

in 16 (46%) patients. Mean heterogeneity scores varied from 1.89 for PET/CT to 2.29 for 

MAMMI (p=0.003). Intensity and heterogeneity scores are presented in Table 2.

MAMMI showed higher heterogeneity in 11 (31%) of 35 patents, especially in tumors with 

a moderate or high intensity score (2-3) (Figures 3 and 4). Heterogeneity score was higher 

on PET/CT than on MAMMI in 1 patient. The majority of 16 patients with heterogeneous 

FDG uptake on MAMMI (score 3) had a tumor ≥3 cm in size (11/16, 69%) and had a high 

intensity score (11/16, 69%). 

Significantly higher heterogeneity scores on PET/CT were seen in patients with a higher 

T-stage (p=0.005), higher N-stage (p=0.018), and high intensity of FDG uptake on PET/

CT (p=0.018) and MAMMI (p=0.012). No associations between heterogeneity on PET/

CT and histology, subtype, and grade were found. Heterogeneity scores on MAMMI were 

significantly higher in patients with a higher T-stage (p=0.014) and high intensity scores 

on PET/CT (p=0.001) and MAMMI (p<0.001). No associations were seen between 

heterogeneity on MAMMI and N-stage, histology, subtype, and grade.
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Table 1  Baseline characteristics of 35 included patients.

Age (years)

  Mean ± SD 53.8 ± 12.3

  Range 29-74

Tumor size (mm)

  Mean ± SD 35.1 ± 20.3

  Range 10-108

T-stage (MRI)

  T1 9 (26%)

  T2 19 (54%)

  T3 4 (11%)

  T4 3 (9%)

Location

  UOQ 13 (37%)

  UIQ 5 (14%)

  LOQ 12 (34%)

  LIQ 2 (6%)

  Areolar 3 (9%)

N-stage

  N0 15 (43%)

  N1 12 (34%)

  N2 2 (6%)

  N3 6 (17%)

Histology

  IDC 31 (89%)

  ILC 2 (6%)

  Mucinous 2 (6%)

Subtype

  HER2-positive 4 (11%)

  ER-positive/HER2-negative 24 (69%)

  Triple negative 7 (20%)

Grade

  1 7 (20%)

  2 18 (51%)

  3 10 (29%)

Abbreviations: SD, standard deviation; MRI, magnetic resonance imaging; UOQ, upper outer quadrant, UIQ, 
upper inner quadrant; LOQ, lower outer quadrant, LIQ, lower inner quadrant; IDC, invasive ductal 
carcinoma; ILC, invasive lobular carcinoma; HER2, human epidermal growth factor receptor 2; ER, estrogen 
receptor.
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Figure 3 Comparison between whole-body PET/CT with 2 mm slices (left) and MAMMI (right). Images from a 
49 year-old patient with left-sided breast cancer. Both studies showed intense FDG uptake (score 3), 
but heterogeneity clearly differed (score 0 for PET/CT and score 2 for MAMMI).

Figure 4 PET/CT (left) and MAMMI (right) images in sagittal axis. Four lesions are depicted with MAMMI and 
different (heterogeneous) uptake within the larger lesion is observed (arrows). By contrast, PET/CT is 
not able to identify areas with different FDG uptake in the tumor.
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DISCUSSION

Breast cancers are heterogeneous in its proliferation. In recent years, molecular evidence 

suggests that intratumour heterogeneity may contribute to tumor growth through a 

branched rather than linear pattern of evolution. Thus, intratumour heterogeneity results 

in coexisting cancer cell clones with different genotypes and phenotypes that may be 

diverse within the same tumor. Yap et al. considered heterogeneity as a “growing tree”, 

where the trunk of tumor harbors the founding mutations and the branches (with 

different regions of the tumor or cells within it) carry heterogeneous mutations that may 

drive diverse behaviors. This issue is particularly true in breast cancer where regional 

subclones with different HER2 amplification have been demonstrated.10

In this study MAMMI depicted moderate or high intratumour heterogeneous FDG uptake 

in 30 of 35 patients, predominantly in tumors ≥3 cm and with intense FDG uptake. 

Heterogeneity scores were higher on MAMMI than on PET/CT in 11 (31%) patients. 

Surprisingly, we did not find correlations of heterogeneity scores with histology, subtype, 

or grade. However, various subgroups were probably too small to find significant 

associations.

Tumor heterogeneity in proliferation, vascularization, and multidrug-resistance are very 

important parameters. Their pretreatment knowledge could permit to plan individualized 

therapies. Accurate visualization of heterogeneity could reduce tumor-sampling bias, 

could have implications for the development of new targeted therapies, and might 

partially prevent drug resistance.11 In breast cancer patients the addition of molecular 

imaging to conventional imaging modalities (mammography, ultrasound, MRI) for 

detection of heterogeneity could be particularly interesting in patients scheduled for 

neoadjuvant chemotherapy for optimization of pretreatment tumor sampling. Further, 

visualizing heterogeneity could be of value during response monitoring, especially in 

patients with an unfavorable response. 

Table 2  Intensity of FDG uptake and heterogeneity scores as seen on 
PET/CT and MAMMI PET in 35 patients.

PET/CT MAMMI p-value

Intensity of FDG uptake

  0 - none 0 0 0.439

  1 - light 4 (11%) 5 (14%)

  2 - moderate 13 (37%) 14 (40%)

  3 - high 18 (51%) 16 (46%)

Heterogeneity of FDG uptake

  0 - diffuse 1 (3%) 1 (3%) 0.005

  1 - mild 11 (31%) 4 (11%)

  2 - moderate 13 (37%) 14 (40%)

  3 - high 10 (29%) 16 (46%)
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The incorporation of a biopsy device to the MAMMI may enable more accurate biopsies 

by obtaining tumor tissue from areas with the highest degree of FDG uptake within the 

primary tumor, which correlates with the area with highest proliferative activity.8 The 

feasibility of FDG-guided biopsies has been demonstrated recently.12 

Table 3  Heterogeneity scores on PET/CT and MAMMI PET for different clinical, pathological, and imaging 
characteristics.

Heterogeneity 
PET/CT

p-value Heterogeneity 
MAMMI

p-value

T-stage 0.005 0.014

  T1 1.1 ± 0.6 1.6 ± 0.9

  T2 2.1 ± 0.8 2.5 ± 0.6

  T3 2.5 ± 0.6 2.5 ± 0.6

  T4 2.3 ± 0.7 2.7 ± 0.6

N-stage 0.018 0.101

  N0 1.6 ± 0.9 2.0 ± 0.9

  N1 1.9 ± 0.8 2.4 ± 0.7

  N2 2.5 ± 0.7 3.0 ± 0

  N3 2.5 ± 0.5 2.5 ± 0.5

Histology 0.325 0.762

  IDC 1.8 ± 0.8 2.3 ± 0.8

  ILC 3.0 ± 0 2.5 ± 0.7

  Mucinous 2.0 ± 1.4 2.0 ± 1.4

Subtype 0.653 0.740

  HER2-positive 2.0 ± 0.8 3.0 ± 0

  ER-positive/HER2-negative 1.8 ± 0.9 2.1 ± 0.8

  Triple negative 2.1 ± 0.9 2.6 ± 0.5

Grade 0.132 0.111

  1 1.5 ± 1.1 1.8 ± 1.0

  2 2.1 ± 0.7 2.4 ± 0.8

  3 2.0 ± 0.8 2.5 ± 0.5

Intensity of FDG uptake PET/CT 0.018 0.001

  1 - light 0.75 ± 0.5 1.0 ± 0.8

  2 - moderate 2.0 ± 0.8 2.2 ± 0.7

  3 - high 2.1 ± 0.8 2.6 ± 0.5

Intensity of FDG uptake MAMMI 0.012 <0.001

  1 - light 1.2 ± 1.1 1.0 ± 0.7

  2 - moderate 1.8 ± 0.7 2.3 ± 0.6

  3 - high 2.3 ± 0.8 2.7 ± 0.5

Total 1.9 ± 0.9 2.3 ± 0.8

Data are presented as mean ± SD.
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Optimal patient positioning and reconstruction protocols might improve primary tumor 

visualization with whole-body PET/CT scanners. In our hospital we perform a dedicated 

PET/CT of the thorax for locoregional evaluation with the patient in prone position, the 

arms above the head, with hanging breasts and image reconstruction to 2×2×2 mm 

voxels. This approach provides high-resolution images of the breasts and locoregional 

lymph nodes without tissue compression and results in improved tumor delineation and 

less breathing artifacts.13 Further, it enables image comparison with MRI. In spite of this 

dedicated approach with a whole-body PET/CT scanner, MAMMI showed a higher degree 

of intratumour heterogeneous FDG uptake. This may be explained by the high resolution 

and small voxel size of the dedicated MAMMI device. Also the short pathway from tumor 

to detector could improve tumor detection and quantification.

The heterogeneity as observed in this study has not been proven histopathologically; 

therefore, we do not know to what extent genetic profiles or immunohistochemical 

features would differ. The introduction of FDG-guided biopsies could be used for this 

purpose in future studies.

Also, other less available PET radiotracers may be more suitable than 18F-FDG as 

proliferation index (for instance, 18F-FLT and 18F-Choline). The employment of new 

specific radiotracers in combination with high-resolution devices has the potential of 

biologically characterizing a tumor ‘in vivo’.14

Summarizing, heterogeneous tumor FDG uptake in breast cancer patients is frequently 

observed, particularly in large tumors with intense FDG uptake. It is more often seen on 

MAMMI PET than on conventional PET/CT. Although the observed heterogeneity should 

be proven histopathologically, this finding offers a rationale for FDG-guided biopsies. 

Eventually, this might improve histopathological tumor sampling in breast cancer patients.



226

PART THREE  |  HANGING BREAST IMAGING WITH PET/CT AND DEDICATED BREAST PET

REFERENCES

1 Garami Z, Hascsi Z, Varga J, et al. The value of 
18-FDG PET/CT in early-stage breast cancer 
compared to traditional diagnostic modalities with 
an emphasis on changes in disease stage 
designation and treatment plan. Eur J Surg Oncol 
2012; 38: 31–7.

2 Kolb TM, Lichy J, Newhouse JH. Comparison of 
the performance of screening mammography, 
physical examination, and breast US and 
evaluation of factors that influence them: an 
analysis of 27,825 patient evaluations. Radiology 
2002; 225: 165–75.

3 Berg WA, Gutierrez L, NessAiver MS, et al. 
Diagnostic accuracy of mammography, clinical 
examination, US, and MR imaging in preoperative 
assessment of breast cancer. Radiology 2004; 
233: 830–49.

4 Koolen BB, Vogel WV, Vrancken Peeters MJTFD, 
Loo CE, Rutgers EJT, Valdes Olmos RA. Molecular 
Imaging in Breast Cancer: From Whole-Body PET/
CT to Dedicated Breast PET. J Oncol 2012; 2012: 
1–8.

5 Koolen BB, Aukema TS, González Martínez AJ, et 
al. First clinical experience with a dedicated PET 
for hanging breast molecular imaging. Q J Nucl 
Med Mol Imaging 2013, in press.

6 Geyer FC, Weigelt B, Natrajan R, et al. Molecular 
analysis reveals a genetic basis for the phenotypic 
diversity of metaplastic breast carcinomas. J 
Pathol 2010; 220: 562–73.

7 Gerlinger M, Rowan AJ, Horswell S, et al. 
Intratumor heterogeneity and branched evolution 
revealed by multiregion sequencing. N Engl J Med 
2012; 366: 883–92.

8 Vriens D, Disselhorst JA, Oyen WJG, de Geus-Oei 
L-F, Visser EP. Quantitative Assessment of 
Heterogeneity in Tumor Metabolism Using FDG-
PET. Int J Radiat Oncol Biol Phys 2012; 82: e725–
31.

9 Soriano A, González A, Orero A, et al. Attenuation 
correction without transmission scan for the MAMMI 
breast PET. Nuclear Instruments and Methods in 
Physics Research Section A 2011; 648: S75–8.

10 Yap TA, Gerlinger M, Futreal PA, Pusztai L, Swanton 
C. Intratumor heterogeneity: seeing the wood for 
the trees. Sci Transl Med 2012; 4: 127ps10.

11 Navin N, Krasnitz A, Rodgers L, et al. Inferring 
tumor progression from genomic heterogeneity. 
Genome Res 2010; 20: 68–80.

12 Kalinyak JE, Schilling K, Berg WA, et al. PET-
Guided Breast Biopsy. Breast J 2011; 17: 143–51.

13 Vidal-Sicart S, Aukema TS, Vogel WV, Hoefnagel 
CA, Valdes Olmos RA. [Added value of prone 
position technique for PET-TAC in breast cancer 
patients]. Rev Esp Med Nucl 2010; 29: 230–5.

14 Tateishi U, Terauchi T, Akashi-Tanaka S, et al. 
Comparative study of the value of dual tracer PET/
CT in evaluating breast cancer. Cancer Sci 2012; 
103: 1701–7.



227



C
H

A
P

T
E

R

15
PART FOUR



SUMMARY AND DISCUSSION

SAMENVATTING

RESUMEN

LIST OF PUBLICATIONS

DANKWOORD

CURRICULUM VITAE  



PART FOUR

230

Progressive insight in breast cancer and its various appearances has changed generalized 

breast cancer treatment to todays individualized or patient-tailored therapy, which is 

guided by a combination of patient and tumor characteristics. It is important to assign 

a patient to the appropriate treatment regimen at once. In order to select patients 

optimally benefiting from the assigned therapy, several imaging procedures and clinical/

pathological assessments are currently available.

The core of this thesis is dedicated to the value of PET/CT and dedicated PET in breast 

cancer, particularly aiming for an improvement in patient selection and care by increasing 

personalized management. The use of PET/CT and dedicated PET is mainly investigated 

in large and/or node-positive breast cancer treated with neoadjuvant chemotherapy 

(NAC); a smaller proportion of this thesis addresses its use in early-stage breast cancer.

The general outline of this thesis consists of three parts. What is the value and accuracy 

of 18F-FDG PET/CT for primary tumor visualization and regional/distant staging in primary 

breast cancer (part 1)? How and when could PET/CT be used for response monitoring 

during NAC and how accurate is the combination of PET/CT and MRI for response 

prediction (part 2)? Could whole-body PET/CT and/or a dedicated breast PET be used 

for improved primary tumor characterization (part 3)? 

In the following chapter, a summary of our main findings per chapter is provided for all 

three topics. Thereafter, relevant aspects for clinical practice are discussed and directives 

for future research are suggested.

PART ONE  |  PET/CT
Classification and staging

The first part of this thesis describes the value of pretreatment PET/CT for primary tumor 

visualization and staging. Chapter 2 reports on primary tumor visualization with PET/CT 

in breast cancer patients before treatment with NAC. Primary tumor FDG uptake was 

sufficient for response monitoring in 203 (95%) of 214 stage II-III breast cancer patients. 

No subgroup of patients with consistently low tumor FDG uptake could be identified, 

thereby not allowing us to select a group of patients unlikely to benefit from pretreatment 

PET/CT based on tumor characteristics associated with low tumor FDG uptake. 

Univariable analysis showed a significantly higher primary tumor SUVmax in patients with 

unfavorable tumor characteristics: non-lobular carcinomas, tumors with negative 

hormone receptors, triple negative tumors, grade 3 tumors, tumors with high Ki-67, and 

in case of distant metastases. This improves the accuracy of PET/CT for tumor detection 

and optimizes its use for staging or response monitoring in this particular population. 

After multiple linear regression analysis, triple negative and grade 3 tumors were 

significantly associated with a higher SUVmax.

Chapter 3 describes the value of PET/CT in T1 breast cancer. Whereas several papers 

report that the sensitivity for visualization of small (≤2 cm) breast carcinomas is low,1,2 

we showed that the primary tumor was visible with PET/CT in 54 (87%) of 62 T1 breast 

cancer patients when using the hanging breast technique in prone position. Visualization 
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increased from 59% in tumors ≤10 mm to 98% in tumors over 10 mm. Sensitivity and 

specificity in the detection of axillary metastases were 73% and 100%, respectively. The 

excellent positive predictive value (100%) indicates that an immediate axillary lymph node 

dissection (ALND) instead of a sentinel lymph node biopsy (SLNB) is reasonable in case 

of an FDG-avid axillary node. However, sensitivity was low, requiring an SLNB in case of 

absence of FDG-avid nodes. Of 12 FDG-avid distant lesions, one was confirmed to be a 

lung metastasis, three were false positive findings, and eight were new primary 

proliferative lesions. Based on this study we do not recommend its standard use for 

staging in these patients because of the suboptimal sensitivity regarding the axilla and 

the low yield regarding distant metastases.

The optimal method for locoregional staging in patients treated with NAC remains subject 

of debate. Especially the preferred time-point of SLNB (pre- or post-chemotherapy) is 

yet to be determined.3 Therefore, the accuracy of hanging breast PET/CT for detecting 

locoregional lymph node metastases before NAC is analyzed in chapter 4. In 311 stage 

II-III breast cancer patients scheduled for NAC axillary FDG uptake was compared with 

pathology (ultrasound with fine needle aspiration (FNA) or, in case of negative FNA, SLNB). 

Sensitivity and negative predictive value were suboptimal (82 and 53%, respectively), but 

positive predictive value was excellent (98%), indicating that an FDG-avid node is highly 

predictive of axillary metastasis. The proportion of missed metastases with PET/CT was 

significantly lower in patients with unfavorable tumor characteristics: triple negative 

tumors, high Ki-67, high grade, and a higher N-stage. Further, occult N3-disease in the 

internal mammary chain (IMC) and periclavicular area was detected in 26 (8%) and 32 

(10%) patients, respectively. This resulted in changed radiotherapy planning in 50 (16%) 

patients. New N3-nodes were significantly more often detected in patients with a larger 

primary tumor and a higher TNM-stage. In chapter 5 we describe how often pre-

chemotherapy PET/CT upstages nodal stage in the same cohort of patients. Due to 

treatment with NAC the number of tumor-positive nodes, an important risk factor for 

locoregional recurrence (LRR) and selection factor for postoperative regional irradiation, 

can no longer reliably be determined. Based on the high positive predictive value of 

FDG-avid nodes in breast cancer, pre-chemotherapy PET/CT may offer a surrogate for 

assessing the number of tumor-positive nodes before start of treatment, thereby 

changing risk for LRR and guiding decisions on postoperative irradiation. PET/CT detected 

occult N3-disease in 5 (11%) of 47 low-risk patients. In 144 intermediate-risk patients, 

PET/CT detected ≥4 FDG-avid axillary nodes in 24 (17%) patients and occult N3-disease 

in 22 (15%) patients, thereby finally upstaging 38 (26%) intermediate-risk patients. Of 43 

(23%) upstaged patients, 18 were eventually ypN0, 12 were ypN1, and 13 were ypN2-3. 

Chapter 6 demonstrates that PET/CT is superior to conventional imaging techniques for 

the detection of distant metastases. In 154 stage II-III breast cancer patients forty-two 

additional distant lesions were seen in 25 patients with PET/CT. These lesions could be 

confirmed in 20 (13%) patients. PET/CT was false positive for 8 additional lesions and 

misclassified the presence of metastatic disease in 5 (3%) patients. In 16 (80%) of 20 

patients, additional lesions were exclusively seen with PET/CT, leading to a change in 

treatment in 13 (8%) of 154 patients. In 129 patients with a negative staging PET/CT, no 
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metastases developed during the follow-up of 9.0 months. Sensitivity and specificity of 

PET/CT for detecting distant metastases were 100 and 96%, respectively. In contrast, 

sensitivity of chest radiography was 11%, whereas sensitivity and positive predictive value 

of bone scintigraphy were 57 and 20%, respectively.

PART TWO  |  HANGING BREAST PET/CT
Response monitoring of primary tumor and axillary metastases

In the second part of this thesis we evaluate the use of hanging breast PET/CT during 

NAC for prediction of complete pathological response (pCR) in breast and/or axilla after 

NAC. Chapter 7 underlines the relevance of breast cancer subtypes for monitoring of 

therapy response during NAC with PET/CT. We found that (near)pCR was significantly 

associated with clinical subtype and change in FDG uptake. Further, multivariate 

regression indicated a significant interaction between the change in FDG uptake and 

breast cancer subtype. Receiver operating characteristic (ROC) analyses for prediction 

of (near)pCR with PET/CT were employed, generating an area under the ROC curve 

(ROC-AUC) of 0.35 for HER2-positive, 0.90 for ER-positive/HER2-negative, and 0.96 for 

triple negative tumors. Thus, PET/CT response monitoring during NAC is most likely to 

be useful in ER-positive/HER2-negative and triple negative tumors.

In Chapter 8 we evaluate the value of combined breast and axilla response monitoring 

with PET/CT during NAC, since absence of tumor cells in both breast and axilla is 

associated with longest survival.4 Further, we compared the accuracy of PET/CT response 

prediction at two time-points during NAC. ROC-AUCs increased when using the change 

in SUVmax in both breast and axilla as compared with breast or axilla only. In triple 

negative tumors a PET/CT after six weeks seemed more accurate than after two, whereas 

in HER2-positive patients neither PET/CT2 nor PET/CT3 appeared useful for response 

prediction. 

The combined value of PET/CT and MRI for response monitoring during NAC is presented 

in chapter 9. Since PET/CT response monitoring seemed inaccurate in HER2-positive 

tumors and MRI appeared less accurate in ER-positive/HER2-negative tumors,5 we 

hypothesized that both devices might have a complimentary value. For prediction of 

(near)pCR the ROC-AUC increased from 0.78 for PET/CT and 0.81 for MRI to 0.86 for 

both modalities combined. The additional value of PET/CT to MRI was predominantly 

seen in ER-positive/HER2-negative tumors: all patients having >25% decrease on MRI 

(favorable response according to current institutional guidelines) but <40% decrease on 

PET/CT did not achieve (near)pCR at pathology and might benefit from a switch in 

chemotherapeutic regimen.

If all pre-chemotherapy node-positive patients undergo ALND after NAC, overtreatment 

may occur in complete responders. Chapter 10 focuses on the value of sequential PET/

CTs during NAC for axillary response monitoring. In 30 (38%) of 80 patients an axillary 

pCR was perceived. The relative decrease in SUVmax was significantly higher in patients 

achieving pCR than in those who did not (PET/CT2 p<0001, PET/CT3 p=0.025). ROC-
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AUCs for PETCT2 and PET/CT3 were 0.80 and 0.65, respectively. A relative decrease 

≥60% on PET/CT2 had an excellent specificity (35/37, 95%), a high positive predictive 

value (12/14, 86%), and a sensitivity of 48%; i.e., accurately identifying pCR in 12 of 25 

responders, in whom less invasive axillary treatment may be appropriate (for instance, 

axillary radiotherapy).

PART THREE  |  HANGING BREAST IMAGING WITH PET/CT AND DEDICATED 
BREAST PET
Improving primary tumor characterization

In the third and final part of this thesis we address the value of hanging breast molecular 

imaging for improved primary tumor characterization. In chapter 11 we report on the 

correlation between the core biopsy location and the area with highest metabolic activity 

before NAC. Based on intratumor heterogeneity, PET/CT information may enable tumor 

sampling from the most aggressive part of the tumor (area with highest degree of FDG 

uptake). This chapter describes how often non-correspondence between the tumor 

sampling location and SUVmax area is seen. A distance ≥2 cm and a relative difference 

≥25% in SUV between core biopsy location (depicted by a marker) and the SUVmax area 

were considered clinically relevant and a combination of both was defined as non-

correspondence, which was seen in 28 (14%) of 203 tumors. Non-correspondence was 

significantly more often seen in tumors with a higher T-stage, in diffuse (non-mass) and 

multifocal tumors on MRI, diffuse and multifocal tumors on PET/CT, tumors >3 cm, and 

lobular carcinomas, in which PET/CT information and possibly FDG-guided biopsies are 

most likely to improve pretreatment tumor sampling.

The use of PET/CT is currently not recommended for primary tumor detection,6,7 based 

on limitations due to limited spatial resolution, breast tissue compression, blurring due 

to the breathing motion of the thorax, and the long path from source to detector. 

Nevertheless, there is increased interest in visualization and quantification of primary 

tumors with PET or PET/CT based on lower accuracy of MRI in dense breasts,8 the 

correlation between FDG uptake and prognostic characteristics,9 and promising results 

regarding PET/CT response monitoring during NAC.10 Chapter 12 describes the first 

clinical experience with the MAMMI PET, a high-resolution dedicated breast PET for 

hanging breast molecular imaging, developed to improve primary tumor detection and 

characterization. In this first feasibility study MAMMI PET visualized 31 (97%) of 32 tumors, 

including lesions close to the pectoral muscle (smallest distance 3.3 mm). Agreement in 

FDG uptake with whole body PET/CT was high, but SUVmax on MAMMI PET was 

consistently higher (average ratio 2.7).

Chapter 13 contains a review of currently available dedicated breast PETs. Dedicated 

breast PETs can be classified according to positioning of breast and patient, being a 

compressed breast with upright patient positioning or a hanging breast in prone position. 

The positron emission mammography (PEM) is the most extensively investigated device 

using compression. It allows for image comparison with mammography, has a high 
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sensitivity and specificity for the detection of breast cancer, yields comparable accuracy 

as MRI for presurgical planning, and allows FDG-guided biopsies. However, used FDG 

doses are high, images are acquired in 2D, and lesions close to the pectoral muscle are 

more frequently missed. The MAMMI PET is the most used device for hanging breast 

imaging, generating 3D images, directly comparable with MRI. It visualized most tumors 

in stage II-III breast cancer patients, including those close to the pectoral muscle. A 

biopsy system is currently in the final stage of development. The additional value of 

dedicated breast PETs should mainly be sought in dense breast imaging, screening in 

high-risk patients, tumor visualization in case of an occult or inconclusive lesion on 

conventional imaging, accurate FDG uptake determination, response monitoring, or 

FDG-guided biopsies.

In chapter 14 we evaluated heterogeneity of primary tumor FDG uptake using MAMMI 

PET and whole body PET/CT. In thirty-five patients mean FDG uptake intensity score was 

similar on both devices (p=0.439), but heterogeneity scores on MAMMI images were 

significantly higher (p=0.005). MAMMI showed a higher heterogeneity score in 11 (31%) 

of 35 patients. Heterogeneity scores on both PET/CT and MAMMI were significantly 

higher in large tumors and in tumor with a high degree of FDG uptake. 

GENERAL DISCUSSION AND FUTURE PROSPECTS

Breast cancer is a heterogeneous disease with several distinct entities and related 

prognoses. The different behavior of several breast cancer subtypes on PET/CT is a 

common theme throughout this thesis and underlines its heterogeneous nature. Both 

in future research and clinical practice, knowledge of clinical and pathological 

characteristics is essential for accurate review of PET/CT images.

PART ONE  |  PET/CT
Classification and staging

Based on preoperative treatment with NAC or radiotherapy, surgical specimens of breast 

and axilla are no longer available as pathology standard. Instead, MRI and core biopsies 

are used as standards for primary tumor visualization (T-stage, size) and histologic 

assessments, respectively. Clearly, these methods suffer from imperfection.11,12 However, 

in clinical practice information from the whole surgery specimen is not available at the 

time of therapy planning in these patients either. Therefor the real added value of PET/

CT at this time-point is demonstrated in this thesis.

In accordance with several other papers we found an association between the degree 

of primary tumor FDG uptake and prognostic characteristics.1,9,13 Future studies should 

point out if SUVmax could be used as (independent) predictor of recurrence or survival; 

not only primary tumor FDG uptake, but also FDG uptake in axillary nodes or a 

combination of both should be further explored as prognosticators.14,15 Based on the 
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presumed association between FDG uptake in the primary tumor and metastases 16,17 and 

the fact that tumors with prognostically unfavorable characteristics show highest 

SUVmax,9 sensitivity of locoregional and distant staging with PET/CT will be optimal in 

patients with highest likelihood of metastasis at diagnosis. 

Axillary evaluation with PET/CT generated an excellent positive predictive value (98%) 

for axillary metastases, but a moderate negative predictive value (53%). Based on the 

association between degree of FDG uptake and prognostic characteristics, missed 

metastases (without FDG uptake) may be prognostically favorable lymph node 

metastases in which standard postoperative therapy (i.e., hormonal or HER2-targeted 

therapy) may be sufficient. In the context of the debate on pre- or post-chemotherapy 

SLNB, PET/CT may be a helpful tool for patient selection: in US/FNA- and PET/CT-

negative axillae a post-chemotherapy SLNB could be performed, whereas in US/FNA- 

and/or PET/CT-positive nodes some form of axillary response monitoring is appropriate. 

Based on the results described in this thesis, part of this hypothesis has been translated 

to clinical practice in our institute, since a pre-chemotherapy SLNB is no longer 

performed in ER-positive/HER2-negative and HER2-positive US/FNA- and PET/CT-

negative axillae.

The assessment of number of FDG-avid axillary nodes suffers from the suboptimal 

sensitivity as well. However, based on the excellent positive predictive value, the 

proportion of upstaged patients will probably even be an underestimation. Further, 

regional irradiation in patients treated with NAC or in intermediate-risk patients treated 

with primary surgery remains controversial.18,19 Although PET/CT has been shown to be 

useful, final classifications and recommendations regarding upstaging, risk for 

locoregional recurrence, and irradiation are yet to be determined and confirmed. 

The detection of occult infra- or supraclavicular disease was also based on the high 

positive predictive value of FDG-avid regional nodes. Although pathological verification 

was not available in most patients, our institutional guidelines consider them to be 

patients with N3-disease in whom radiotherapy planning should be adapted. Follow-up 

of these patients should give a decisive answer on this approach. Second, the involvement 

of internal mammary nodes has been shown to be prognostically significant, but up to 

now no clear benefit from elective surgical or radiotherapeutic treatment has been 

found.20,21 Although follow-up should be performed, PET/CT may help selecting patients 

for postoperative internal mammary chain radiotherapy.

In agreement with our findings several other studies have been published reporting on 

outperformance of conventional staging by PET/CT.22-24 Since detection of distant 

metastases on PET/CT resulted in a changed treatment plan, we don’t know if these 

metastases would have become clinically evident without PET/CT; in other words, are 

we now detecting small metastases that could have been curatively treated with systemic 

therapy, thereby causing unnecessary patient distress and withdrawing them from 

treatment with curative intent? Subsequently, what should be done in case of a PET-

positive lesion without an anatomical substrate? In our studies we did not classify these 

lesions as metastases, but they might also be eligible for treatment modification. In 

current practice, based on the small number of false positives, we recommend 
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pathological confirmation of FDG-avid distant metastases and ignorance/follow-up of 

lesions without anatomical substrate.

From the societal perspective, reducing costs of healthcare while maintaining (or even 

improving) quality is very relevant nowadays. The beneficial effect on cost-effectiveness 

of PET/CT in primary breast cancer needs to be addressed in a future study. Although a 

PET/CT scan is expensive, it may allow omission of SLNB or ALND in selected patients, 

may prevent a costly and intense treatment with chemotherapy and surgery in patients 

with metastases, and may prevent patients from receiving ineffective chemotherapy with 

accompanying toxicity.

Finally, future research should clarify the obscurities regarding visualization of lytic and/

or sclerotic bone metastases.25 It is reported that the detection rate of bone metastases 

was significantly lower in sclerotic metastases or in case of pretreatment with 

chemotherapy.26,27 In our patient population, however, PET/CT was able to detect both 

lytic and sclerotic bone metastases. A large trial, evaluating PET/CT accuracy in all 

patients with bone metastases, should elucidate this issue and determine in what group 

of patients sensitivity is suboptimal.

PART TWO  |  HANGING BREAST PET/CT
Response monitoring of primary tumor and axillary metastases

The definite position of PET/CT for response prediction during NAC remains to be 

determined, but this thesis underlines that its accuracy largely depends on breast cancer 

subtype. PET/CT seems a promising tool for both primary tumor and axillary lymph node 

response monitoring and may be a valuable addition to MRI, particularly in ER-positive/

HER2-negative and triple negative tumors. 

Several articles have reported on the use of PET and PET/CT in the prediction of response 

to NAC, consistently showing promising results.10,28 Conclusive recommendations, 

however, have not been made yet, based on several limitations of the existing literature.29 

First, in most studies analyses have not been done for the three subtypes separately. Also, 

study protocols differ greatly regarding inclusion criteria, chemotherapeutic regimens, 

time-point of second PET/CT, and patient positioning, limiting comparability between 

different studies. Finally, there is a great variability across centers regarding scanners, 

image reconstruction, and data analysis, prohibiting exchange and/or reproducibility of 

SUV values.30 So, the first step is standardization of PET/CT performance and reporting. 

Future trials should use standardized protocols and analyze data per subtype for 

determination of robust cut-off points and optimal scanning time-points.

Although a pCR of the primary tumor and lymph nodes is associated with improved survival, 

pathological response is a dichotomous variable. Especially in ER-positive/HER2-negative 

tumors, of which only a very small proportion will achieve pCR, this is an inconvenient end 

point.4 The decrease in SUVmax during NAC is a continuous variable, which may be 

correlated with survival as well. This could be particularly useful as an outcome predictor 

for ER-positive/HER2-negative tumors, in which varied decreases in SUVmax were noted. 
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On the reasons why PET/CT for response monitoring of HER2-positive patients is 

inaccurate can only be speculated. PET/CT2 seemed superior to PET/CT3 in predicting 

pCR, but both scans suffered from imperfect accuracy. It is purely speculative, but the 

addition of trastuzumab could facilitate chemotherapeutic action by inducing an 

inflammatory or immunologic response, causing a rise in glucose uptake and increased 

SUVmax in responders. This needs to be investigated in future trials. Also, HER2-positive 

tumors have been shown to be a heterogeneous group.31 Possibly, results for PET/CT 

response monitoring of HER2-positive tumors may improve when analyzing subgroups 

based on ER-status or microarrays. 

Finally, PET/CT response monitoring was found to be particularly accurate in triple 

negative tumors, both for the primary tumor as the axillary nodes.

Since sequential PET/CTs visualize changes in glucose metabolism rather than anatomic 

changes, it is thought that response prediction could be performed early after start of 

NAC. This was indeed found in some trials, reporting that response monitoring could be 

performed after the first cycle.10,32 Our findings suggest that the early application of PET/

CT in triple negative cancers is not sufficient for adequate response monitoring.

Most published studies aim for prediction of pCR, which is an important marker of 

survival. Perhaps more important could be the determination of a cut-off point for 

detection of non-responders. In these patients, continuation of the first chemotherapeutic 

regimen would cause drug toxicity without pathological response and they might benefit 

from switching therapy to a non-cross-resistant regimen.33 

Axillary staging and treatment before or after NAC remains subject of debate. Although 

it required an additional surgical procedure, in our institute a pre-chemotherapy SLNB 

was performed for accurate assessment of initial axillary stage in clinically node-negative 

patients. However, if all initially node-positive patients undergo ALND after NAC, 

overtreatment may occur in complete responders.3 We have shown that axillary response 

monitoring could accurately detect 48% of histologic complete responders, in whom 

an ALND might possibly be spared. Marking the cytology-proven tumor-positive node 

before NAC with an iodine seed (MARI procedure) is another promising technique.34 A 

combination of both modalities may generate even better results, particularly in patients 

with a tumor-positive MARI-node in whom the remaining lymph nodes were found to 

be tumor-negative. Further research on axillary PET/CT response monitoring should 

focus on the analysis per subtype, since these interactions and different behavior of 

subtypes could not be addressed yet.

The complimentary value of PET/CT and MRI, described in chapter 9, should be further 

addressed after final inclusion (target accrual 300 patients). These results should be 

confirmed before translation to clinical practice, in which decision rules for each modality 

and tumor subtype will be needed. Again, cost-effectiveness plays an important role. 

Finally, a prospective trial could be envisaged in which PET/CT and/or MRI are used for 

switching chemotherapy in non-responders. This trial should validate the first results 

and investigate if higher response percentages could be obtained. Such studies could 

generate a rationale for the use of new PET/MRI devices.
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PART THREE  |  HANGING BREAST IMAGING WITH PET/CT AND DEDICATED 
BREAST PET
Improving primary tumor characterization

In this part we have shown that molecular imaging may eventually improve primary 

tumor characterization before NAC by detection of heterogeneity and guidance of 

pretreatment tumor sampling to the area with highest proliferation. Further, dedicated 

breast PETs may enable FDG-guided biopsies and could be useful in selective groups of 

patients.

Clearly, the studies on detection of heterogeneity and of non-correspondence between 

tumor sampling location and area with highest degree of FDG uptake are observational. 

Both findings should be confirmed pathologically, preferably using FDG-guided biopsies.35 

Nonetheless, PET/CT information might improve pretreatment tumor sampling by 

providing the radiologist with information on the location with highest FDG uptake from 

which a core biopsy should be performed.

As compared with positron emission mammography (PEM), we found a higher sensitivity 

for detection of lesions close to the pectoral muscle with the MAMMI PET.36,37 This is 

most likely to be caused by the difference in breast and patient positioning: upright 

patient positioning and compression of the breast with PEM, prone position with hanging 

breast with MAMMI. Although we detected the majority of breast cancers with MAMMI 

PET, in five (13%) patients the tumor was located close to the thoracic wall and 

incompletely visualized. Since only partial tumor information was returned, SUVmax 

calculation in these patients was less reliable. 

Incorporation of the MAMMI PET in breast cancer diagnosis and treatment is not (yet) 

established. This thesis describes its feasibility only, whereas future trials should address 

its value in comparison with MRI regarding detection of (small) primary tumors, the 

accuracy in dense breasts, the additional value in inconclusive lesions on conventional 

imaging, its use in response monitoring of the primary tumor during NAC, and the 

possibility of performing FDG-guided biopsies. Also, the effects of a decrease in FDG 

dose and performing a scan 60 min after injection of FDG should be addressed.

CONCLUDING REMARKS

Previous studies have reported low yield of PET/CT in early breast cancer and promising 

but not yet conclusive results regarding detection of distant metastases in (locally) 

advanced tumors and response monitoring during NAC. Therefore, current international 

guidelines recommend performing a PET/CT only for the detection of local recurrence 

or distant metastases in suspected patients, in which its value has been clearly described.6,7

The results described in this thesis expand our knowledge on the use of PET/CT in breast 

cancer and have provided a rationale for extending the use of PET/CT to primary breast 

cancer patients. Based on these results, we recommend performing a PET/CT before 

NAC in all stage II-III breast cancer patients for staging purposes.
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DISCUSSION AND FUTURE PROSPECTS

The involvement of several medical departments underlines the multidisciplinary 

approach of this thesis, but also the benefit of a PET/CT for each involved medical 

specialist. PET/CTs before and during NAC are supportive to surgeons, medical 

oncologists, radiation oncologists, pathologists, and radiologists and facilitate 

individualized treatment planning. Most important, patients will benefit from PET/CTs 

because of improved staging, the installation of optimal treatment at once, and provision 

of correct information before start of therapy. 
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Positron emissie tomografie (PET) is een relatief nieuwe techniek waarmee radioactieve 

stoffen binnen in het menselijk lichaam kunnen worden afgebeeld. De meest gebruikte 

radioactieve stof is fluor-18 (18F) gekoppeld aan een variant van suiker (fluorodeoxyglucose, 

FDG). Hiermee kan het energieverbruik (metabolisme) van verschillende organen en 

weefsels worden afgebeeld. Veel kwaadaardige tumoren verbruiken naar verhouding 

veel suiker vanwege hun hoge metabolisme en agressieve karakter, waardoor ze 

gedetecteerd kunnen worden met FDG PET. Vaak is voor het stellen van een juiste 

diagnose ook informatie nodig over de exacte locatie en het formaat van de radioactieve 

laesies. Deze gegevens worden met computed tomografie (CT) verkregen, waarna beide 

scans worden samengevoegd tot een gefuseerde afbeelding (PET-CT). Bovendien kan 

de mate van radioactiviteit worden gekwantificeerd, waardoor men een indruk krijgt van 

het metabolisme van de tumor. Een veelgebruikte maat voor de hoogte van het 

radioactieve signaal is de maximum standardized uptake value (SUVmax).

De toegenomen kennis over borstkanker en haar verschillende verschijningsvormen 

heeft de behandeling van borstkankerpatiënten veranderd van een algemene en 

gegeneraliseerde behandeling tot de patiëntgerichte en geïndividualiseerde therapie van 

dit moment; deze wordt gestuurd door karakteristieken van zowel de patiënt als de 

tumor. Het is belangrijk om een patiënt direct optimaal te behandelen en direct de juiste 

therapie aan de juiste patiënt voor te schrijven. 

De kern van dit proefschrift is gewijd aan de waarde van de PET-CT en een nieuwe 

specifieke mamma PET (MAMMI) bij patiënten met borstkanker, gericht op betere selectie 

en behandeling van patiënten en het voorkomen van over- of onderbehandeling. Het 

gebruik van PET-CT en de MAMMI PET is met name onderzocht bij patiënten met grote 

of klier-positieve tumoren die behandeld worden met neoadjuvante chemotherapie 

(NAC); een kleiner deel van dit proefschrift evalueert het gebruik bij vroeg-stadium 

borstkanker. 

Dit proefschrift is opgedeeld in drie delen. Wat is de waarde van 18F-FDG PET-CT voor 

visualisatie van de primaire tumor en detectie van metastasen locoregionaal en op afstand 

bij patiënten met een primair mammacarcinoom (deel 1)? Hoe en wanneer zou de PET-

CT gebruikt kunnen worden voor responsmetingen tijdens NAC en hoe accuraat is de 

combinatie van PET-CT en MRI voor responspredictie (deel 2)? Zijn de PET-CT en/of de 

specifieke mamma PET in staat om de primaire tumor beter te karakteriseren (deel 3)? 

In dit hoofdstuk zullen de belangrijkste bevindingen per hoofdstuk worden uiteengezet. 

DEEL ÉÉN  |  PET-CT
Classificatie en stadiëring

Het eerste deel van dit proefschrift beschrijft de waarde van 18F-FDG PET-CT voor 

primaire tumorvisualisatie en stadiëring voorafgaand aan behandeling. In hoofdstuk 2 

wordt de visualisatie van de primaire tumor met PET-CT beschreven bij patiënten die 

behandeld gaan worden met NAC. FDG-opname van de primaire tumor was hoog 
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genoeg voor responsmetingen bij 203 (95%) van de 214 patiënten met stadium II-III 

borstkanker. Er kon geen subgroep worden geïdentificeerd met consistent lage FDG-

opname. Derhalve was het niet mogelijk om op basis van tumorkarakteristieken een 

groep patiënten te selecteren bij wie een PET-CT veilig achterwege kan worden gelaten. 

Univariate analyse toonde een significant hogere SUVmax bij patiënten met ongunstige 

tumorkarakteristieken: niet-lobulaire carcinomen, tumoren met negatieve 

hormoonreceptoren, triple negatieve tumoren, graad 3 tumoren, tumoren met een hoge 

Ki-67 score en patiënten met afstandsmetastasen. Deze hoge FDG-opname verbetert 

de accuratesse van PET-CT voor tumordetectie en optimaliseert de waarde voor 

stadiëring en responsmetingen in deze specifieke patiëntengroep. Multivariate analyse 

toonde dat triple negatieve en graad 3 tumoren onafhankelijk significant geassocieerd 

zijn met een hoge SUVmax.

Hoofdstuk 3 beschrijft de waarde van PET-CT bij T1 mammacarcinoom (≤2 cm). Hoewel 

verschillende studies hebben aangetoond dat de sensitiviteit van PET-CT voor visualisatie 

van kleine tumoren laag is,1,2 hebben wij laten zien dat de primaire tumor bij de 

meerderheid (54 van de 62, 87%) van de patiënten met een T1 tumor gedetecteerd wordt 

indien patiënten in buikligging en met hangende borsten gescand worden. De visualisatie 

was 59% bij tumoren ≤10 mm en 98% bij tumoren >10 mm. Sensitiviteit en specificiteit 

voor de detectie van okselkliermetastasen waren 73% en 100%. De uitstekende positief 

voorspellende waarde (100%) impliceert dat direct kan worden overgegaan tot een 

okselklierdissectie (OKD) in plaats van een schildwachtklier (SWK)-procedure in geval 

van een FDG-avide okselklier. Echter, sensitiviteit was laag, waardoor een SWK-procedure 

noodzakelijk is in geval van afwezigheid van FDG-avide klieren. Van de 12 FDG-avide 

laesies op afstand werd 1 laesie bevestigd als longmetastase, waren er 3 fout-positieve 

laesies en 8 nieuwe primaire proliferatieve laesies. Op basis van deze studie raden we 

niet aan om standaard een PET-CT te verrichten bij patiënten met een T1 tumor in 

verband met de suboptimale sensitiviteit voor detectie van okselkliermetastasen en de 

lage opbrengst van stadiëring op afstand.

De optimale methode voor stadiëring van locoregionale klieren bij patiënten die 

behandeld gaan worden met NAC blijft onderwerp van discussie. Met name het ideale 

moment voor de SWK-procedure (voor of na NAC) moet nog bepaald worden.3 Daarom 

wordt in hoofdstuk 4 de waarde van de PET-CT in buikligging voor stadiëring van 

locoregionale klieren voorafgaand aan NAC geanalyseerd. Bij 311 stadium II-III 

borstkankerpatiënten werd de PET-CT voorafgaand aan NAC vergeleken met het 

pathologische klierstadium (op basis van echogeleide cytologie of, in geval van negatieve 

cytologie, SWK-procedure). Sensitiviteit en negatief voorspellende waarde voor detectie 

van okselkliermetastasen waren suboptimaal (respectievelijk 82% en 53%), maar de 

positief voorspellende waarde was zeer goed (98%), wat impliceert dat een FDG-avide 

klier vrijwel altijd een okselkliermetastase betreft. Het aantal gemiste okselkliermetastasen 

met PET-CT was significant minder bij patiënten met ongunstige tumorkarakteristieken: 

triple negatieve tumoren, een hoge Ki-67 score, een hoge graad en een hoger N-stadium. 

Verder werd occulte N3-ziekte parasternaal en periclaviculair gezien bij 26 (8%) en 32 

(10%) van de 311 patiënten. Dit resulteerde in aanpassingen in het bestralingsplan bij 50 
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(16%) patiënten. Nieuwe N3-klieren werden significant vaker ontdekt bij patiënten met 

een grotere primaire tumor of een hoger TNM-stadium. 

Vervolgens wordt in hoofdstuk 5 beschreven hoe vaak een PET-CT voorafgaand aan 

NAC het klierstadium verandert bij stadium II-III borstkankerpatiënten. Door behandeling 

met NAC is het aantal tumor-positieve lymfeklieren (een belangrijke risicofactor voor 

locoregionale recidieven en een veelgebruikte indicator voor postoperatieve bestraling) 

niet langer te bepalen. Gebaseerd op de hoge positief voorspellende waarde van FDG-

avide klieren bij borstkanker kan een PET-CT voorafgaand aan NAC gebruikt worden als 

alternatief voor het bepalen van het aantal tumor-positieve klieren voor de behandeling. 

Hierdoor kan het recidiefrisico veranderen en kunnen beslissingen over postoperatieve 

radiotherapie onderbouwd worden. Bij 5 (11%) van de 47 patiënten met een laag risico 

op een locoregionaal recidief detecteerde de PET-CT occulte N3-ziekte, waardoor ze 

opgeschaald werden naar de hoog-risico groep. Van de 144 patiënten met een gemiddeld 

locoregionaal recidiefrisico werd bij 24 (17%) patiënten ≥4 FDG-avide okselklieren gezien 

en bij 22 (15%) occulte N3-ziekte. In totaal werden 38 (26%) van de 144 patiënten met 

een gemiddeld risico op een logoregionaal recidief opgeschaald tot hoog-risico 

patiënten. Van de 43 (23%) patiënten die opgeschaald werden, waren er 18 uiteindelijk 

ypN0, 12 ypN1 en 13 ypN2-3.

Hoofdstuk 6 laat zien dat de PET-CT superieur is ten opzichte van conventioneel 

stadiëringsonderzoek voor de detectie van afstandsmetastasen. Bij 154 stadium II-III 

borstkankerpatiënten werden met de PET-CT 42 afstandslaesies gezien bij 25 patiënten. 

Deze laesies konden worden bevestigd bij 20 (13%)van de 154 patiënten. De PET-CT was 

fout-positief voor 8 additionele afstandslaesies en classificeerde 5 (3%) van de 154 

patiënten onterecht als M1. Bij 16 (80%) van de 20 patiënten met bevestigde afstandslaesies 

werden een of meer laesies alleen gezien met de PET-CT en niet met conventionele 

stadiëring. Dit leidde tot een aanpassing van de behandeling bij 13 (8%) van de 154 

patiënten. Bij 129 patiënten werd geen FDG-avide afstandslaesie gevonden, hetgeen 

bevestigd werd door een follow-up van 9 maanden. Sensitiviteit en specificiteit van PET-

CT voor de detectie van afstandslaesies waren 100% en 96%. Ter vergelijking, de 

sensitiviteit van de thoraxfoto was 11%, terwijl sensitiviteit en positief voorspellende 

waarde van de botscan 57% en 20% waren.

DEEL TWEE  |  PET-CT IN BUIKLIGGING
Responsmetingen van de primaire tumor en okselkliermetastasen

In het tweede deel van dit proefschrift wordt het gebruik van de PET-CT in buikligging 

tijdens NAC onderzocht voor de voorspelling van een complete pathologische response 

(pCR) in de borst en de oksel na NAC.

Hoofdstuk 7 benadrukt de relevantie van het borstkanker subtype voor responsmetingen 

met PET-CT tijdens NAC. Wij toonden aan dat een goede respons op chemotherapie 

significant geassocieerd was met het borstkanker subtype en verandering in FDG-

opname. Bovendien toonde multivariate analyse dat er een significante interactie bestond 
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tussen de verandering in FDG-opname en het borstkanker subtype. Receiver operating 

characteristic (ROC) curves voor de voorspelling van een (vrijwel) complete respons 

werden gegenereerd, waarbij een oppervlakte onder de curve van 0.35 werd gevonden 

voor HER2-positieve tumoren, 0.90 voor ER-positieve/HER2-negatieve tumoren en 0.96 

voor triple negatieve tumoren. Derhalve lijkt responsmeting met PET-CT tijdens NAC 

vooral nuttig bij ER-positieve/HER2-negatieve en triple negatieve tumoren.

Omdat een complete respons van zowel de primaire tumor als de okselkliermetastasen 

is geassocieerd met de beste overleving 4 beschrijven we in hoofdstuk 8 de waarde van 

responsmetingen van zowel de primaire tumor als de oksel. Daarnaast hebben we de 

waarde van responsmetingen met PET-CT op twee verschillende momenten tijdens NAC 

vergeleken. De oppervlakte onder de ROC curve nam toe wanneer het verschil in FDG-

opname van zowel de primaire tumor als de okselkliermetastase werd beoordeeld in 

vergelijking met verandering van het FDG-signaal in ofwel de primaire tumor ofwel de 

okselkliermetastase. Bij triple negatieve tumoren leek een PET-CT na zes weken 

effectiever dan na twee weken, terwijl bij HER2-positieve tumoren noch een PET-CT na 

3 weken, noch een PET-CT na 8 weken van nut bleek voor responspredictie.

De gecombineerde waarde van responsmetingen met PET-CT en MRI tijdens NAC wordt 

beschreven in hoofdstuk 9. Omdat responsmeting met PET-CT inaccuraat bleek bij 

HER2-positieve tumoren en MRI minder effectief bleek bij ER-positieve/HER2-negatieve 

tumoren 5 veronderstelden wij dat PET-CT en MRI gecombineerd de beste voorspeller 

van respons zou zijn. Voor de voorspelling van een (vrijwel) complete respons nam de 

oppervlakte onder de ROC curve toe van 0.78 voor de PET-CT en 0.81 voor de MRI tot 

0.86 voor beide onderzoeken gecombineerd. De additionele waarde van de PET-CT ten 

opzichte van de MRI werd met name gezien bij ER-positieve/HER2-negatieve tumoren: 

bij alle patiënten met >25% afname op MRI (geclassificeerd als een gunstige respons op 

basis van de huidige richtlijnen in ons ziekenhuis) maar <40% afname of PET-CT werd 

in het operatiepreparaat geen goede respons gezien. Deze patiënten zouden mogelijk 

baat hebben bij aanpassing van het chemotherapeutische regime. 

Als patiënten met tumor-positieve okselkliermetastasen voorafgaand aan NAC uiteindelijk 

allen een OKD ondergaan na NAC, zal mogelijk overbehandeling plaatsvinden bij 

patiënten met een complete axillaire respons. Hoofdstuk 10 beschrijft daarom de waarde 

van sequentiële PET-CTs tijdens NAC voor responsmeting van okselkliermetastasen. Bij 

30 (38%) van de 80 geïncludeerde patiënten werd uiteindelijk een axillaire pCR gezien. 

De relatieve afname in SUVmax was significant hoger bij patiënten met een axillaire pCR 

dan bij patiënten met tumor-positieve okselklieren na NAC, zowel op PET-CT2 (p<0.001) 

als op PET-CT3 (p=0.025). De oppervlakte onder de ROC curves waren 0.80 voor PET-

CT2 en 0.65 voor PET-CT3. Een relatieve afname ≥60% op PET-CT2 had een zeer goede 

specificiteit (35/37, 95%), een hoge positief voorspellende waarde (12/14, 86%) en een 

sensitiviteit van 48%; een histologische complete respons werd correct voorspeld bij 12 

van de 25 responders, bij wie minder invasieve behandeling van de oksel gerechtvaardigd 

zou kunnen zijn (bijvoorbeeld bestraling van de oksel).
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DEEL DRIE  |  PET-CT EN SPECIFIEKE MAMMA PET IN BUIKLIGGING
Verbeteren van primaire tumorkarakterisering

In het derde en laatste deel van dit proefschrift bespreken we hoe de PET-CT en specifieke 

mamma PET bij patiënten in buikligging en met hangende borsten de primaire tumor 

beter zou kunnen karakteriseren. In hoofdstuk 11 bespreken we de correlatie tussen de 

bioptlocatie en het gebied met de hoogste metabole activiteit voorafgaand aan NAC. 

Gebaseerd op heterogeniteit van tumoren zou informatie van de PET-CT gebruikt kunnen 

worden om een biopt te nemen van het meest agressieve gebied van de tumor (het 

gebied met de hoogste FDG-opname, SUVmax). We beschrijven in dit hoofdstuk hoe 

vaak de bioptlocatie niet overeen komt met het gebied met de hoogste FDG-opname. 

Een afstand ≥2 cm en een relatief verschil in SUV ≥25% tussen de bioptlocatie (afgebeeld 

middels een marker) en het gebied met de hoogste FDG-opname werd gezien als klinisch 

relevant. Een combinatie van beiden werd geclassificeerd als ‘niet-overeenkomend’ en 

werd gezien bij 28 (14%) van 203 tumoren. Dit werd significant vaker gezien bij tumoren 

met een hoger T-stadium, bij diffuus groeiende (non-mass) en multifocale tumoren op 

MRI, bij diffuus groeiende en multifocale tumoren op PET-CT, bij tumoren >3 cm en bij 

lobulaire carcinomen. Door gebruik te maken van PET-CT informatie en mogelijk ook 

van FDG-geleide biopsieën kan weefseltypering voorafgaand aan NAC wellicht verbeterd 

worden.

Het gebruik van PET-CT wordt momenteel niet geadviseerd voor detectie van de primaire 

tumor 6,7 op basis van beperkingen door een gelimiteerde spatiële resolutie, compressie 

van het borstweefsel, artefacten door ademhalingsexcursies van de thorax en de lange 

weg die het positron moet afleggen van de bron tot de detector. Daarentegen is er wel 

toegenomen interesse in visualisatie en kwantificatie van primaire mammatumoren met 

PET en PET-CT in verband met de lagere sensitiviteit van MRI bij dens klierweefsel,8 de 

correlatie tussen FDG-opname en prognostische karakteristieken 9 en veelbelovende 

resultaten van responsmetingen met PET-CT tijdens NAC.10 Hoofdstuk 12 beschrijft de 

eerste ervaring met de MAMMI PET, een specifieke mamma PET met een hoge resolutie. 

De MAMMI PET scant patiënten in buikligging en met een hangende borst en is ontworpen 

om detectie en karakterisering van de primaire tumor te verbeteren. In deze eerste 

haalbaarheidsstudie detecteerde de MAMMI PET 31 (97%) van de 32 tumoren, inclusief 

laesies dicht bij de musculus pectoralis major (kleinste afstand tot de spier 3.3 mm). De 

overeenkomst tussen SUVmax op de MAMMI PET en op de conventionele PET-CT was 

hoog, maar de SUVmax op de MAMMI PET was consistent hoger (gemiddelde ratio 2.7).

In hoofdstuk 13 geven we een overzicht van specifieke mamma PETs die op dit moment 

beschikbaar zijn. Deze mamma PETs kunnen worden geclassificeerd op basis van de 

positie van de borst en de patiënt: de patiënt wordt ofwel gescand in zittende positie en 

met compressie van de borst, ofwel in buikligging met een hangende borst. De positron 

emissie mammografie (PEM) is de meest onderzochte scan die gebruik maakt van 

compressie. Deze scan maakt vergelijking met het conventionele mammogram mogelijk, 

heeft een hoge sensitiviteit en specificiteit voor de detectie van borstkanker, heeft een 

vergelijkbare waarde als de MRI voor chirurgische planning en geeft de mogelijkheid tot 
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FDG-geleide biopsieën. Echter, gebruikte FDG doses zijn hoog, beelden worden 

vervaardigd in twee dimensies (2D) en tumoren dicht bij de musculus pectoralis major 

worden vaker gemist. Van de scans die patiënten scannen in buikligging en met een 

hangende borst is de MAMMI PET het meest gebruikt. Deze scan vervaardigt 

driedimensionale beelden en maakt vergelijking met MRI mogelijk. Bij patiënten met 

stadium II-III borstkanker werden vrijwel alle tumoren gezien, inclusief tumoren dicht bij 

de musculus pectoralis major. De ontwikkeling van een biopsiesysteem bevindt zich 

momenteel in de laatste fase van ontwikkeling. De toegevoegde waarde van de specifieke 

mamma PETs moet met name gezocht worden bij patiënten met dens klierweefsel, voor 

screening van hoog-risico patiënten, tumordetectie in geval van een occulte of 

inconclusieve laesie met conventioneel onderzoek, precieze bepaling van FDG-opname, 

responsmetingen of FDG-geleide biopsieën. 

In hoofdstuk 14 wordt de heterogeniteit van primaire tumor FDG-opname geëvalueerd 

met de MAMMI PET en de conventionele PET-CT. Bij 35 patiënten bleek de intensiteit 

van de FDG-opname niet verschillend (p=0.439), maar bleken de heterogeniteitsscores 

op de MAMMI PET significant hoger dan op de conventionele PET-CT (p=0.005). Een 

hogere heterogeniteit op de MAMMI PET werd gezien bij 11 (31%) van de 35 patiënten. 

Heterogeniteit op zowel de MAMMI PET als de conventionele PET-CT was significant 

hoger in geval van grote tumoren en tumoren met een hoge SUVmax.

CONCLUSIE

Eerdere onderzoeken vonden een lage opbrengst van de PET-CT bij vroeg-stadium 

borstkanker. Daarnaast werden veelbelovende, maar geen conclusieve resultaten 

beschreven met betrekking tot detectie van afstandsmetastasen bij (lokaal) gevorderd 

mammacarcinoom en responsmetingen tijdens NAC. Op basis hiervan wordt in de 

huidige richtlijnen aanbevolen om alleen in geval van een lokaal recidief of verdachte 

afstandsmetastase een PET-CT te verrichten, aangezien bij deze groep patiënten het 

gebruik van de PET-CT uitgebreid is beschreven.6,7

De studies beschreven in dit proefschrift hebben de kennis over het gebruik van PET-CT 

bij patiënten met borstkanker uitgebreid en bieden een onderbouwing om het gebruik 

van PET-CT bij primair mammacarcinoom uit te breiden. Op basis van onze resultaten 

adviseren wij om een PET-CT te verrichten voor stadiëring bij alle patiënten met stadium 

II-III borstkanker die behandeld gaan worden met NAC.

De betrokkenheid van verschillende medisch specialismen bekrachtigt de multidisciplinaire 

insteek van dit proefschrift, maar ook de waarde van de PET-CT voor elke medisch 

specialist die betrokken is bij de behandeling van patiënten met borstkanker. PET-CTs 

voor en tijdens NAC zijn van waarde voor chirurgen, oncologen, radiotherapeuten, 

pathologen en radiologen. Meest belangrijk is echter de waarde voor de patiënt, die zal 

profiteren van betere stadiëring en therapie op maat (voorkomen van over- danwel 

onderbehandeling). 
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Los nuevos enfoques en el cáncer de mama y sus diversas características han cambiado 

el concepto de tratamiento generalizado del cáncer de mama a uno personalizado que 

es guiado por una combinación de las características del paciente mismo y del tumor. 

Es importante tratar de asignar a cada paciente el régimen de tratamiento apropiado. 

Por ejemplo, un esquema de tratamiento intenso y costoso con intención curativa no 

será aplicado en el caso de extensas metástasis a distancia. Para ir a la selección de 

pacientes que se beneficien en forma óptima de los tratamientos asignados hay 

actualmente diversos procedimientos de diagnóstico por la imagen combinados  con 

evaluaciones clínico-patológicas.

El objetivo central de esta tesis está dedicado a establecer la utilidad de la PET/CT y el 

PET dedicado en cáncer de mama, apuntando especialmente a un mejoramiento en la 

selección de los pacientes y un acrecentamiento en la gestión personalizada.  El uso de 

la PET/CT y el PET dedicado fue investigado principalmente en el cáncer de mama 

localmente avanzado y/o con ganglios positivos a ser tratados con quimioterapia 

neoadyuvante (NAC). En una proporción reducida de esta tesis se discute la utilización 

de estas modalidades en el cáncer de mama en un estadio precoz.

El esquema general de esta tesis consiste de tres partes. ¿Cuál es el valor y la precisión 

diagnóstica de la 18F-FDG PET/CT en la visualización del tumor primario y la estadificación 

regional y a distancia en el cáncer primario de mama (parte 1)? ¿Cómo y cuándo podría 

ser utilizada la PET/CT para evaluar la respuesta durante la NAC y cuán exacta es la 

combinación de PET / CT y MRI en la predicción de la respuesta (parte 2)? ¿Podría la 

PET/CT de cuerpo entero y/o un PET de mama dedicado ser utilizado en mejorar la 

caracterización del tumor primario (parte 3)? Los diversos puntos de vista y resultados 

en esta tesis ejemplifican no solo los aspectos multimodales de tratamiento del cáncer 

de mama, sino también el valor generalizado de la imagen molecular en el cáncer de 

mama.

The Netherlands Cancer Institute - Antoni van Leeuwenhoek Hospital es un centro de 

referencia terciario para el tratamiento del cáncer. En esta institución se combinan 

tratamientos avanzados con una extensa investigación preclínica y clínica del cáncer. El 

comité multidisciplinario de cáncer de mama trabaja estrechamente en conjunto para 

atender los aproximadamente 600 nuevos pacientes que son tratados anualmente. 

Como centro de referencia una gran proporción de los pacientes es referido con cáncer 

de mama (localmente) avanzado y una larga experiencia, tanto en el tratamiento como 

en la investigación, se ha ido ganando para tratar este tipo de pacientes. La considerable 

cantidad de pacientes y la estrecha colaboración entre los diversos especialistas clínicos 

y preclínicos ofrecen la oportunidad de analizar y poner a prueba diferentes hipótesis 

de trabajo en las evaluaciones considerando siempre un punto de vista multidisciplinar.

En el capítulo siguiente, un resumen de los hallazgos principales en cada tópico es 

ofrecido. A continuación, los aspectos relevantes para la práctica clínica son discutidos 

y se sugieren las directrices para la investigación futura.
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PARTE UNO  |  PET / CT
Clasificación y estadificación

La primera parte de esta tesis describe la utilidad de la PET/CT previa al tratamiento en 

la visualización del tumor primario y la estadificación. El capítulo 2 versa sobre la 

visualización del tumor primario con PET/CT en pacientes con cáncer de mama antes 

del tratamiento con NAC. La captación de FDG del tumor primario fue suficiente para 

documentar la respuesta en 203 de 214 (95%) pacientes con estadio II-III de cáncer de 

mama. No se pudieron identificar subgrupos de pacientes con captación tumoral de 

FDG consistentemente bajas, lo que impide seleccionar un grupo de pacientes que se 

beneficiarían de una PET/CT previa al tratamiento basado en las características del tumor 

asociados con baja captación tumoral de FDG. 

El análisis univariable mostró un SUVmax significativamente mayor en los pacientes con 

tumor de características desfavorables: metástasis a distancia, carcinomas no lobulares, 

tumores con receptores hormonales negativos, tumores triple negativos, tumores de 

grado 3, y tumores con alta Ki-67. Esto mejora la eficacia de la PET/CT para la detección 

de tumores y optimiza su uso para la estadificación diagnóstica o el monitoreo de la 

respuesta en estos grupos de pacientes en particular. Tras el análisis de regresión lineal 

múltiple, los tumores triples negativos y los de grado 3 se asociaron significativamente 

con un mayor SUVmax.

El capítulo 3 describe la utilidad de la PET/CT en el cáncer de mama T1. Mientras que 

diversas publicaciones hablan de que la sensibilidad para la visualización de los 

carcinomas de mama pequeños (≤ 2 cm) es baja,1,2 en nuestra experiencia se mostró 

que los tumores primarios fueron visibles a la PET/CT en 54 (87%) de 62 pacientes con 

cáncer de mama clasificado como T1 cuando se utilizó la técnica de mama colgante 

con el paciente en posición prono. La visualización aumentó del 59% en tumores ≤ 10 

mm a 98% en tumores de más de 10 mm. La sensibilidad y especificidad en la detección 

de metástasis axilares fueron del 73% y 100%, respectivamente. El excelente valor 

predictivo positivo encontrado para la PET/CT (100%) indica que se puede poceder a un 

vaciamiento linfático axilar inmediato en lugar de una biopsia del ganglio centinela (BGC) 

en el caso de detectarse ganglios FDG-ávidos. Sin embargo, la sensibilidad fue baja, lo 

que hace requerir de una BGC en caso de ausencia de ganglios FDG-ávidos. De 12 

lesiones FDG-ávidas a distancia, una fue confirmada como una metástasis pulmonar, 

tres fueron falsas positivas, y ocho fueron nuevas lesiones proliferativas primarias. Sobre 

la base de este estudio, no se recomienda el uso de esta modalidad para la estadificación 

estándar en el diagnóstico de extensión de estos pacientes debido a su sensibilidad 

subóptima respecto a la axila y al bajo rendimiento respecto a las metástasis distantes.

El método óptimo para la estadificación loco-regional en los pacientes tratados con 

NAC sigue siendo objeto de debate. Sobre todo el momento óptimo para la BGC (pre-o 

post-quimioterapia) aún no se ha determinado.3 Por ello la precisión diagnóstica de la 

PET/CT con técnica de mama colgante para detectar metástasis en los ganglios linfáticos 

regionales antes de NAC es analizada en el capítulo 4. En 311 pacientes con cáncer de 

mama estadio II-III planificados para recibir NAC la captación axilar de la FDG se comparó 
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con la histopatología mediante  aspiración con aguja fina (FNA) guiada por ecografía, o, 

en caso de una negativa FNA, con la BGC. La sensibilidad y el valor predictivo negativo 

fueron sub-óptimos (82 y 53%, respectivamente), pero el valor predictivo positivo fue 

excelente (98%), lo que indica que una captación axilar positiva de FDG en un ganglio 

linfático es altamente predictiva de metástasis axilar. La proporción de metástasis no 

detectadas con PET/CT fue significativamente menor en pacientes con características 

desfavorables del tumor: estadios N superiores, triple negativos, de alta Ki-67, y de grado 

de malignidad alto. Además, se detectó enfermedad oculta N3 en la cadena mamaria 

interna (IMC) y en el área periclavicular en 26 (8%) y 32 (10%) pacientes respectivamente. 

Esto resultó en cambios en la planificación de radioterapia en 50 (16%) pacientes. Nuevos 

ganglios patológicos N3 fueron significativamente más frecuentes en los pacientes con 

un tumor primario más grande y un mayor estadio TNM. 

En el capítulo 5 se describe cuan frecuentemente la PET/CT previa a la quimioterapia  

puede ajustar el diagnóstico de extensión regional en el mismo cohorte de pacientes. 

Debido al tratamiento con NAC en el número de ganglios linfáticos positivos, un factor 

de riesgo importante para las recidivas loco-regionales (RLR) y factor de selección para 

la irradiación postoperatoria regional, ya no puede ser determinado con fiabilidad. 

Basado en el alto valor predictivo positivo de los ganglios FDG-ávidos en el cáncer de 

mama, encontrados en la PET/CT previa a la quimioterapia ello puede ofrecer un 

sustituto para evaluar el número de ganglios tumor-positivos antes de comenzar el 

tratamiento, cambiando así la estimación de riesgo  a la RLR y orientar las decisiones 

en el post-operatorio irradiación. La PET/CT detectó enfermedad N3 oculta en 5 (11%) 

de los 47 pacientes de bajo riesgo. En 144 pacientes con riesgo intermedio, la PET/CT 

fue capaz de detectar ≥ 4 ganglios axilares FDG-ávidos en 24 (17%) de los pacientes y 

enfermedad oculta N3 en 22 (15%) pacientes, lo que llevó finalmente a ajustar la 

estadificación de riesgo en 38 (26%) pacientes con riesgo intermedio . De 43 (23%) 

pacientes con ajuste en la estadificación de riesgo , 18 eran ypN0 Eventualmente, 12 

eran ypN1, y 13 eran ypN2-3.

El capítulo 6 demuestra que la PET/CT es superior a las técnicas de imagen 

convencionales para la detección de metástasis distantes. En 154 pacientes con cáncer 

de mama estadio II-III 42 lesiones a distancia adicionales pudieron ser observadas con 

la PET/CT en 25 pacientes. Estas lesiones pudieron ser confirmadas en 20 (13%) pacientes. 

La PET/CT resultó falsa positiva para 8 lesiones adicionales y clasificó erróneamente  la 

presencia de enfermedad metastásica en 5 (3%) pacientes. En 16 (80%) de 20 pacientes, 

se observaron lesiones adicionales exclusivamente a la PET/CT, lo que llevó a un cambio 

en el tratamiento en 13 (8%) de 154 pacientes. En 129 pacientes con un diagnóstico de 

extensión negativo a la PET/CT, no se desarrollaron metástasis durante un seguimiento 

de 9 meses. La sensibilidad y la especificidad de la PET/CT para detectar metástasis a 

distancia fueron de 100% y 96%, respectivamente. En contraste, la sensibilidad de la 

radiografía de tórax fue del 11%, mientras que la sensibilidad y el valor predictivo positivo 

de la gammagrafía ósea fueron de 57% y 20%, respectivamente.
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PARTE DOS  |  PET/CT CON TÉCNICA DE MAMA COLGANTE
Evaluación de la respuesta del tumor primario y las metástasis axilares

En la segunda parte de esta tesis se utiliza la PET/CT con técnica de mama colgante 

durante la NAC con el objetivo de determinar si esta modalidad puede predecir una 

respuesta patológica completa (pRC) en la mama  y/o en la axila al haberse completado 

la NAC. 

El capítulo 7 enfatiza la relevancia de los subtipos de cáncer de mama en la evaluación 

mediante PET/CT de la respuesta a la NAC. Se encontró que una (casi)pRC es 

significativamente asociada con los subtipos clínicos y el cambio en la captación tumoral 

de FDG. Además, el análisis de regresión multivariable indicó una interacción significativa 

entre el cambio en la captación de la FDG y el subtipo de cáncer de mama. El método 

de detección de señales según las Características Operativas del Receptor (ROC) fue 

empleado para analizar la predicción de la (casi) pCR con PET/CT; ello llevó a generar 

un área bajo la curva ROC (ROC-ABC) de 0,35 para los tumores subtipo HER2-positivo, 

0,90 para los ER-positivo/HER2-negativo, y 0,96 para los triple negativos.

En el capítulo 8 se evalúa el valor de la respuesta combinada del tumor primario y de 

las metástasis axilares a la PET/CT durante la NAC, en el entendido de que la ausencia 

de células tumorales en la mama y la axila está asociada con una supervivencia  más 

prolongada.4 Además, se comparó la precisión de la predicción de la respuesta a la PET/

CT en dos momentos de medición durante la NAC. La ROC-ABC incrementó cuando 

se utilizó en conjunto el cambio en SUVmax en la mama y la axila que cuando se 

emplearon ambos parámetros separadamente. En tumores triple negativos una PET/CT 

después de seis semanas parece ser más precisa que después de dos, mientras que en 

pacientes con HER2 positivo ni la PET/CT2 ni la PET/CT3 parecieron ser útiles para la 

predicción de la respuesta.

El valor combinado de la PET/CT y la RMN para evaluar la respuesta tumoral durante la 

NAC es discutido en el capítulo 9. Desde que la PET/CT aparece como menos sensible 

para monitorear la respuesta a la NAC en tumores HER2-positivos y a su vez la RMN es 

menos precisa en tumores ER-positivo/HER2-negativ,5 se plantea la hipótesis de que 

ambas modalidades puedan tener un valor complementario entre ellas. En la predicción 

de la (casi)pRC la ROC-ABC aumentó de 0,78 para la PET/CT y 0,81 para la RMN a un 

0,86 para ambas modalidades combinadas. El valor adicional de la PET/CT con respecto 

a la RMN se observó en los tumores predominantemente ER-positivo/HER2-negativo: 

todos los pacientes con >25% de disminución en la RMN (catalogado como respuesta 

favorable de acuerdo a las criterios actuales en nuestro instituto) pero con una 

disminución <40% a la PET/CT no alcanzaron una (casi)pRC y por ello podrían beneficiarse 

de un cambio en el régimen de quimioterapia terapéutica.

Si todos los pacientes con ganglios linfáticos positivos a la evaluación previa a la 

quimioterapia se sometieran a un vaciamiento axilar linfático después de la NAC, habría 

que constatar que es un tratamiento excesivo para aquellos pacientes que alcanzaron 

una respuesta completa a la quimioterapia. El capítulo 10 se centra en el valor de la PET/

CT secuencial durante la NAC para el monitoreo de la respuesta axilar. En 30 (38%) de 
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80 pacientes se alcanzó una pRC axilar. La disminución relativa de SUVmax fue 

significativamente mayor en los pacientes que alcanzaron una pRC en comparación con 

los pacientes que no lo hicieron (PET/CT2 p <0001, PET/CT3 p = 0,025). La ROC-ABC 

para la PETCT2 y la PET/CT3 fueron de 0,80 y 0,65, respectivamente. Una disminución 

relativa ≥ 60% en la PET/CT2 alcanzó una excelente especificidad (35/37, 95%), un alto 

valor predictivo positivo (12/14, 86%), y una sensibilidad del 48%;  se llegó a una 

identificación precisa histológica de la pRC en 12 de los 25 pacientes que respondieron 

y para los cuales un tratamiento menos invasivo axilar debería ser apropiado (por ejemplo, 

la radioterapia axilar).

PARTE TRES  |  IMAGEN DE MAMA COLGANTE CON PET/CT Y PET DEDICADO 
DE MAMA PARA UNA MEJOR CARACTERIZACIÓN DEL TUMOR PRIMARIO

En la tercera y última parte de esta tesis se aborda el valor de la técnica de mama colgante 

para mejorar la caracterización del tumor primario. En el capítulo 11 se analiza la 

correlación entre el lugar donde se efectuó la biopsia dentro del tumor primario y el área 

del tumor con mayor actividad metabólica en la evaluación previa a la NAC. Tomando 

como base la heterogeneidad intratumoral en la captación de FDG  la información de 

la PET/CT podría permitir una mejor toma de muestras de las partes más agresivas del 

tumor (áreas con mayor grado de captación de la FDG). En este capítulo se evalúa la 

correspondencia entre el lugar de la biopsia y el área de máxima captación tumoral  

(SUVmax). Una distancia ≥ 2 cm y una diferencia relativa ≥ 25% en SUVmax entre el lugar 

de la  biopsia en el tumor (identificado por un marcador colocado a continuación de la 

biopsia) y la zona de máxima SUVmax se consideraron clínicamente relevantes y una 

combinación de ambos se definió como de no correspondencia, la que se observó en 

28 ( 14%) de 203 tumores. Una no correspondencia fue significativamente más frecuente 

en los tumores con un mayor estadio T, en los tumores difusos (sin masa) y en tumores 

multifocales a la RMN, difuso y multifocal a la PET/CT, en tumores> 3 cm, y en los 

carcinomas lobulares.  Para todas estas categorías la información metabólica del tumor 

y,  muy posiblemente, las biopsias guiadas por FDG podrían llevar a obtener muestras 

histopatológicas mas representativas del tumor primario.

El uso de la PET/CT no se recomienda actualmente para la detección del tumor 

primario,6,7 debido a las limitaciones en resolución espacial, la compresión mamaria,  los 

artefactos de visión borrosa ocasionados por el movimiento respiratorio del tórax, y la 

larga distancia entre fuente y detector. Sin embargo, existe un creciente interés en la 

visualización y cuantificación de los tumores primarios con PET o PET/CT; esto se 

fundamenta en la menor precisión diagnóstica de la RMN para las mamas densas,8 la 

correlación demostrada entre la captación de FDG y el pronóstico,9 y los alentadores 

resultados alcanzados por la PET/CT en el monitoreo de la respuesta la NAC.10 En el 

capítulo 12  se describe la primera experiencia clínica con el MAMMI PET, un PET de alta 

resolución para imagen dedicada de la mama en posición colgante, desarrollado para 

mejorar la detección del tumor primario y su caracterización. En este primer estudio de 
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factibilidad con el MAMMI PET se visualizaron 31 (97%) de 32 tumores, incluyendo 

lesiones localizadas cerca del músculo pectoral (distancia mínima fue de 3,3 mm). Hubo 

una alta concordancia en la captación tumoral de FDG con la PET/CT de cuerpo entero, 

pero la SUVmax con el MAMMI PET fue consistentemente más alta (tasa media 2,7).

El capítulo 13 contiene una revisión de los sistemas dedicados de PET de mama en la 

actualidad. Los PET dedicados mama se pueden clasificar, de acuerdo a la colocación 

de la mama y la paciente, en modalidades que usan compresión de la mama con el 

paciente en posición vertical y aquellas que obtienen imágenes de la mama en posición 

colgante con la paciente en posición prona. La mamografía por emisión de positrones 

(PEM) es el dispositivo más ampliamente investigado de lso que usan la técnica de 

compresión. Permite de esta forma la comparación de imágenes con la mamografía 

convencional, tiene una alta sensibilidad y especificidad para la detección de cáncer de 

mama alcanzando una precisión diagnóstica comparable a la RMN en la planificación 

pre-quirúrgica, y permite que la aplicación de biopsias guiadas por la FDG. Sin embargo, 

para efectuarla es necesario administrar dosis altas de FDG, las imágenes se adquieren 

en 2D y lesiones cerca del músculo pectoral frecuentemente no se visualizan. El PET 

MAMMI es el dispositivo más usado para la imagen con la mama en posición colgante, 

es capaz de generar imágenes en 3D, y sus imágenes son directamente comparables 

con la RMN al utilizar posiciones semejantes de la paciente. En pacientes con cáncer de 

mama estadio II-III, este sistema fue capaz de visualizar tumores cercanos al músculo 

pectoral. Un sistema de biopsia se encuentra actualmente en la fase final de desarrollo. 

El valor adicional de los sistemas de PET dedicados hay que buscarlo en pacientes con 

imágenes de mama densa a la mamografía convencional en los programas de cribado, 

en pacientes de alto riesgo que requieren controles periódicos, en la detección de 

tumores en caso de lesiones ocultas o no concluyentes a los sistemas convencionales, 

la determinación precisa de la captación de FDG, el monitoreo de respuesta, o la 

posibilidad de biopsias guiadas por la captación de FDG.

En el capítulo 14 se evaluó la heterogeneidad de la captación de la FDG en los tumores 

primarios utilizando el PET MAMMI y la PET/CT. En treinta y cinco pacientes la captación 

tumoral de la FDG fue en intensidad similar en ambos dispositivos (p = 0.439), pero los 

resultados de la heterogeneidad en las imágenes del PET MAMMI fue significativamente 

mayor (p = 0,005). Las imágenes del PET MAMMI dejaron ver una puntuación mayor en 

heterogeneidad en 11 (31%) de 35 pacientes. Las puntuaciones de heterogeneidad fueron 

significativamente mayores en los tumores grandes y en los tumores con un alto grado 

de captación de la FDG.
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Voor een resultaatgericht en enigszins onrustig persoon is een promotietraject soms 

een hele opgave. Als je voor de zesde keer al je scans opnieuw moet beoordelen of een 

hele dag bijna autistisch een database zit in te vullen vraag je je wel eens af waar je het 

allemaal voor doet. Nu, iets meer dan twee jaar later, zie ik het resultaat voor me. De 

kritische en nieuwsgierige instelling die ik heb ontwikkeld en de wetenschappelijke 

ervaring die ik heb opgedaan zal ik de rest van mijn carrière bij me dragen en gebruiken.

Het NKI-AvL is een stimulerende omgeving met bevlogen medewerkers. De korte lijnen 

en laagdrempeligheid maken dit de ideale omgeving voor (multidisciplinaire) behandeling 

van kankerpatiënten en wetenschappelijk onderzoek. Ik ben erg dankbaar voor de 

mogelijkheid om in dit instituut mijn promotieonderzoek te mogen doen, maar ook om 

als arts en wetenschapper gevormd te worden. Heel graag kom ik terug om hier een 

deel van mijn opleiding te doen.

Velen zijn betrokken geweest bij de vervolmaking van dit proefschrift door middel van 

feedback, aanmoediging of welkome afleiding. Eenieder die, op welke manier dan ook, 

een bijdrage heeft geleverd wil ik van harte danken. Sommigen wil ik in het bijzonder 

danken.

Mijn hooggeleerde promotor, prof. dr. E.J.Th. Rutgers. Beste Emiel, ik weet nog goed 

dat ik, enigszins gespannen, bij je binnenliep voor mijn sollicitatiegesprek. Vijf minuten 

later stond je echter alweer schaterend naast me op de gang. Hoewel deze 

ongedwongenheid onze gesprekken kenmerkt, lees je tussen de regels precies hoe het 

nou echt gaat. Je voelt perfect aan wanneer je extra betrokken moet zijn, zoals bij mijn 

sollicitatie of dreigend faillissement. Bovendien eindigde het altijd met kraakheldere 

adviezen, waardoor alles weer even opgelost en duidelijk leek. Jouw vertrouwen in mij 

en de vrijheid die je me hebt gegeven doet me erg veel en is mijn onderzoek zeker ten 

goede gekomen. En hoewel het soms lastig te lezen was, maakte jouw ouderwetse 

gekriebel met pen in de kantlijn (inclusief kreten als ‘prachtig’ of ‘nogal wiedes’) mijn 

artikelen stukken scherper. 

Mijn hooggeachte co-promotores, dr. R.A. Valdés Olmos en dr. M.J.T.F.D. Vrancken 

Peeters. 

Beste Renato, Maestro! Wat hebben Oscar en ik vaak tegen elkaar gezegd dat we in onze 

handjes mogen klappen met jou als directe begeleider. Zodra ik mijn hoofd om de hoek 

van je deur stak om wat te vragen liet je al je werk liggen en was er direct tijd voor (soms 

langdurig) overleg. Als ik tot mijn 65e met net zoveel plezier naar mijn werk blijf gaan als 

jij dat hebt gedaan dan teken ik daar direct voor. Enorm veel respect voor je gedrevenheid 

en je wetenschappelijke inzicht, maar ook voor de manier waarop jij de afdeling als pater 

familias hebt geleid. Geniet van je vrije tijd, al zal daar, jou kennende, niet veel van terecht 

komen…

Beste Marie-Jeanne, jouw beoordeling van mijn stukken bezorgden me regelmatig extra 

werk, omdat je verder keek dan de losse zinnen of Figuren; de hele structuur werd 

beoordeeld en je kwam regelmatig met hele nieuwe invalshoeken, die de artikelen 
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steevast vooruit hielpen. Naast oprechte wetenschappelijk interesse was je echter ook 

altijd persoonlijk geïnteresseerd. Jouw mooie manier van complimenteren, je telefoontje 

naar het SLAZ en je veelzijdigheid zullen me altijd bijblijven. 

Mijn promotiecommissie, bestaande uit prof. dr. E.F.I. Comans, prof. dr. B.L.M. van Eck-

Smit, prof. dr. S.C. Linn, prof. dr. M.J. van de Vijver, dr. G.J. Liefers en dr. H.M. 

Zonderland, wil ik graag danken voor het beoordelen van mijn manuscript. Ik kijk uit 

naar de discussies.

Dr. J. Wesseling. Beste Jelle, jij bent een soort vertrouwenspersoon voor me geweest. 

Als ik twijfelde over politiek rondom auteurschappen of tegengestelde adviezen kreeg 

van medeauteurs wist jij dit altijd piekfijn in de kiem te smoren. Toen bleek dat ik een 

groot deel van de pathologie zou moeten reviseren keek ik daar wel even tegen op. Al 

snel bleek echter dat onze revisies mijn uitje van de week waren: een afspraak van 30 

minuten werd altijd 25 minuten gezelligheid en 5 minuten ‘rammen’. Je vakkennis, je 

vermogen om moeilijke dingen simpel uit te leggen, maar ook lengte zorgen ervoor dat 

ik nog steeds tegen je opkijk.

Prof. dr. S. Rodenhuis. Beste Sjoerd, ik ken, buiten jou, eigenlijk niemand die een artikel 

helemaal reviseert en dan zegt niet als auteur betrokken te hoeven worden. Jouw 

vermogen om de vinger precies op de zere plek te leggen en je adviezen maakten mijn 

stukken enorm veel beter. Ik was dan ook erg blij toen je aangaf meer betrokken te willen 

zijn bij mijn onderzoek. 

Dr. W.V. Vogel. Beste Wouter, fantastische ideeëngenerator. Binnen elk vakgebied van 

de nucleaire ga jij ver de diepte in, maar weet je het alsnog op een eenvoudige manier 

te verwoorden. Naast het schrijven van onderzoeksvoorstellen en budgetaanvragen doe 

je ook nog even de opleiding tot radiotherapeut. Desondanks was er nog altijd ruimte 

voor hulp, maar ook om een eitje te laten uitkomen. Op de vraag wie er over tien jaar 

professor zal zijn zou ik zonder te twijfelen mijn geld op jou zetten. 

Dr. K.G.A. Gilhuijs. Beste Kenneth, het was soms lastig om een gaatje in je agenda te 

krijgen, maar als er een gaatje was gevonden zaten we regelmatig tot diep in de avond 

te overleggen. Je bent de perfecte schakel tussen statistiek en kliniek, 

Dr. P.H.M. Elkhuizen. Beste Paula, dankzij jou hebben we mijn onderzoek ook van de 

radiotherapeutische kant kunnen bekijken. Waar wij onwijs enthousiast over de resultaten 

zijn moet de rest blijkbaar nog even overtuigd worden, maar dit gaat zeker lukken.

Dr. T.S. Aukema. Beste Tjeerd, dank voor de paden die jij met jouw onderzoek reeds 

gebaand had. De potentie van de PET-CT was inmiddels bekend en dat maakte het voor 

mij een stuk makkelijker om patiënten te kunnen includeren. Dank voor je adviezen en 

tips.
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Claudette Loo. Ook jij bedankt voor je betrokkenheid bij mijn stukken, je nuttige adviezen 

en kritische noten. Dat er maar snel een kaft om je eigen stukken heen gedaan mag 

worden.

Kenneth Pengel, dank voor de samenwerking. De eerste stukken over de responsmetingen 

zijn een feit, dat er nog velen mogen volgen. Succes met je eigen boekje.

Dr. E.H. Lips. Beste Esther, we hebben regelmatig op en neer gemaild om databases 

over elkaar heen te leggen en elkaar te helpen, dank daarvoor. Mooi ook dat we elkaar 

hebben kunnen betrekken bij een fraai artikel. Succes met je verdere onderzoek in het 

NKI.

Lotte Elshof, hoewel je slechts een paar weken mijn stagestudent was heb je me enorm 

geholpen bij hoofdstuk 11. Veel succes met je eigen promotieonderzoek.

Femke van der Leij. Dank voor de samenwerking mbt de T1-tumoren. Succes met je 

opleiding en het afronden van je eigen promotie. Ik ben erg benieuwd naar ons 

gezamenlijke stuk over responsmetingen van radiotherapie.

Andrew, Erik, and Harm from the department of biometrics. Thanks for your support in 

case of questions or emergencies. Erik, dank voor je betrokkenheid bij hoofdstuk 2. 

Andrew, many thanks for your work regarding the second part of this thesis on response 

monitoring. Good luck in Australia!

Oncovision, thanks for the development of a very promising device and the fact that we 

have been able to test it first. Further, I am grateful for your trust in my work and the 

support during my research activities. I am convinced that we will make the MAMMI a 

success.

Special thanks to Luis Caballero Ontanaya. We have spent many hours on the telephone 

in case of a problem, but you were there every time. Cheers and thanks a lot!

De gehele afdeling nucleaire geneeskunde van het AvL wil ik danken voor de fantastische 

sfeer. Kees, Marcel en Erik, dank voor jullie interesse en kritieken. Bernies en Linda, succes 

met jullie eigen projecten. Klinisch fysici, Saar en Michiel, dank voor de ondersteuning 

en uitleg. Alle anderen, Medisch Nucleair Werkers en secretaresses, Saskia, Colinda, 

Lyandra, Chelvi, Christel, Mariska, Bas, Yvonne, Minette, Bert, Martine, Lotte, Natascha, 

Miena en Nancy, dank voor alles.

Speciale dank aan de verpleegkundig specialisten en secretaresses van het mammateam 

voor al hun werk: met name Margaret, Marjo en Jacqueline, mijn dank is groot. Sandra, 

dank voor je organisatie van de PET-CT’s tijdens de PAPBI trial.

Olga. Jij hebt een hele grote stem gehad in mijn aanstelling als arts-onderzoeker en ik 

ben je eeuwig dankbaar voor de deuren die dat geopend heeft. Fijn om af en toe in je 
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witte stoel neer te ploffen en heel veel dank voor al je werk, zowel voor als achter de 

schermen.

Alle overige leden van de Mammatumoren Werkgroep. Het is fijn onderzoek te doen 

binnen dit multidisciplinaire team.

Alle overige specialisten in het AVL met wie ik heb samengewerkt, als zaalarts of als 

onderzoeker, dank ik voor een prachtige tijd. In het bijzonder de chirurgen, waarbij ik 

Frits, Arend en Jos speciaal wil benoemen voor hun persoonlijke betrokkenheid en 

interesse.

Anja Vaessen-Verberne, Coranne Aarts-Tesselaar en overige kinderartsen van het 

Amphia Ziekenhuis, onwijs bedankt voor een prachtige tijd. Anja, dank voor je vertrouwen.

Intensivisten uit het Amphia, dank voor een leerzaam jaar. Nardo van der Meer, 

duizendpoot, dank voor de samenwerking. Joost Labout, op drie vlakken samengewerkt, 

wellicht dat er snel een vierde bij komt als we samen de operatiekamer gaan bemannen.

Nieuwe collega’s uit het Sint Lucas Andreas Ziekenhuis, dank voor een meer dan warm 

welkom. Wat fijn om weer in de kliniek te werken, maar wat fantastisch om dat in dit 

team te mogen doen. Ik kijk uit naar de komende tijd. 

Vrienden uit Brabant, Maastricht en Amsterdam, dank voor de afleiding.

Huisgenoten uit Maastricht, Capu 75, wat een toptijd. Tessa en Annabel, het was mooi 

wonen zo met de vuurtorenclub, laten we de House Hotline snel nieuw leven inblazen.

Alle collega-onderzoekers van het NKI-AvL, dank voor de afleiding en tussendoortjes, 

koffie, champagne, feestjes, lunches, taart en borrels. 

Mijn matties van de borstenclub, Mila en Caroline, dank voor de prachtige tijd en 

fantastische congressen. Mila, geniet van je opleidingsplek, dik verdiend. Caro, laten we 

gewoon tegelijk beginnen, nog zes jaar samen.

 

Emily, dank voor een topcongres inclusief overnachting met rugmassage. Mooie 

kennismaking was dat. Tegelijk tijdens de laatste fase van de promotie, succes met je 

verdediging. 

Myra, wat een prachtcover, enorm bedankt.

Mijn kamergenoten in het NKI-AvL. Het begon vrij rustig met zijn tweeën in 2010, maar 

op het einde zat het bommetjevol. Logisch ook met die sfeer…

Nynke, harde werker, ga zo door! Hanna en Lisette, vooral studenten van Oscar maar 

ook een beetje van mij, het was gezellig. Fijs, als waakhond van Oscar heb je mij indirect 

toch ook weten te stimuleren, dank voor je betrokkenheid. Thomas, enjoyed your 

presence every time. Gijs, mooie vent, succes met je onderzoek, zie je aan de bar. Hidde, 
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ook jij een weekje voor me, heel knap voor elkaar gebokst. Suzana, goed dat er alsnog 

een opvolger is gekomen, laten we er wat moois van maken.

Oscar en Jakob, vrienden, paranimfen en kamergenoten. Wat een fantastische tijd heb 

ik gehad met jullie op de kamer. Als je het zo lang volhoudt met elkaar zegt dat iets: 

samen werken en, vooral, samen ontspannen. Laten we die eerste avond nog vaak gaan 

overdoen. Ik ben blij met jullie naast me vandaag.

Jakob, mattie. Mooi om mekaar gek te draaien, Wimbledon en voetballotingen te volgen, 

te drinken en sarcastisch te wezen. Prachtig om je enthousiasme te zien als we het over 

de kliniek hebben. Jij komt er zeker met je onderzoek en je onderzoeksbegeleiders. Je 

opleidingsplek zit namelijk sowieso wel gebakken. En terecht. 

Oscar Roberto. Ruim twee jaar onafgebroken rug aan rug en nog steeds mag ik je. Heel 

cool om alles precies tegelijk te doorlopen: hoogtepunten werden als eerste samen 

gevierd, maar ook tegenvallers werden gedeeld. Vooral de congressen waren een groot 

succes, waarbij we precies dezelfde instelling hadden: je praatje te veel oefenen is niet 

goed, te vroeg naar bed ook niet. Succes met de laatste loodjes!!

Tim en Kim, april 2013 staat voor ons alle drie al erg lang dikgedrukt in de agenda: intens 

druk in de voorbereiding, maar alles voor een dag die je de rest van je leven zal blijven 

herinneren. Geniet van jullie dag en jullie reis, maak er iets speciaals van!

Noor en Ralf, hoewel we in sommige dingen verschillen (Asten vs Amsterdam) zijn we 

in veel opzichten precies hetzelfde. Ralf, succes met het veroveren van de 

voetbalpionnenmarkt. Noor, respect voor de manier waarop jij alles oppakt, onthoudt 

en organiseert. Je hebt veel meer in je mars dan je altijd geweten hebt, mooi dat het er 

nu allemaal uitkomt.

De basis voor dit geheel werd gelegd door mijn ouders. Papa en mama, jullie wisten me 

altijd precies op de juiste manier te motiveren en te prikkelen, maar, wellicht nog 

belangrijker, stimuleerden me ook juist om leuke dingen te doen en te ontspannen. Deze 

mix van hard en resultaatgericht werken en ontspanning heeft geleid tot dit mooie boekje 

en een prachtige tijd eromheen. Daarnaast hebben jullie een warm, gezellig en veilig 

thuis voor ons gecreëerd. Ook al is het inmiddels wat langer reizen en ben ik mijn accent 

kwijt, het blijft heel fijn om weer even thuis te zijn.

Noor, liefste, wat ben ik ongelofelijk blij met je. Dank voor je begrip en je eindeloze steun. 

Ik geniet van elk moment met je en kijk uit naar alle ervaringen en avonturen die we 

samen nog zullen gaan beleven. Laten we snel de rest van de wereld gaan ontdekken.
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Bas Koolen werd geboren op 2 december 1984 in Boxtel. In 2002 behaalt hij zijn 

eindexamen aan het Sint Willibrord Gymnasium te Deurne, waarna hij aansluitend start 

met de studie geneeskunde aan de Universiteit Maastricht. Het laatste jaar van de 

opleiding geneeskunde wordt in zijn geheel volbracht als semi-arts op de afdeling 

heelkunde van het Orbis Medisch Centrum te Sittard. Na het behalen van zijn artsexamen 

in juli 2008 is hij werkzaam als arts-assistent kindergeneeskunde (mw. dr. AAPH Vaessen-

Verberne) en Intensive Care (dr. NJM van der Meer) van het Amphia Ziekenhuis in Breda. 

Hier doet hij tevens onderzoek naar astmacontrole bij kinderen, atriumfibrilleren na 

hartchirurgie en een nieuwe methode voor cardiac outputmetingen. In juni 2010 start 

hij als arts-assistent chirurgie in het Antoni van Leeuwenhoek Ziekenhuis in Amsterdam, 

waarna hij in december 2010 begint met zijn onderzoek naar het gebruik van PET-CT 

en dedicated PET bij patiënten met borstkanker. Deze dissertatie is daarvan het resultaat. 

Voor dit onderzoek ontvangt hij de scholar-in-training award tijdens het San Antonio 

Breast Cancer Symposium en de posterprijs van de Nederlandse Vereniging voor 

Heelkunde. Sinds januari 2013 werkt hij als arts-assistent chirurgie in het St. Lucas Andreas 

Ziekenhuis in Amsterdam (dr. B.C Vrouenraets).
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Medicine at Maastricht University. During the final year of his study he works as an intern 

at the department of general surgery of Orbis Medical Center in Sittard. After becoming 

Doctor of Medicine in July 2008, he works as a resident at the departments of Paediatrics 

(dr. AAPH Vaessen-Verberne) and Intensive Care (dr. NJM van der Meer) of the Amphia 

Hospital in Breda. In this period he performs several studies on asthma control in children, 

atrial fibrillation after cardiac surgery, and a new tracheal impedance cardiography 

method. In June 2010 he starts as a resident at the department of Surgical Oncology at 

the Netherlands Cancer Institute – Antoni van Leeuwenhoek Hospital in Amsterdam. 

From December 2010 to December 2012 he works as a PhD student under supervision 

of prof. dr. E.J.Th. Rutgers, dr R.A. Valdés Olmos, and M.J.T.F.D. Vrancken Peeters. He 

investigates the use of PET/CT and dedicated PET in breast cancer, of which the results 

are described in this thesis. In 2011 he receives the Scholar-in-Training award at the San 

Antonio Breast Cancer Symposium and the poster price of the Dutch Surgical Society. 

Since January 2013 he works as a resident at the department of General Surgery at the 

St. Lucas Andreas Hospital in Amsterdam (dr. B.C. Vrouenraets).
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1. Kennis van klinische en pathologische tumorkarakteristieken is essentieel voor 
accurate beoordeling van PET-CT beelden bij borstkankerpatiënten 

 (dit proefschrift).

2. De meerderheid van de primaire mammacarcinomen, inclusief T1-tumoren, kan 
worden gedetecteerd met 18F-FDG PET-CT (dit proefschrift).

3. PET-CT is waardevol voor locoregionale stadiëring en planning van regionale 
radiotherapie bij borstkankerpatiënten die behandeld worden met neoadjuvante 
chemotherapie (dit proefschrift).

4. PET-CT kan conventionele beeldvorming vervangen voor de detectie van 
afstandsmetastasen bij stadium II-III borstkanker (dit proefschrift).

5. Bij alle stadium II-III borstkankerpatiënten die behandeld gaan worden met 
neoadjuvante chemotherapie dient een PET-CT te worden verricht voor de 
detectie van metastasen locoregionaal en op afstand (dit proefschrift).

6. Responsmeting met PET-CT (al of niet in combinatie met MRI) tijdens neoadjuvante 
chemotherapie lijkt de respons van zowel de primaire tumor als de oksel te 
kunnen voorspellen en daarmee over- en onderbehandeling te verminderen (dit 
proefschrift).

7. Een specifieke mamma PET lijkt de heterogeniteit van de tumor beter te kunnen 
detecteren dan de conventionele PET-CT (dit proefschrift).

8. Waar het toevoegen van nieuwe, extra diagnostische middelen weinig tegenspraak 
krijgt, blijkt het achterwege laten van oude, suboptimale modaliteiten vrijwel 
onmogelijk.

9. Waar talent komt altijd bovendrijven (Bert van Essen).

10. Iedereen is professor in de achterafgeneeskunde (Dick Buitelaar).

11. Stay hungry, stay foolish (Steve Jobs).

12. You miss 100% of the shots you don’t take (Wayne Gretzky).

13. Nog eentje dan, met de jas aan.

 Bas Koolen
 Amsterdam, 26 april 2013

STELLINGEN  BEHOREND BIJ HET PROEFSCHRIFT 

PET/CT AND DEDICATED PET IN BREAST CANCER:
IMPLICATIONS FOR CLASSIFICATION, STAGING, AND RESPONSE MONITORING


