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Current and Future Uses of Positron Emission Tomography
in Breast Cancer Imaging
William B. Eubank and David A. Mankoff
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ositron emission tomography using 18F-fluorodeoxy-

lucose (FDG-PET) has been used for the detection,

taging, and response monitoring in breast cancer pa-

ients. Although studies have proven its accuracy in

etection of the primary tumor and axillary staging, its

ost important current clinical application is in detec-

ion and defining the extent of recurrent or metastatic

reast cancer and for monitoring response to therapy.

ET is complementary to conventional methods of stag-

ng in that it provides better sensitivity in detecting

odal and lytic bone metastases; however, it should not
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e considered a substitute for conventional staging

tudies, including computed tomography and bone

cintigraphy. FDG uptake in the primary tumor carries

rognostic information, but the underlying biochemical

echanisms that are responsible for enhanced glucose

etabolism have not been completely elucidated. Fu-

ure work using other PET tracers besides FDG will

ndoubtedly help our understanding of tumor biology,

mprove our ability to measure and predict response

nd help tailor therapy to individual patients.

2004 Elsevier Inc. All rights reserved.
REAST CANCER is the most common nonskin
cancer and the second leading cause of cancer

eath in women.1 Despite advances in the adjuvant
reatment of early stage disease, many women will have
reast cancer relapse, often not amenable to complete
urgical excision. There are 40,000 women per year
ying of breast cancer in the United States, and most
reast cancer victims die of progressive metastatic dis-
ase.1 The ability to define the extent of disease, to
onitor response, and to predict tumor behavior in

atients with breast cancer are therefore important public
ealth problems where positron emission tomography
PET) imaging may play a significant role.

The recognition that breast cancer is a systemic
isease, even in its early stages, led to the current
pproach to treatment which combines local measures
uch as surgery and radiotherapy with systemic treat-
ent.2 Defining the extent of disease is key to choosing

ppropriate treatment and to tailoring local treatment
ptions to the patient and her disease. This is an
mportant role for PET, especially in patients with more
dvanced or recurrent disease. An equally important
linical need is monitoring systemic therapy, to assess
he success or failure of a particular form of systemic
reatment. Many solid tumors respond poorly to sys-
emic therapy; however, breast cancer is one of the more
hemotherapy-sensitive solid tumors.2 Women with lo-
ally advanced or metastatic breast cancer can have
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0001-2998/04/3403-0006$30.00/0
rolonged remissions.3-5 Those that have failed first-line
hemotherapy still have a number of reasonable choices
or second-line therapy with substantial response rates.2

n addition, there are a number of other systemic options
esides cytotoxic chemotherapy, including hormonal
nd other biologically-targeted therapies.6,7 However,
he ability to predict and evaluate systemic therapy
esponse in these patients is limited. Because we cur-
ently rely on changes in tumor size to assess response,
t takes several weeks to months to evaluate efficacy.8,9

or therapies that are potentially cytostatic, such as
ormonal therapy, it can be impossible to discern tumor
esponse from slow disease progression when relying on
natomically-based measures of response. This is an area
here biochemical imaging using PET offers significant

dvantages and where PET is likely to play a clinically
mportant role. In this review, we highlight current and
uture applications of PET to breast cancer, focusing on
hose applications of greatest current and future clinical
elevance.

DETECTION OF PRIMARY BREAST CANCER

The earliest studies of positron emission tomography
sing 18F-fluorodeoxyglucose (FDG-PET) in breast can-
er imaging centered on the feasibility of detecting the
rimary tumor.10-12 Patients imaged in these early stud-
es generally had confirmed, locally advanced breast
ancer (LABC) or metastatic disease. In some individual
ases from these early series,10-12 focal FDG uptake was
emonstrated in some primary tumors that could not be
etected by mammography due to dense fibroglandular
issue. Because of the selection bias of patients with
dvanced disease, the sensitivity of FDG-PET was near
erfect and specificity could not be determined. Only
ne false-negative case, a 1-cm tubular carcinoma, was
ncountered early in these studies.11

A host of larger prospective studies using FDG-PET
n patients with unconfirmed, suspicious breast abnor-
alities by clinical or mammographic examinations

ollowed.14-19 Although there was less selection bias

ith respect to tumor size, the ratio of malignant lesions

Nuclear Medicine, Vol XXXIV, No 3 (July), 2004: pp 224-240
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225PET AND BREAST CANCER
o benign lesions (average about 3.5) and the size of the
esions in these studies was much higher than the general
opulation undergoing breast biopsy. Despite the evolu-
ion of more dedicated and sophisticated PET imaging
evices, follow-up studies with less selection bias have
hown some of the limitations of FDG-PET in detecting
) smaller (�1 cm) tumors, 2) more well-differentiated
istologic subtypes of tumors (tubular carcinoma and in
itu carcinoma), and 3) lobular carcinomas. The overall
ensitivities and specificities in these studies ranged
rom 80 to 100% and 75 to 100%, respectively. In the
argest of these series,17 the sensitivity for detecting
umors less than 1 cm using sensitive imaging reading
riteria was 57% (13/22), compared with 91% (155/170)
or tumors larger than 1 cm. The sensitivity for detecting
arcinoma in situ was even lower at 25% (3/12) and
here was a significantly higher false-negative rate with
nfiltrating lobular carcinoma [65% (15/23)] than infil-
rating ductal carcinoma [24% (23/97)]. The specificity
f FDG-PET in differentiating benign from malignant
esions was near 90% in most of these studies with
nflammatory conditions accounting for most of the
alse-positive results. Using standard uptake value
SUV) threshold values of 2-2.5,14,16 discrimination of
enign from malignant lesions can be obtained with
pproximately 90% accuracy.

The ultimate role of FDG-PET in imaging primary
reast lesions is not clear. It is not suited for screening
urposes of primary breast cancer due to its high
xpense and modest whole-body radiation exposure. For
iagnostic purposes in general screening, its accuracy
oes not appear comparable with the standard practice of
ammography supplemented by ultrasonography and

istologic analysis of specimen obtained from image-
irected core needle biopsy.20 FDG-PET may be helpful,
ue to its high positive predictive value, in selected
atients; however, its role in primary tumor detection,
specially given evolving alternative imaging methods,
uch as magnetic resonance (MR),21 remains to be
etermined.
Recent technologic advances may improve primary

reast tumor detection by PET. Recent work includes the
evelopment of dedicated breast imaging devices, which
an be tailored specifically to the task of breast radio-
racer imaging. One prominent approach has been
ermed positron emission mammography.22-24 In
ositron emission mammography, two planar detectors
re integrated into a conventional mammographic sys-
em which enables coregistration of mammographic and
mission FDG images of the breast. The in-plane spatial
esolution achieved in early studies was 2.8-mm full
idth at half maximum, about half that of current
hole-body PET instruments, using a lower dose of

adiotracer and decreased acquisition time. Further im-
rovements in spatial resolution are likely. Although

hese dedicated breast-imaging systems have the poten- n
ial capability to detect smaller and less FDG-avid breast
umors than conventional whole-body PET, their role in
reast cancer screening or as a diagnostic adjunct to
ammography is uncertain. It is likely that certain early

reast tumors, with less biologically aggressive features,
re less glycolytic than more advanced breast cancer and
ill evade detection due to insufficient FDG uptake, not

imply due to intrumentation limitations.25 As our
nowledge of early breast cancer biology and experience
ith alternative PET tracers grows, dedicated breast

maging devices may become clinically more important.
or now, FDG-PET, even with dedicated imaging de-
ices, is likely to have a relatively small, niche role in
rimary breast cancer detection.

PROGNOSTIC VALUE OF FDG UPTAKE IN
PRIMARY TUMOR

Studies have shown that the level of FDG uptake in
rimary breast tumors carries clinical and biological
nformation.26-31 The reason for variable FDG uptake
mong primary breast tumors is unknown. FDG uptake
eflects the culmination of complex and incompletely
nderstood biologic characteristics that affect glycolysis
n a specific tumor. Most studies suggest that higher
DG uptake is correlated with more clinically aggressive
ehavior. This information may help to noninvasively 1)
tratify patients according to risk for recurrence or
reatment failure and 2) target the aggressiveness of
herapy for an individual patient to the aggressiveness of
er tumor.
Findings from the largest studies that correlate FDG

ptake with histologic and immunohistochemical char-
cteristics in postoperative specimens have not been
onsistent.27-29,31 Characteristics that show strong posi-
ive correlates with FDG SUV in most of these studies
nclude histologic type (higher uptake in ductal versus
obular),26,28,29,31 tumor histologic grade,14,26,27 and in-
ices of cellular proliferation (higher uptake with higher
evels of proliferation).28,29,31 Weaker correlation has
een reported with microvessel density, a surrogate of
ngiogenesis27,29 and tumor cell density.28,29 Established
reast cancer prognostic factors that generally do not
orrelate with primary tumor FDG uptake are steroid
eceptor status,28,31-33 axillary node status26,28,31 and
umor size.28,31,33 Our experience with patients with
ABC, where the effect of tumor size on FDG uptake is
ot a factor, shows correlation of FDG uptake with
istologic grade and weak correlation with proliferative
ndex. Interestingly, there was an inverse correlation
etween age and FDG uptake, suggesting a more aggres-
ive phenotype with younger women.30 In general,
orrelative studies have suggested that FDG-PET pro-
ides information on tumor behavior that is fairly inde-
endent of established breast cancer markers and prog-

ostic factors and may therefore contribute additional
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226 EUBANK AND MANKOFF
nformation that can be used to infer tumor behavior and
elp tailor therapy.
We postulate an intriguing, but untested, hypothesis

hat FDG uptake may be a marker of tumor cell
esistance to apoptosis, the process that underlies tumor
esponse to therapy.34 Circumstantial data supporting
his hypothesis include the fact that FDG uptake is
redictive of response and outcome for tumors treated
ith a variety of different treatments.27,30 Several bio-

ogic investigators of tumor glucose metabolism have
uggested that enhanced glycolysis is part of a coordi-
ated tumor response to avoid apoptosis triggered by
nvironmental stress factors.35,36 More recent in vitro
ata suggest that intermediates in the glycolytic pathway
re key in initiating apoptosis and that alterations limit
poptosis.37 Some gene products whose overexpression
s associated with resistance to apoptosis, for example
he PI3K/Akt pathway, are also associated with high
lycolytic rates.38 Thus, through a variety of mecha-
isms, high FDG uptake may be associated with resis-
ance to apoptosis. We continue to investigate this
ntriguing hypothesis in ongoing studies in our labora-
ory.

A few studies have evaluated the correlation of FDG
ptake in the primary tumor by quantitative methods and
atient outcome.27,30 In one study,27 70 primary breast
ancers were categorized into either low or high FDG
ptake and patients were clinically followed for 5 years.
he group with high FDG uptake had a significantly
orse relapse-free and overall survival compared with

he low FDG uptake group. Similarly, our study of
atients with LABC showed that high tumor metabolic
ate relative to blood flow predicted poorer survival.30

arger studies with multivariate analysis and clinical
ollow-up of at least 5 years will be needed to establish
he prognostic value of FDG uptake. Additional insights
nto tumor biology brought on by the development of
ewer PET tracers such as [C-11]-thymidine (marker for

Table 1. Largest Prospective Series of Axillary Nodal

Staging with Positron Emission Tomography Using
18F-fluorodeoxyglucose in Breast Cancer

Series
Number of

Patients Sensitivity Specificity

Tse13 10 57 (4/7) 100 (3/3)
Adler 199714 52 95 (19/20) 66 (21/32)
Utech42 122 100 (44/44) 75 (60/80)
Avril43 overall 51 79 (19/24) 96 (26/27)
T1 tumors 18 33 (2/6) 100 (12/12)
�T1 tumors 23 94 (17/18) 100 (5/5)
Crippa26 72 85 (23/27) 91 (41/45)
Smith44 50 90 (19/21) 97 (28/29)
Greco45 167 94 (68/72) 86 (82/95)
Schirrmeister84 113 79 (27/34) 92 (73/79)
Wahl46 308 61 80

Numbers in parentheses are patient numbers used to derive

tensitivity and specificity values.
ellular proliferation)39 and [F-18]-fluoromisonidazole
marker for tumor hypoxia)40 will further refine in vivo
haracterization of individual tumors.

AXILLARY NODE STAGING

Because axillary node metastasis is the most impor-
ant prognostic factor in early stage breast cancer pa-
ients and the extent of axillary disease influences the
hoice of therapeutic regimen for individual patients, a
umber of studies have evaluated the use of FDG-PET
or axillary node staging. The larger series using FDG-
ET for axillary staging in breast cancer patients showed
sensitivity in 57 to 100% and specificity in 66 to 100%

anges,13,18,33,41-46 shown in Table 1. Results from these
tudies, plotted in a receiver operating curve (Fig 1),
mphasize the trade-off between sensitivity and speci-
city in the interpretation of FDG-PET findings. For
xample, two large studies41,42 showed near perfect
ensitivity of detecting axillary metastasis but had lower
pecificity values than the other studies. However, in
oth of these studies, there was a preponderance of
atients with primary tumors measuring � 1 cm. This
ntroduces a selection bias toward patients with rela-
ively large-volume axillary disease since size of the
rimary tumor correlates with the burden of axillary
isease.47 In a series that included a larger proportion of
atients with smaller primary tumors,43 the sensitivity of
etecting axillary disease in patients with T1 tumors
33%) was significantly less than for patients with
umors larger than 2 cm (94%) with the same specificity
100%) for both subgroups. The number of tumor-
nvolved nodes at dissection also influenced the sensi-

Fig 1. Receiver operating curve (ROC) scatterplot for pro-

pective studies (see Table 1) evaluating positron emission

omography using F-fluorodeoxyglucose (FDG-PET) in axillary

odal staging in breast cancer patients. Data points show

rade-off between sensitivity and specificity in the interpreta-

ion of FDG-PET findings. The data point marked by arrow

epresents the results from large multicenter prospective trial

f 308 women with newly diagnosed invasive breast cancer

ho underwent presurgical FDG-PET (Wahl and coworkers31).
ivity of PET, which was 25% when only one node was
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227PET AND BREAST CANCER
nvolved and 100% when more than five nodes were
nvolved. Crippa and coworkers33 demonstrated a differ-
nce in the sensitivity of FDG-PET for detecting axillary
isease according to clinical stage: 70% for clinical stage
0 and 100% for stage N2. Analysis of data from a
rospective multi-center study of axillary nodal staging
ith FDG-PET compared with pathologic results in 308
omen with newly diagnosed invasive breast cancer,
resented by Wahl and coworkers,46 showed a mean
ensitivity and specificity of 61% and 80%, respectively,
hen at least one foci of abnormal axillary uptake was
etected. These more recent studies indicate the potential
imitation of the ability of PET to detect small-volume
xillary disease in early-stage breast cancer.

The results of these studies suggest that FDG-PET
hould not replace axillary node sampling for routine
taging of the axilla since even microscopic nodal
nvolvement may be important for prognosis and treat-
ent planning.48 In addition, PET cannot accurately

uantify the number of involved nodes or the presence of
xtranodal extention, other important prognostic factors,
ue to limited spatial resolution. Sentinel lymph node
SLN) mapping is now a validated, minimally-invasive
echnique that includes histologic analysis of the primary
raining nodes in the axilla identified at surgery after
erilesional injection of [99mTc]-sulfur colloid and/or
lue dye.49 This technique enables detection of micro-
copic nodal involvement and identification of patients
ith early-stage disease who do not require full axillary
issection. Recent studies comparing preoperative FDG-
ET with pathologic results from SLN biopsy in patients
ith early stage breast cancer show sensitivity in range
f 20 to 50%50-54 with false-negative FDG-PET occur-
ing predominantly in small-sized (10 mm or less)
etastatic sentinel nodes.50 An example of false-nega-

ive FDG-PET results for axillary staging is shown in
ig 2. Although recent data do not support the routine
se of FDG-PET for axillary staging of early breast
ancer, FDG-PET may be complementary to SLN map-
ing and other standard axillary procedures in patients
ith more advanced tumors and/or equivocally palpable

xillary nodes A potential algorithm for using FDG-PET
n this fashion is shown in Fig 3. One concern in more
dvanced disease, especially with palpable axillary
odes, is that a SLN “packed” with a large volume of
isease may not be visualized at mapping because lymph
ow is diverted around it, resulting in a potential
alse-negative examination.55 A clearly positive FDG-
ET in selected patients with a high risk of nodal
etastases carries high positive predictive value and
ay identify patients with evidence of nodal metastases.
his could indicate the need for standard axillary nodal
issection or other diagnostic and therapeutic ap-
roaches, rather than SLN biopsy. This algorithm for

valuating patients at high risk for axillary metastases c
ay be practical and cost-effective, as suggested by
ther investigators.18,56

DETECTION OF LOCOREGIONAL AND
DISTANT RECURRENCES

FDG-PET can contribute in significant ways to the

Fig 2. A 64-year-old woman with newly diagnosed pleo-

orphic lobular carcinoma in the upper inner quadrant of the

ight breast. An anterior coronal preoperative positron emis-

ion tomography using F-fluorodeoxyglucose image (A)

hows a small focus of uptake in the medial right breast

arrow) with a maximum standard uptake value (SUV) of 2.4,

orresponding to the patient’s primary tumor. A more poste-

ior coronal image (B), at the level of the axilla, shows no focal

ptake. The patient underwent lumpectomy and sentinel

ode biopsy, which revealed a 5-cm infiltrating lobular carci-

oma and two of three sentinel nodes positive on hematox-

lin and eosin-stained sections. A completion axillary lymph

ode dissection was performed and 19 nodes were negative

or carcinoma.
linical management of patients with suspected locore-
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228 EUBANK AND MANKOFF
ional or distant recurrences. Since it provides functional
nformation, FDG-PET is often complementary to con-
entional staging methods such as physical examination,
ross-sectional imaging (CT or MR) and bone scintig-
aphy that rely more on changes in morphology to detect
isease recurrence. This is particularly true in the eval-
ation of anatomic regions that have been previously
reated by surgery or radiation57 where the discrimina-
ion between posttreatment scar and recurrent tumor can
e problematic. Due to its high sensitivity in the detec-
ion of metabolically active tissue, FDG-PET can help
efine the extent of disease when conventional imaging
CI) is equivocal or negative and recurrence is suspected.
arlier recognition of recurrent disease will hopefully
rovide more effective treatment options and improve
urvival in this group of patients.

The most common sites of locoregional recurrence
mong patients treated with mastectomy, axillary node
issection and radiation therapy are the chest wall and
upraclavicular nodes.58 A particularly vexing clinical
roblem occurs in the patient with symptoms of brachial
lexopathy since either tumor recurrence or treatment-
nduced scarring can be responsible for the symptoms.
athaway and coworkers59 showed the value of com-
ining the functional information of FDG-PET and the

Fig 3. Potential algorithm for workup of patients with

dvanced primary tumor (T) and/or equivocally palpable ax-

llary nodes. Using this scheme, patients who have clearly

ositive findings in the axilla by FDG-PET would forgo senti-

el lymph node mapping and biopsy (SLN Bx) and undergo
momplete axillary node dissection (ALND).
natomic information from dedicated MR imaging to
ecide whether patients would benefit from further
urgery (Fig 4). Other studies60 have confirmed these
arly findings.

Lymphatic spread of tumor to the internal mammary
IM) nodes occurs in up to 25% of patients at the time of
nitial diagnosis and possibly more commonly in recur-
ent cancer.61,62 Metastases to IM and axillary nodes are
sually synchronous and prognosis is significantly worse
hen IM nodes are involved.62 However, IM nodes are
ot routinely sampled or evaluated in any systematic
ashion in current practice because 1) compared with
xillary nodes, they are not as accessible and 2) in older
tudies, radiotherapy of IM nodal disease failed to show
mprovements in survival and remains controversial in
urrent practice.63 FDG uptake in the IM nodal chain has
een anecdotally reported in some of the studies that
ave focused on detection of primary tumor or axillary
taging.18,45 In one study of 85 patients who underwent
DG-PET before axillary node dissection, 12 (14%) had
ptake in the IM region but there was no histologic
onfirmation of these nodes.18 Our experience with
maging patients with LABC shows that the prevalence
f IM-FDG uptake can be as high as 25% (Fig 5) and
hat the presence of IM-FDG uptake predicts treatment
ailure patterns of disease consistent with IM nodal
nvolvement and progression (Fig 6).64 A preliminary
tudy by Bernstein and coworkers65 showed the feasi-
ility of detecting IM nodal metastases in early-stage
atients using FDG-PET and an ongoing study will
nvestigate the utility of FDG-PET in this role.

Neoplastic spread to mediastinal nodes is also com-
on in patients with advanced disease and as a site of

ecurrence in patients who have undergone axillary node
issection and radiation. As with IM nodes, mediastinal
odes are rarely sampled in breast cancer patients. CT,
he conventional method of staging these nodes, relies on
ize criteria to determine the presence or absence of
isease; this method has been proven significantly less
ccurate than FDG-PET in patients with nonsmall lung
ancer where histologic analysis is used as the gold
tandard.66,67 In our retrospective series of 73 patients
ith recurrent or metastatic breast cancer who under-
ent both FDG-PET and chest CT,68 FDG uptake in
ediastinal or IM nodes was two times more prevalent

han suspiciously enlarged nodes by CT, suggesting that
ET is a much more sensitive technique at detecting
odal disease. In the subset of patients with confirma-
ion, the sensitivity of FDG-PET was significantly
igher (85%) than CT (50%) with nearly the same level
f specificity (90% for PET and 83% for CT). Ten of 33
30%) patients suspected of having only locoregional
ecurrence by CI and clinical examination had medias-
inal or IM-FDG uptake; risk factors associated with

ediastinal or IM FDG uptake in these patients were
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229PET AND BREAST CANCER
ecurrent chest wall invasion and 3 or more positive
xillary nodes.

Whole-body surveys have shown that FDG-PET can
ccurately detect sites of distant disease.69-78 We re-
ently published a series of cases showing common

Fig 4. A-56 year-old woman

eveloped progressive left arm

ain and paralysis 2 years after

eft mastectomy and axillary

ymph node dissection for infil-

rating ductal carcinoma. She

lso received adjuvant chemo-

herapy and radiotherapy to the

hest wall, axilla, and supracla-

icular regions. Positron emis-

ion tomography using F-fluoro-

eoxyglucose (FDG-PET) and

agnetic resonance of the bra-

hial plexus were performed to

etermine the resectability of

otential disease. Coronal FDG-

ET image (A) shows a swollen

eft arm with an intense focus of

DG uptake consistent with ax-

llary recurrence (arrow, maxi-

um standard uptake value

f 6.9) and linear uptake in

he region of the left brachial

lexus (arrowheads). Coronal

mage from fat-suppressed T1-

eighted gadolinium-enhanced

ast gradient-echo magnetic res-

nance examination (B) shows a

piculated soft tissue mass

arrow) in the superior left ax-

lla consistent with axillary

ecurrence. A more posterior

oronal image from the same

agnetic resonance examina-

ion (C) shows enhancing soft

issue encasing all three cords of

he distal left brachial plexus (ar-

ows). FDG-PET and bone scan

lso showed multiple skeletal

oci of uptake consistent with

one metastases (not shown).

he was treated with systemic

hemotherapy for palliation

ather than aggressive surgery

ecause of her widespread dis-

ase.
atterns of spread of disease in patients with recurrent or s
etastatic breast cancer using FDG-PET.79 An example
f intrathoracic recurrence is shown in Fig 7. Moon and
oworkers69 reported an overall lesion-by-lesion sensi-
ivity of 85% (35/41) and specificity of 79% (31/39). In

retrospective study of 61 patients80 FDG-PET was

ignificantly more accurate at predicting disease-free
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230 EUBANK AND MANKOFF
urvival after treatment than CI. The difference in
utcome was significantly worse when results (positive
ersus negative) of FDG-PET were compared with CI.

Fig 6. A 61-year-old woman developed a recurrence in the

eft parasternal chest wall 9 years following mastectomy and

tandard adjuvant systemic and radiation treatment (al-

hough internal mammary regions not included in field) for an

nfiltrating ductal carcinoma of the left breast. This mass was

artially excised and histology of the lesion revealed similar

haracteristics as the original primary tumor. Postexcision

ositron emission tomography using F-fluorodeoxyglucose

FDG-PET) was performed to define extent of disease and

valuate for potential further surgical resection. The pattern

f FDG uptake is consistent with locoregional spread from an

nternal mammary node recurrence. An anterior coronal im-

ge from FDG-PET (A) shows midline uptake of tracer (arrow-

eads; maximum SUV of 4.5), likely representing sternal

nvolvement. A more posterior coronal image (B) shows two

ypermetabolic foci (long arrows) on either side of midline

onsistent with bilateral internal mammary node metastases

maximum SUV of 2.9 and 2.2 on left and right sides, respec-

ively). The large focus of intense uptake in the left anterior

hest wall (short arrow in A and B) is likely due to contiguous

pread of disease to adjacent rib or the excisional biopsy site.
Fig 5. A 57-year-old woman with locally advanced infiltrat-

ng ductal carcinoma of the left breast underwent positron

mission tomography using F-fluorodeoxyglucose to better

efine the extent of disease before neoadjuvant chemother-

py. Anterior coronal image from pretherapy positron emis-

ion tomography using F-fluorodeoxyglucose (A) shows a

ypermetabolic focus in the left breast (arrow, maximum

tandard uptake value [SUV] of 2.5) consistent with patient’s

rimary tumor. A more posterior coronal image (B) shows

ocal uptake to the left of midline in the anterior chest (arrow,

aximum SUV of 2.5) consistent with left internal mammary

ode metastasis. Even more posterior coronal image (C)

hows several hypermetabolic foci in the axilla (arrows,

aximum SUV of 4.9) consistent with axillary node metasta-
his difference was due largely to higher sensitivity of
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231PET AND BREAST CANCER
DG-PET in detecting nodal and skeletal recurrences
han CI. Several investigations have shown the added
enefit of FDG-PET to CI in patients with elevated
umor marker serum levels and negative or equivocal
I.71,76,78 In a retrospective study of 39 patients com-
rised mainly of asymptomatic patients with rise in
umor markers,71 FDG-PET detected recurrences in
1/33 (94% sensitivity) patients whereas CI was positive
n only 6/33 (18% sensitivity) patients. These studies
ndicate a significant improvement in sensitivity in

Fig 7. A 58-year-old woman with a 5-year history of

ulmonary metastases from ER positive infiltrating ductal

ight breast carcinoma being treated with two different aro-

atase inhibitors in succession. Patient had worsening cough

nd chest pain. Computed tomography chest and bone scan

not shown) showed no clear-cut progression. Positron emis-

ion tomography using F-fluorodeoxyglucose was performed

o evaluate for extent of disease and it showed multiple sites

f intrathoracic disease. An anterior coronal image (A) shows

ultiple foci of F-fluorodeoxyglucose uptake corresponding

o right hilar and mediastinal nodes (small arrows; maximum

UV of 8.4 in right hilum) and right middle lobe (long arrow,

aximum SUV of 8.4) consistent with known metastases. A

ore posterior coronal image (B) shows linear uptake encas-

ng the right hemithorax (arrowheads) consistent with pleural

etastasis.
p

etecting recurrences, especially in locoregional and
istant nodal regions, compared with CI.
The skeleton is the most common site of distant
etastasis in breast cancer. Bone scintigraphy is consid-

red the most sensitive method of detecting and deter-
ining the extent of skeletal metastases. However,

urely lytic lesions or metastases confined to the marrow
avity may be difficult to detect on bone scan because of
lack of sufficient osteoblastic response.81 In a study of
3 breast cancer patients with known skeletal metastases
ho underwent both bone scintigraphy and FDG-PET,
ook and coworkers82 showed that FDG-PET detected
ore lesions than bone scintigraphy except in a sub-

roup of patients with osteoblastic metastases. More-
ver, the level of FDG uptake in lytic lesions was
ignificantly greater compared with osteoblastic lesions
nd the prognosis of patients with lytic-predominant
isease was significantly worse. These data clearly show
complementary nature of bone scintigraphy and FDG-
ET in the evaluation of skeletal metastases in breast
ancer patients. These results also suggest that FDG-
ET and bone scan should not be considered substitutes
or each other for bone metastasis staging in breast
ancer. In our center, bone scintigraphy remains one of
he routine studies in breast cancer metastatic staging,
ith FDG-PET to help clarify staging in the case of
ifficult or equivocal conventional staging. Evolving
ata suggest that [F-18]-fluoride PET may provide sim-
lar and likely improved bone metastasis detection in
reast cancer and other tumors compared with bone
cintigraphy83,84 and may play a role in breast cancer
one metastasis staging in the future.
Unlike patients with some other advanced-stage ma-

ignancy, patients with advanced breast cancer can
enefit from a variety of therapies including surgery,
adiation, chemotherapy and hormonal therapy. Choos-
ng the most appropriate therapy depends primarily on
ccurately defining the extent of disease. In a prospective
tudy of 50 women undergoing staging studies for
uspected recurrent breast cancer,85 FDG-PET had a
ignificant impact on defining the extent of disease by
hanging the clinical stage in 36% of patients and on
anagement by inducing changes in therapy in 58% of

he patients. In our retrospective study of 125 patients
ith advanced breast cancer undergoing conventional

maging and FDG-PET for staging,86 the extent of
isease was changed in 67% (increased in 43% and
ecreased in 24%) of patients and changes in the
herapeutic plan were induced or supported in 57% of
atients based on FDG-PET findings. Among different
eferral categories, FDG-PET altered therapy most fre-
uently in patients suspected of locoregional recurrence,
nder consideration for aggressive local therapy, and
atients with known metastases being evaluated for
esponse to therapy. In our study, these two subgroups of

atients with advanced disease were most likely to
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232 EUBANK AND MANKOFF
enefit from staging with FDG-PET. Future prospective
rials will help to further define the role of FDG-PET in
taging patients with advanced breast cancer.

valuation of Therapy Response

Neoadjuvant chemotherapy has been used in patients
ith LABC to 1) improve primary tumor resectability,

ncluding the use of breast-conserving surgery and 2)
ssess in vivo response (chemosensitivity) to selected
hemotherapeutic agents. Response (complete patho-
ogic resolution) to therapy provides favorable prognos-
ic information whereas nonresponse dictates a change in
herapeutic regimen.4 Early assessment of response
ould greatly benefit management of patients receiving
eoadjuvant therapy by assuring continuance of effec-
ive therapy in those who respond and instituting alter-
ative therapy in those who do not. Conventional meth-
ds of assessing response to therapy such as physical
xamination, mammography or ultrasound depend on
orphologic or physical characteristics of tumors and

re often inaccurate or slow to detect change in the
alignant portion of breast masses.87 There have been

everal good initial studies showing the utility of meta-
olic imaging with FDG-PET in the evaluation of
reatment response, specifically its ability to discriminate
esponders from nonresponders more accurately and
arlier than CI.88-92 Significant reductions in tumor SUV
ccur by the end of the first cycle of chemotherapy and
s early as 8 days posttreatment in responders with no
hange or slight increase in nonresponders.88 Two sep-
rate investigations91,92 have evaluated FDG-PET in
redicting complete macroscopic pathologic (pCR-
acro) response to therapy, defined as the absence of

ross viable tumor in the surgical specimen posttherapy,
fter a single cycle of chemotherapy. These exciting
esults suggest a possible role for PET in the early
valuation of response to therapy.

FDG uptake by tumor reflects one aspect of its
hysiology, namely glucose metabolism. Other PET
racers are becoming recognized as probes to additional
mportant biologic and physiologic tumor properties that
ay be responsible for clinical prognosis and/or type of

esponse to therapeutic agents. For example, dynamic
maging with [O-15]-water can estimate regional blood
ow within a tumor; low tumor perfusion may be one
actor responsible for poor response to intravenous
hemotherapy.93 In our experience with evaluating treat-
ent response and predicting outcome in patients with
ABC, the simultaneous measurement of the pretherapy
etabolic rate of FDG (MRFDG), and blood flow

redicts complete pathologic response and disease-free
urvival.30 We found a strong correlation between MR-
DG and degree of response; tumors with high rates of
lucose metabolism pretherapy tended to have poor
esponses. In addition, a low metabolism-to-blood flow

atio (MRFDG/flow) was an independent predictor of t
omplete pathologic response to treatment. Preliminary
urvival analysis also showed that low MRFDG/flow
redicts disease-free survival. Further analysis of glu-
ose use and blood flow measurements using PET at
aseline and following two months of neoadjuvant
hemotherapy in 35 patients with LABC showed a
tatistically significant association between the change in
umor blood flow in clinical and pathologic responders
ersus nonresponders; blood flow declined on average
2% in responders and increased on average 48% in
onresponders.94 The posttherapy blood flow measure-
ent was the only statistically significant variable asso-

iated with improved disease-free survival in this study.
sing PET in this way may help to identify the physi-
logic manifestations of drug resistance and elucidate
iologic mechanisms associated with resistance, helping
o individualize and maximize the effectiveness of sys-
emic therapy.

There is early evidence that using FDG-PET to
onitor response to treatment in sites of disease other

han the primary tumor may be helpful.92,95 Smith and
oworkers92 showed by quantitative methods that a
ignificant reduction in axillary nodal FDG uptake after
eoadjuvant chemotherapy can predict complete micro-
copic pathologic response in a small group of patients.
xillary nodal response to therapy may be an even more

mportant marker for prognosis since nodal disease is
hought to reflect the presence of occult disseminated
isease; however, larger studies are needed to confirm
his relationship. In a study of 9 patients with breast
ancer metastases (liver, lung, and soft tissues), Gennari
nd coworkers95 showed an average decrease in lesion
UV of 72% after the planned course of chemotherapy
mong patients who showed clinical response to treat-
ent compared with no change in lesion SUV from

aseline in nonresponders. The responders also showed
n appreciable drop in lesion FDG uptake after the first
ourse of chemotherapy. These small preliminary studies
how the potential value of FDG-PET in evaluating
esponse of patients with advanced breast cancer to
ystemic therapy. As more effective first and second-line
herapies are developed for this patient group, monitor-
ng early response to therapy with imaging tools such as
DG-PET will play an increasingly important role in
anagement.
Another application of potential clinical importance is

n monitoring the response of bone metastases to treat-
ent. Evaluating response to treatment in patients with

one-dominant metastases using CI, including bone
cintigraphy and MR, can be problematic. These meth-
ds detect reactive changes in bone adjacent to tumor
hat may not be a true representation of pathologic
esponse.81,96,97 In a retrospective study, we evaluated
he response of skeletal metastases to therapy using
erial FDG-PET98 and found a strong correlation be-

ween the quantitative change in FDG SUV and overall
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233PET AND BREAST CANCER
linical assessment of response (combination of CI,
umor markers and clinical examination) and change in
umor marker, CA 27.29 (Fig 8). These preliminary
esults show the potential efficacy of FDG-PET to
uantitatively assess treatment of skeletal metastases to
herapy.

A novel application of FDG-PET is predicting the
esponse to antiestrogen therapy in patients with ad-
anced estrogen receptor (ER) positive breast cancer by
aking advantage of the flare phenomenon associated
ith the institution of therapy.96 Mortimer and cowork-

rs99 reported a series of 40 patients who underwent
DG-PET for the evaluation of response to tamoxifen 7

o 10 days after institution of therapy. FDG uptake
redicted a subsequent response to therapy consistent
ith a “metabolic flare.” These data show a clear in vivo

orrelation between early posttreatment ER agonist ef-
ect and increase in glucose utilization by tumor cells.
his is a good example of how PET can be used to
haracterize tumors in vivo, evaluate response to treat-
ent, and provide important prognostic information.
Although FDG-PET has shown promise in assessing

esponse to therapy, other tracers may provide advan-
ages over FDG in this application. These are described
s part of the following section.

BEYOND FDG: FUTURE DIRECTIONS IN PET
BREAST CANCER IMAGING

Although FDG continues to play an increasingly impor-
ant role in diagnosis and management for a variety of
ancers, including breast cancer, it is likely that other
adiopharmaceuticals will also play a role in the manage-
ent of breast cancer in the near future. Energy metabolism

s associated with tumor growth, but also with a variety of
ther biological processes, including inflammation and
issue repair in response to damage. New PET tracers and
maging approaches will help not only in breast cancer
taging, but more importantly in guiding treatment by
dentifying therapeutic targets, by identifying factors asso-
iated with resistance to therapy, and by making early
ssessments of therapeutic response. Breast cancer is per-
aps the best current clinical example of a tumor where
herapy can be tailored to tumor biology. PET will be used
ncreasingly and with a variety of tracers to aid in biolog-
cally directed, individualized treatment selection for breast
ancer patients. Some promising examples are highlighted
elow.

maging Response, PET Cellular
roliferation Imaging

Decreased tumor proliferation is an early event in
esponse to successful treatment.100 This underlies the
se of labeled thymidine and analogs to image cellular
roliferation and early response to treatment.39 Thymi-

ine is incorporated into DNA, but not RNA; therefore
Fig 8. A 60-year-old woman with bone-dominant metas-

ases that developed one year after completion of 5-year

ourse of adjuvant tamoxifen for ER/PR positive infiltrating

uctal primary tumor. Coronal image from baseline positron

mission tomography using F-fluorodeoxyglucose (FDG-PET;

) shows uptake at T3 level (long arrow, maximum SUV of

.8), at L4 level (short arrow, maximum SUV of 5.2) and mild

ptake in left rib (arrowhead, maximum SUV of 3.0). Coronal

mage from FDG-PET after two courses of chemotherapy (B)

howed resolution of foci in the spine and some decrease in

UV of the left rib lesion consistent with good response to
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234 EUBANK AND MANKOFF
hymidine uptake and retention in the tumor serves as a
pecific marker of cell growth.101,102 Recent studies
sing [C-11]-thymidine and PET show promise in as-
essing response,39,103 especially early response. Our
aboratory is beginning to study the use of [C-11]-
hymidine in breast cancer (Fig 9). Because of the short
alf-life of C-11 (approximately 20 minutes) and the
xtensive metabolism of thymidine, [C-11]-thymidine is
ot practical for routine clinical use outside of academic
enters. This spurred the development of [F-18]-labeled,
onmetabolized thymidine analogs to image tumor pro-
iferation. The most promising thus far is [F-18]-fluoro-
-thymidine (FLT).104,105 Studies in lung cancer have
hown that FLT uptake correlates with in vitro measures
f proliferation performed on biopsy specimens.106 Sev-
ral laboratories have ongoing studies using FLT PET to
easure response in several different tumor types, in-

luding breast cancer.107 Imaging cellular proliferation
olds great promise as a method for early assessment of
esponse to systemic therapy.

dentifying Factors Associated With
esistance, Imaging Tumor Hypoxia

Tumor hypoxia has been established as a resistance
actor for radiotherapy and evolving evidence indicates
t promotes tumor aggressiveness and resistance to a
ariety of systemic treatment modalities.108,109 Although

Fig 9. Image of patient with a large, biopsy-proven breast c

mission tomography transmission images (upper left). The

hymidine, and F-fluorodeoxyglucose (FDG) on the same day.

ut only modest blood flow, illustrated by the summed [O-1

hymidine retention (lower right, summed image) and low ca

he patient had a fairly minimal response to cytotoxic chemo

ptake does not necessarily indicate tumor proliferation and

esponse. In this case, low tumor proliferation portended slo
evere hypoxia is rare in smaller breast tumors, data e
rom oxygen electrodes suggests that up to 30% of larger
r more advanced breast cancers exhibit severe hypoxia
n part of the cancer.110 Imaging is ideally suited to
etermine the extent and heterogeneity of tumor hyp-
xia. Although hypoxia likely contributes to increased
ates of glycolysis, supported by in vitro studies of FDG
ptake,111 a recent study in patients with a variety of
umor types, including breast cancer, showed that hyp-
xia could not be simply predicted by FDG uptake.112

everal PET agents specifically designed to image tumor
ypoxia have been tested for hypoxia imaging113 and of
hese, [F-18]-fluoromisonidazole has the largest current
ody of preclinical validation studies and clinical expe-
ience.113,114 A preliminary study at our center that
ncluded large primary and metastatic breast cancers
howed that approximately one third of tumors had one
r more areas of severe hypoxia by [F-18]-fluoromi-
onidazole PET.112 PET hypoxia imaging holds great
romise for identifying the subset of breast cancers with
ignificant hypoxia, where alternate therapeutic strate-
ies that can overcome the resistance associated with
ypoxia will likely be needed.

easuring the Therapeutic Target, PET
maging of ER Expression in Breast
ancer

The majority of breast cancers express ER and ER

ung metastasis in the right lung, seen clearly on the positron

t underwent pretherapy imaging using [O-15]-water, [C-11]-

ient had high FDG uptake (upper right, maximum SUV > 20),

r study (lower left). Thymidine imaging showed virtually no

thymidine flux, suggesting a minimally proliferating tumor.

. This interesting case illustrates several points: 1) high FDG

proliferation can help characterize breast cancer and predict

th, but poor response to cytotoxic chemotherapy.
ancer l

patien

The pat

5]-wate

lculated

therapy

2) cell

w grow
xpression is an indicator of prognosis and predicts the
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235PET AND BREAST CANCER
ikelihood of responding to antiestrogen therapy.115,116

ssessment of ER expression in primary breast cancer
y in vitro assay of biopsy material, most typically by
mmunohistochemistry, is part of the standard care of
reast cancer patients and weighs heavily in the choice
f therapy.116 However, in vitro measurements of ER do
ot discriminate between functional and nonfunctional
eceptors and provide only an estimate of hormone
ensitivity.117 Furthermore, ER expression can be heter-
genous in large or metastatic breast cancers, and biopsy
an be misleading due to sampling error. Heterogeneity
f ER expression has been shown by in vitro assay
etween lesions in patients with multiple metastases.118

ere again is a clinical problem to which PET imaging
s ideally suited. A variety of agents has been tested for
ET-ER imaging119 and new compounds continue to be
valuated.120 The close analog of estradiol, the labeled
strogen 16 �-[F-18]-fluoroestradiol-17� (FES)121 has
hown the most promise in quantifying the functional

Fig 10. Images illustrating the correlation between 16 �-[

ormonal therapy. Coronal images of FES uptake (left column)

long with FDG uptake posthormonal therapy (right column),

op row is a 44-year-old woman who was previously treated w

years after primary tumor treatment. Her lesion had high pre

owel uptake, both normal findings). FDG images taken befor

n FDG uptake, with subsequent excellent clinical response.

iagnosed metastatic breast cancer that had not previously b

nd showed FES uptake (not shown). However, her pretherap

ultiple imaging modalities, including positron emission tomo

ultiple hormonal treatments with no response of the bone m

y the primary tumor. The patient ultimately had progression
R status of breast cancer, either in the primary tumor or
n metastatic lesions. Studies have shown that the quan-
itative level of FES uptake in primary tumors correlates
ith the level of ER expression measured by in vitro

ssay by radioliagand binding122 and in preliminary data
y immunohistochemistry.123 FES-PET provides suffi-
ient image quality to image metastatic lesions with high
ensitivity in patients with ER positive tumors124 at an
cceptable radiation dose to the patient.125

An important use of FES-PET will be to image and
haracterize the entire volume of disease in an individual
atient, especially in patients with recurrent or metastatic
reast cancer, where tissue sampling at all sites is not
easible. Studies using FES-PET have shown heteroge-
ous FES uptake within the same tumor and between
etastatic lesions, both qualitatively and quantita-

ively.32,126 This type of comprehensive evaluation of
unctional ER status of the entire disease burden in
atients will likely give important information about
rognosis and help guide treatment selection (Fig 10).

oroestradiol-17� (FES) uptake and subsequent response to

uorodeoxyglucose (FDG; middle column) uptake pretherapy,

wn for two patients (top and bottom row). The patient in the

vant tamoxifen and had a sternal recurrence of breast cancer

y FES uptake in the lesion (arrow; image also shows liver and

fter 6 weeks of letrozole treatment show a significant decline

tient in the bottom row is a 69-year-old woman with newly

ated. Her primary tumor was ER� by immunohistochemistry

ptake showed no uptake at bone metastases documented by

using F-fluorodeoxyglucose (FDG-PET). The patient received

ses, indicated by the posttherapy FDG-PET, despite response

y metastases and died to her disease.
F-18]-flu

and F-fl

are sho

ith adju

therap

e and a

The pa

een tre

y FES u

graphy

etasta

of bon
PET-ER imaging can be used, in analogy to assay of
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236 EUBANK AND MANKOFF
R in biopsy specimens, to predict the likelihood of
esponse to hormonal therapy and thereby guide appro-
riate selection of patients for this type of treatment.
aralleling results showing that the level of ER expres-
ion predicts response to hormonal therapy127 studies by

ortimer, Dehdashti and colleagues99,128 have shown
hat a higher level of FES uptake in advanced tumors
redicts a greater chance of response to tamoxifen.
reliminary results in our center show similar results for
atients with recurrent or metastatic breast treated with a
ariety of hormonal agents.129 Serial FES-PET can also
ssess the functional response to hormonal therapy, or
R blockade in the case of tamoxifen, in the primary

umor or metastasis.124 High degrees of ER blockade in
he primary tumor (about 50% decrease in SUV from
aseline) also portend a good response to therapy.99

hese exciting preliminary results show the potential of
ET-ER imaging to help guide appropriate, individual-

zed breast cancer treatment and point the way for future

tudies and clinical use. s
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SUMMARY

PET with FDG is currently most useful as a staging
ool in breast cancer, especially in patients with
ecurrent or metastatic disease. It also can be used to
easure response to therapy, possibly earlier than

onventional methods. Future applications of PET
ill likely involve other tracers in addition to FDG, to
etter characterize tumor biology and more effectively
easure response to therapy. This potential refine-
ent in tumor characterization will help predict clin-

cal behavior and tailor therapy to tumor biology and
hereby individualize treatment.

ACKNOWLEDGMENTS

This work was supported by NIH Grants P01CA42045,
01CA72064, and R01CA90771. The authors wish to acknowl-
dge Ms. Erin Schubert and Ms. Lanell Peterson for help with
gure reproduction and Dr. Thomas Kim for help in MR image

election.
ES
1. Greenlee RT, Murray T, Bolden S, et al: Cancer Statistics,
000. CA Cancer J Clin 50:7-33, 2000
2. Hortobagyi GN: Developments in chemotherapy of breast

ancer. Cancer 88:3073-3079, 2000 (suppl 12)
3. Feldman LD, Hortobagyi GN, Buzdar AU, et al: Patho-

ogical assessment of response to induction chemotherapy in
reast cancer. Cancer Res 46:2578-2581, 1986
4. Machiavelli MR, Romero AO, Pérez JE, et al: Prognostic
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