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6.1 PET/MRI of the Breast

MRI is an indispensable tool in breast imaging
with multiple established indications (Sardanelli
et al. 2010, 2017; D’Orsi et al. 2013). Dynamic
contrast-enhanced MRI (DCE-MRI) is the back-
bone of any standard MRI breast protocol and the
most sensitive method for breast cancer detection
with sensitivities ranging up to 98—100%, but vari-
able specificities ranging from 47-97% (Sardanelli
et al. 2010; D’Orsi et al. 2013; Pinker et al. 2009;
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Pinker-Domenig et al. 2012; Morris 2007; Morrow
etal. 2011; Mann et al. 2015). The effectiveness of
DCE-MRI relies on its ability not only to provide
high-resolution morphological information about
a given tumor but also functional information
about tumor neo-angiogenesis as a cancer specific
hallmark. In their multi-step development, cancers
acquire several other hallmark capabilities such as
proliferative signaling, evading growth suppres-
sors, resisting cell death, enabling replicative
immortality and activating invasion and metastasis
(Hanahan and Weinberg 2000; 2011). To over-
come the limitations of DCE regarding its specific-
ity, multiple other functional MRI parameters such
as diffusion-weighted imaging (DWI), proton
magnetic  spectroscopic imaging (‘H-MRSI),
phosphorus MRSI, sodium imaging or chemical
change saturation transfer imaging (CEST) have
been developed and investigated to interrogate
more cancer hallmarks in breast imaging, reveal-
ing encouraging results (Dorrius et al. 2014;
Baltzer et al. 2012; Schmitt et al. 2011; Zaric et al.
2016; Bogner et al. 2009, 2012; Gruber et al. 2011,
2016; Pinker et al. 2012). Despite challenges
unique to the individual MRI parameters, some of
these parameters, e.g. DWI or 'H-MRSI have been
successfully translated from experimental to clini-
cal breast imaging. Their combined application
with DCE-MRI is defined as multiparametric MRI
(mpMRI) of the breast and data indicate that
mpMRI of the breast improves diagnostic accu-
racy in breast cancer, obviates unnecessary breast
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biopsies, and enables an improved assessment and
prediction of response to neoadjuvant therapy
(Rahbar et al. 2011; Minarikova et al. 2017; Pinker
et al. 2013, 2014a, b, 2016; Spick et al. 2014;
Rahbar and Partridge 2016; Schmitz et al. 2015;
Baltzer et al. 2016; Ei Khouli et al. 2010; Yabuuchi
et al. 2008, 2010).

PET is a well-established diagnostic nuclear
medicine imaging method that enables the assess-
ment of physiological processes using different
radiotracers. However, PET alone provides lim-
ited anatomical information and has a low spatial
resolution, which results in difficulties in lesion
localization and the assessment of potential
tumor infiltration into adjacent organs. Therefore,
PET is commonly performed in conjunction with
other imaging modalities such computed tomog-
raphy (CT). The most commonly used radiotracer
in oncology is ['®F]Fluorodeoxyglucose (['3F]
FDGQG). ['F]FDG PET allows the interrogation of
another cancer hallmark- reprogramming of
energy metabolism- by the assessment of tissue
glycolysis, which is typically increased in cancer.
In breast imaging ["*F]JFDG PET/CT has emerged
as a valuable tool and is indicated in the local,
regional, and axillary staging of locally advanced
metastatic or recurrent breast cancer and in the
response evaluation of locally advanced and met-
astatic breast cancer to treatment (Koolen et al.
2012; Moy et al. 2007a; Yutani et al. 1999; Avril
and Adler 2007). However, ["*FIFDG PET/CT is
limited in the detection of small lesions and low
grade cancers with sensitivities ranging from
80-87% and specificities ranging from 73-100%,
which is inferior to MRI. It is therefore currently
not recommended as the method of choice for
local staging of known or suspected primary
breast malignancies when MRI is available
(Samson et al. 2002; Fletcher et al. 2008).

In efforts to combine the advantages of MRI
and PET, the concept of PET/MRI has been
explored. Several clinical studies evaluated the
potential of fused ['*F]FDG PET and DCE-MRI
for breast cancer diagnosis (Moy et al. 2007a, b,
Moy et al. 2010; Garcia-Velloso et al. 2017;
Domingues et al. 2009). Moy et al. compared
prone [®F]FDG PET and fused ['*F]FDG PET/
MRI. The authors demonstrated that prone ['3F]

FDG PET scans were suitable for fusion with
DCE-MRI of the breast and increased the confi-
dence of the readers in lesion assessment (Koolen
et al. 2012; Yutani et al. 1999; Moy et al. 2007b;
Bitencourt et al. 2014a). Domingues et al. inves-
tigated fused PET/MRI using [“¥F]JFDG and
DCE-MRI and concluded that ["*F]JFDG PET/
MRI provides accurate morphological and func-
tional data for an improved diagnostic accuracy
in breast cancer (Domingues et al. 2009).
Bitencourt et al. extended the protocol to include
DWI for the assessment of breast tumors and
reported that mpPET/MRI using three parame-
ters showed good diagnostic accuracy for breast
cancer diagnosis (Bitencourt et al. 2014b). To
fully exploit the potential of mpPET/MRI, Pinker
et al. used a protocol including multiple func-
tional MRI parameters, i.e. DCE-MRI, DWI,
'"H-MRSI, and ["®F]FDG for the assessment of
breast tumors (Pinker et al. 2014b). Mp [*F]FDG
PET/MRI provided an improved differentiation
of benign and malignant breast tumors when sev-
eral MRI and PET parameters were combined
without missing any cancers (Figs. 6.1 and 6.2).
In addition, the authors concluded that ['*F]FDG
PET/MRI may lead to an up to 50% reduction of
unnecessary breast biopsies.

Most recently integrated PET/MRI systems
have been developed and introduced into clinical
routine. These PET/MRI scanners allow the
simultaneous assessment of the multiple hall-
mark processes in cancer development and pro-
gression at multiple levels and therefore can
provide a plethora of morphologic, functional,
metabolic, and molecular information on breast
tumors. To date hybrid PET/MRI data in breast
imaging is still scarce. However, initial results for
different indications are promising and encour-
age further research.

6.1.1 Differentiation of Benign

and Malignant Breast Tumors

In an initial study Pace et al. compared whole-
body [*F]FDG PET/MRI to ['®F]FDG PET/CT of
the breast and demonstrated that integrated whole-
body PET/MRI is feasible in a clinical setting
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Fig. 6.1 Invasive ductal carcinoma grade 3 (IDC) in the
left breast in a 55-year-old woman. The irregular shaped
and spiculated mass lesion demonstrates (a) initial strong
enhancement heterogenous enhancement followed by a
wash-out (b). DWI shows a restricted diffusivity with low
apparent diffusion coefficient (ADC) values (0.86 x 1073

Slice Mumber: 97176

Signal Intensity

Time [sech

Fig.6.2 Fibroadenoma in a 39-year-old woman, laterally
in the left breast. The slightly irregularly shaped and mar-
ginated mass (a) demonstrated a heterogeneous medium/
persistent contrast enhancement (b) and was classified as
BI-RADS 4 in DCE-MRI. On diffusion-weighted imag-

with high quality and in a short examination time
(Pace et al. 2014). Botsikas investigated sequen-
tial ['"*F]FDG PET/MRI for the detection and pri-
mary staging of breast cancer (Botsikas et al.
2016). In a sequential PET/ MRI system, the MRI
and the PET are located in the same room at a
certain distance and share a common rotating
table. The patient is first scanned on one device
(MRI), after which the table rotates and the patient
is scanned on the second device (PET). This
approach also allows PET/MRI the acquisition of
automatically co-registered sequentially acquired
PET and MR images. In this study the authors
reported areas under the curve (AUC) for breast

mm?s) (¢). On proton magnetic resonance spectroscopic
imaging, there was a choline peak at 3.2 ppm (dashed
arrow) (d). The lesion is highly ['"*F]FDG-avid with an
SUVmax of 5.35 further hinting at malignancy (e).
Multiparametric PET/MRI accurately classified the lesion
as BI-RADS 5 (highly suggestive of malignancy)

ing (DWI), the ADC values (1.616 x 107> mm?/s) (f) were
well above the threshold for malignancy (c) and the lesion
is not "![F]JFDG avid (d) thus allowing an accurate classi-
fication as a benign finding (BI-RADS 3- probably
benign) with mp ["*F]JFDG PET/MRI

cancer detection of 0.9558, 0.8347 and 0.8855
with MRI, qualitative and quantitative ['"*FJFDG
PET/MRI, respectively (p = 0.066). The specific-
ity for MRI and ["*F]FDG PET/MRI for primary
cancers was 67 and 100% (p = 0.03) and for
lymph nodes 98% and 100% (p = 0.25). The
authors conclude that in breast cancer patients,
MRI alone has the highest diagnostic accuracy for
primary tumors, yet for the assessment of nodal
metastases both MRI and ['*F]FDG PET/MRI are
highly specific.

Jena et al. focused on the reliability of phar-
macokinetic DCE-MRI parameters (Ktrans, Kep,
ve) derived as part of a routine high resolution
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breast MRI protocol when using a simultaneous
[FIJFDG PET/MRI system for the differentia-
tion of benign and malignant lesions. The results
suggest that a reliable measurement of pharma-
cokinetic parameters with reduced acquisition
time is feasible. In this study receiver operating
characteristic (ROC) curve analysis revealed a
cut off value for Ktrans, Kep, ve as 0.50, 2.59,
0.15 respectively, which reliably distinguished
benign and malignant breast lesions. There was
an overall diagnostic accuracy of 94.50%,
79.82% and 87.16% for Ktrans, Kep, ve respec-
tively. The introduction of native T1 normaliza-
tion with an externally placed phantom enabled a

higher accuracy than without native T1 normal-
ization (93.50% vs. 94.50%) with an increase in
specificity of 87% vs. 84% (Jena et al. 2017).

6.1.2 Primary Staging of Breast
Cancer

Tanjea et al. assessed the utility of ["¥F]FDG
PET/MRI in the initial staging of breast carci-
noma (Taneja et al. 2014). In this study 36
patients with breast cancer underwent dedicated
breast primary and nodal as well as whole body
staging (Fig. 6.3). The study showed a sensitivity

Fig. 6.3 Invasive ductal cancer in the right breast (thick
arrows). 1 min subtraction MIP image (a) ['*FIFDG PET/
MRI fused axial (b) show a metabolically active mass with
satellite lesions. STIR axial (d) and ["*F]JFDG PET/MRI
fused axial (e) showing ['*F]JFDG avid marrow lesion in the
right iliac bone (thin arrows in (d) and (e)). ['*FIFDG PET/
MRI MIP image (g) shows multiple focal hypermetabolic
areas (thick arrows). STIR sagittal (h) and ['SF]FDG PET/
MRI fused sagittal (i) show multiple mildly ["*F]FDG avid

marrow lesions in vertebrae (arrow heads). 1 min subtrac-
tion MIP image (¢) STIR axial (f) and STIR sagittal (j) show
marked regression of primary breast as well as osseous
lesions after chemotherapy. Reprinted with permission
from: Taneja S, Jena A, Goel R, Sarin R, Kaul
S. Simultaneous whole-body *F-FDG PET-MRI in primary
staging of breast cancer: a pilot study. Eur J Radiol.
2014;83(12):2231-9
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of 60% and 93.3% for PET and MRI. In the
detection of axillary lymph nodes metastases
there was a specificity of 91% for both and a
false-negative rate of 6.7% on MRI and 40% on
[FIFDG PET. ["®F]JFDG PET/MRI increased
diagnostic confidence for nodal involvement.
Distant metastases were found in 22% of patients
at the time of diagnosis. Overall ['*F]FDG PET/
MRI led to a change in management in 12
(33.3%) patients. The authors conclude that in
this pilot study simultaneous ["*F]JFDG PET/
MRI has been useful in whole-body initial stag-
ing of breast cancer patients. Eun-Jung Kong
et al. investigated the application of combined
whole-body and dedicated ["*F]JFDG PET/MRI
of the breast in 42 breast cancer patients (Kong
et al. 2014). They authors conclude that such a
“one-stop-shopping” examination is feasible and
facilitates the benefits of combining high-resolu-
tion local breast and whole-body staging with
metabolic images. They found that ["*F]JFDG
breast PET/MRI utilizing a dedicated coil is still
necessary to enable an accurate diagnosis and
staging of invasive carcinomas that are less than
1 cm in size.

6.1.3 Assessment of Tumor
Aggressiveness

Margolis et al. investigated the feasibility of ded-
icated ["*F]JFDG PET/MRI of the breast to assess
the synergy of MR pharmacokinetic and ['8F]
FDG uptake data to determine tumor aggressive-
ness in terms of metastatic burden and Ki67 sta-
tus (Fig. 6.4) (Margolis et al. 2016). In this study
patients with systemic metastases showed signifi-
cantly lower kep values compared to patients
with local disease (0.45 vs. 0.99 min~', p=0.011).
Metastatic burden was positively correlated with
Ktrans and standardized uptake values (SUV),
and negatively with kep. Ki67 positive tumors
showed a significantly greater Ktrans compared
to Ki67 negative tumors (0.29 vs. 0.45 min~!,
p = 0.03). These preliminary data suggest that
MRI pharmacokinetic and ['*F]JFDG PET param-
eters may aid in the assessment of tumor aggres-
siveness and metastatic potential.

6.1.4 Therapy Monitoring

In a case-report study of four patients with locally
advanced breast cancer, Romeo et al. evaluated
the response to neoadjuvant cytotoxic and endo-
crine therapy with mp ['"8F]JFDG PET/MRI using
DCE-MRI with pharmacokinetic modelling,
DWI and maximum standard up-take values
(SUVmax) (Romeo et al. 2017) (Fig. 6.5).
Therapy monitoring in both types of neoadjuvant
treatment with mp ['*F]JFDG PET/MRI was suc-
cessfully performed and the authors conclude
another potential application for [*F]JFDG PET/
MRI in breast cancer care might be the concur-
rent evaluation of breast tumor extension, nodal
involvement, for the detection of distant metasta-
sis, and for treatment monitoring.

6.1.5 Breast Cancer Recurrence

Grueneisen et al. investigated whole-body mp
['"*FIFDG PET/MRI for the detection of local,
regional and distant recurrences of breast cancer
(Grueneisen et al. 2017). mpPET/MRI readings
showed a significantly higher accuracy and
higher confidence levels for the detection of
recurrent breast cancer lesions when compared to
MRI alone (p < 0.05). Although for the detection
of local recurrences dedicated mpMRI of the
breast is most likely sufficient, combined whole
body and dedicated ['SF]JFDG PET/MRI of the
breast has an inherent benefit of simultaneous
accurate regional and distant staging.

6.1.6 Future Developments
and Potential Applications:
Specific Radiotracers

PET/MRI of the breast is currently mainly per-
formed using the radiotracer [®¥F]FDG. ['*F]JFDG
is a very sensitive, yet not very specific radiotracer
and there is a significant overlap in the uptake
behavior of benign and malignant lesions. To over-
come these limitations, more specific radiotracers to
target hallmark processes involved in cancer devel-
opment and progression are continuously being
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Fig. 6.4 39 year old female with ER, PR, and HER2
positive right breast cancer. Left top to bottom: MR PET
Fusion, PET, and MR axial radial VIBE images. Right top
to bottom: Ktrans, KEP, and VP color maps. Regions of
interest have been drawn over the enhancing area of the

tumor as depicted by the radial VIBE sequence Reprinted
with permission from: Margolis NE, Moy L, Sigmund EE
et al. Assessment of aggressiveness of breast cancer using
simultaneous 18F-FDG-PET and DCE-MRI: preliminary
observation. Clin Nucl Med. 2016:;41(8):e355-61
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developed such as '®F-fluorodeoxythymidine ([*F]
FLT) and "*F-deoxyfluoroarabinofuranosylthymine
(['"*FIFMAU) for DNA synthesis and cell prolifera-
tion; ['®F-fluoromisonidazole (['*FIFMISO) for the
assessment of tumor hypoxia, or ¥F-fluoroestradiol
(['|F]FES) or ®F-fluorodihydrotestosterone (['*F]
FDHT) for the assessment of receptor status and
are also being investigated for breast imaging:
Although these specific radiotracers currently
play a greater role in whole body staging and ther-

T1FS + mdc

Ktrans

Fig. 6.5 (a) Invasive ductal/lobular cancer in a 54-year
old female. Multiparametric evaluation of morphological
(STIR and DCE), metabolic (PET) and functional (DWI,
ADC, iAUC, Ktrans, kep, Ve) parameters before cytotoxic
chemotherapy. A large tumoral mass with significant post-
contrast enhancement, increased of ['"FJFDG uptake,
restricted diffusivity and increased perfusion is appreci-
ated. (b) Multiparametric evaluation of morphological
(STIR and DCE), metabolic (PET) and functional (DWI,

89

apy monitoring of advanced breast cancer, their
application has also been investigated for primary
breast lesions. A promising application seems to
be the assessment of tumor hypoxia as one of the
most pervasive tumor microenvironmental factors
and a feature of most solid tumors (Grueneisen
et al. 2017). Conclusive research has shown that
tumor hypoxia is one of the key factors in induc-
ing the development of cell clones with an aggres-
sive and treatment-resistant phenotype that leads

ADC, iAUC, Ktrans, kep, Ve) parameters after the second
cycle of cytotoxic chemotherapy. A significant reduction
of tumor volume, [¥F]FDG, perfusion and an increased
diffusivity are now detected compared to the pre-treatment
evaluation. Reprinted with permission from: Romeo V,
D'Aiuto M, Frasci G, Imbriaco M, Nicolai E. Simultaneous
PET/MRI assessment of response to cytotoxic and hor-
mone neo-adjuvant chemotherapy in breast cancer: a pre-
liminary report. Med Oncol. 2017;34(2):18



90

T1FS + mdc

Ktrans

Fig. 6.5 (continued)

to rapid progression and a poor prognosis (Ruan
et al. 2009; Vaupel 2008; Hockel et al. 1996a, b;
Hockel and Vaupel 2001a, b; Okunieff et al. 2003;
Tatum et al. 2006; Vaupel et al. 2002). The radio-
tracer ['*F]FMISO has a high affinity to hypoxic
cells with active nitroreductase enzymes and
accumulates in activated tumor cells, but not
necrotic cells. Cheng et al. investigated whether
['*F]JFMISO PET/CT can predict primary resis-
tance to endocrine therapy in estrogen-receptor-
positive breast cancer, and found a significantly
positive correlation between baseline ['*F]JFMISO
uptake and clinical outcomes after >3 months of
primary endocrine therapy with letrozole. These
preliminary results indicate that ["“F]JFMISO
PET/CT may be an effective method for early
monitoring of response to neo-endocrine therapy
(Cheng et al. 2013). In a recent feasibility study,

A. Melsaether et al.

PET

Pinker et al. investigated fused mp PET/MRI of
breast tumors with DCE-MRI, DWI, [¥F]FDG,
and [*F]FMISO in eight patients (Fig. 6.6). MRI
and PET parameters were correlated with patho-
logical features, grading, proliferation-rate (ki67),
immuno-histochemistry, and the clinical end-
points: metastasis and death (Pinker et al. 2015).
There were several moderate-to-excellent correla-
tions between quantitative imaging markers,
grading, receptor status, and proliferation rate.
DCE-MRI, ['|F]FDG-, and ['SF]JFMISO-avidity
strongly correlated with the presence of metasta-
ses [r=0.75 (p <0.01), 0.63 (p =0.212), and 0.58
(» = 0.093)], and patients’ death [r = 0.60
(p=0.09),0.62 (p =0.08), 0.56 (p = 0.11)]. These
initial data suggest that mp['*F]FDG /["*F]JFMISO
PET/MRI might be able to provide quantitative
prognostic information in breast cancer patients.
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Fig. 6.6 Invasive ductal carcinoma triple-negative grade
3 (IDC) with ki-67 90% in the right breast in a 70-year-old
woman. The irregular shaped and marginated mass lesion
demonstrates (a) a strong enhancement rim with central
necrosis and several satellite nodules in the immediate
vicinity. DWI shows a restricted diffusivity with low

In summary, mpPET/MRI of the breast with
different functional MRI parameters visualizes
and quantifies processes of cancer development
and progression at multiple levels, and provides
specific information about the hallmarks of can-
cer. Initial results indicate that mp['*F]FDG-,
PET/MRI of the breast can improve diagnostic
accuracy in breast cancer and obviate unneces-
sary breast biopsies. It can be expected that in the
future the role of PET/MRI will further increase
through application of specific radiotracers and
that it might play a major role as part of precision
medicine in breast cancer.

6.2  Molecular Breast Imaging

Tools BSGl and PEM

Two molecular breast imaging tools—breast-
specific gamma imaging (BSGI)/molecular
breast imaging (MBI) and positron emission
mammography (PEM) have been introduced
recently. Both exams use dedicated breast-
specific gamma technology to detect increased
blood flow to cancerous cells in the breasts.
While BSGI/MBI is based on the assessment of
Tc-99 m sestamibi uptake, PEM uses F18-
fluorodeoxyglucose (FDG). The benefit of both
exams is that they have a higher spatial resolution
than PET/CT and may detect small breast tumors
that are below the resolution of conventional PET
equipment. A drawback is that these imaging
studies do not evaluate anatomy. Hence, they dif-

apparent diffusion coefficient (ADC) values (0.665 x 103
mm?s) (b). The enhancing part of the lesion and espe-
cially the satellites are highly ['"*F]FDG-avid indicating
increased tissue glycolysis (¢) and "®[F]MISO-avid indi-
cating tumor hypoxia as a prognostic bad indicator (d)

fer from conventional breast imaging studies
such as mammography, ultrasound and MRI,
where the anatomy is clearly depicted. Another
limitation is that both tests only facilitate local
staging of the breast and axilla and do not enable
assessment of distant metastases.

One of the commercially available BSGI sys-
tems, the Dilon 6800 system (Dilon Technologies,
Newport News, Va), uses a single 15 x 20-cm
detector plate composed of an array of 3 x 3-mm
sodium iodide crystals. Similar to mammogra-
phy, the breast is compressed between the detec-
tor plate and a compression paddle. The images
obtained are in projections similar to conven-
tional mammographic views. PEM uses a pair of
dedicated gamma radiation detectors placed
above and below the breast and mild breast com-
pression to detect coincident gamma rays after
administration of 18F-FDG.

Small single center studies have compared
BSGI to mammography in asymptomatic high
risk women with dense breasts in the screening
setting. They found that BSGI detects mammo-
graphically occult breast cancers and is unaf-
fected by dense breast tissue, a major drawback
of conventional mammography (Brem et al.
2002, 2005, 2008; Rechtman et al. 2014). Rhodes
et al. demonstrated that BSGI had a breast cancer
detection rate three times that of mammography
(9.6 per 1000 vs. 3.2 per 1000) when a dose of
740 MBq (20 mCi) of 99mTc-sestamibi was
injected (Rhodes et al. 2011). However, there are
concerns about the radiation risk from BSGI as a
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screening tool (Hendrick and Tredennick 2016).
In 2015, Rhodes published a follow up study
where a lower dose of 300 MBq (8 mCi) was
used. The results revealed a higher cancer detec-
tion rate of BSGI (10.7 per 1000) compared to
mammography alone (3.2 per 1000) despite using
a lower dose (Rhodes et al. 2015). The cancer
detection rate for mammography combined with
BSGI was 12.0 per 1000 (Rhodes et al. 2015).
Additional studies are necessary to determine if
the reduced-dose BSGI may be an appropriate
supplemental breast cancer screening tool in
women with dense breasts given the radiation
risk  (Hendrick and Tredennick 2016).
Comparable to BSGI systems, PEM is also com-
mercially available. However, the clinical utility
of PEM has yet to be demonstrated, restricting its
successful establishment into clinical imaging.

6.3  Whole Body PET/MRI

in Breast Cancer

PET/MRI is particularly exciting in the context
of whole body imaging for breast cancer patients,
facilitating a single, thorough exam with high
sensitivity in typical sites of metastasis. At pres-
ent, there is no uniform recommendation for
body imaging in newly diagnosed breast cancer
patients. If performed, body imaging is non-
standardized and may consist of a PET/CT or of
a mix of radionuclide bone scan, chest radio-
graph, abdominal and pelvic CT, and brain MRI,
depending on a patient’s symptoms. Notably, in
patients with breast cancers 2 cm or greater,
whole body imaging has been shown to detect
clinically occult distant metastases in approxi-
mately 6-10% of patients (Bernsdorf et al. 2012;
Groheux et al. 2008) and clinically occult non-
axillary nodal metastases in up to 22% of patients
(Taneja et al. 2014; Groheux et al. 2008).
Detection of early, still isolated organ metastases,
especially in the brain and liver, is important
because local treatment of early metastatic dis-
ease has been shown to improve local control and
thereby, quality and length of life (Selzner et al.
2000; Mack et al. 2004; Patchell et al. 1990; De
Ieso et al. 2015).

Shortcomings that hinder broader implemen-
tation of whole body imaging at the time of diag-
nosis likely include a lack of uniform
recommendations and, in case of PET/CT, a rela-
tively high radiation dose of up to approximately
32 mSv. The Lifetime Attributable Risk (LAR) of
radiation induced breast cancer due to a single
18FDG-PET/CT has been estimated at up to
0.25%, or 2.5/1000 patients in 30-60 year old
women (Huang et al. 2009; Brix et al. 2005).
Moreover, PET scans can show high physiologic
uptake of FDG in the brain and liver that may
obscure underlying lesions (Moon et al. 1998;
Gallowitsch et al. 2003).

PET/MRI is a whole body examination that
requires significantly less radiation PET/CT
(Melsaether et al. 2016) and provides high sensi-
tivity in lymph nodes, bone, liver, and brain via
its novel ability to acquire MR data concurrently
with metabolic PET data. Early studies specifi-
cally in breast cancer patients typically compare
PET/MRI with PET/CT and are encouraging,
suggesting that replacing CT with MRI does pro-
vide some gains in the search for metastatic dis-
ease. In general, small studies consistently show
that PET/MR detects the same or a few more sys-
temic metastases than PET/CT or PET alone
(Pace et al. 2014; Taneja et al. 2014). In assessing
bone metastases, Catalano et al. (2015), showed
that PET/MRI found not only more osseous
metastases, but also more osseous metastases in
more patients as compared with PET/CT. One
concern is that PET/MRI may miss lung metasta-
ses. Raad et al. demonstrated that while PET/
MRI did miss small lung nodules in oncologic
patients, 97% of the missed nodules were stable
at follow-up, suggesting that the missed nodules
may be clinically unimportant (Raad et al. 2016).
Melsaether et al. found that PET/MRI detected
liver, lymph node, bone, and brain metastases not
seen on PET/CT. While some of these differences
in detection were significant at the lesion level,
none reached significance at the patient level,
likely because larger patient cohorts would be
needed (Melsaether et al. 2016). Finally,
Grueneisen et al. looked at PET/MR another way
and, rather than comparing PET/MR to PET/CT,
showed that adding PET to whole body MR
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increases sensitivity and overall accuracy in
breast cancer patients (Grueneisen et al. 2017). In
that same vein, Heusner et al. demonstrated that
adding PET to DWI greatly improves the speci-
ficity of DWI in whole body imaging (Heusner
et al. 2010).

One of the strengths of PET/MRI is that it is
highly customizable. The acquired MR sequences
can be varied and adapted accordingly to the
request of each of the 6-7 bed positions involving
the thighs to the vertex that comprise a PET/MR
examination. For example, one could run a T2
weighted post-contrast fluid attenuated inversion
recovery (FLAIR) sequence during the brain sta-
tion to look for leptomeningeal disease and diffu-
sion weighted imaging (DWI) during the liver
station in the interest of characterizing liver
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lesions. Research as to which sequences are the
most useful overall and at each station is ongo-
ing. Grueneisen et al. found similar sensitivities
for PET combined with MR half-fourier acquisi-
tion single-shot turbo spin-echo (HASTE) and
DWI, PET combined with MR HASTE and
T1-post contrast imaging, and PET combined
with MR HASTE, DWI, and T1-post contrast
imaging (Grueneisen et al. 2017). They noted
that reader confidence was significantly higher
when a T1-post contrast sequence was included,
as would be expected because of the superior
anatomic imaging this sequence provides.

Melsaether et al. looked at individual organ sys-
tems and found that the post-contrast T1-weighted
sequence detected more breast, lung, pleural, and
brain metastases (Figs. 6.7 and 6.8) than DWI

Fig. 6.7 37 year-old female with right breast cancer. An
axial PET image (a) shows no evidence of metastases
while T1 post-contrast (b) and fusion (c¢) images demon-

Fig. 6.8 48 year-old female with history of metastatic
breast cancer. Axial PET (a) , DWI (b), T1 post-contrast
(¢), and fusion (d) images demonstrate a hypermetabolic
2.5-cm enhancing nodule in the left upper lobe (blue
arrow) with restricted diffusion (ADC map not shown),

strate two adjacent enhancing lesions in the left parietal
lobe (arrows), consistent with leptomeningeal metastases

consistent with a lung metastasis. Note the presence of
additional lung metastases are best seen on the T1-post-
contrast image (c), while a hypermetabolic osseous
metastasis in a left rib (green arrow), is most conspicuous
on the DWI image (b)



Fig. 6.9 48 year-old female with history of metastatic
breast cancer. Axial PET (a) and DWI (b) images demon-
strate a hypermetabolic lesion (a) with restricted diffusion
(b) (ADC map not pictured) in hepatic segment VI

Fig. 6.10 76 year-old female with history of metastatic
breast cancer. Axial PET (a) , DWI (b), Tq post-contrast
(c) , and fusion (d) images demonstrate a hypermetabolic
lymph node metastasis in the AP window of the mediasti-

while DWI detected more liver, bone, and nodal
lesions than post-contrast T1-weighted imaging
(Melsaether et al. 2016) (Figs. 6.9 and 6.10).
While the capacity to customize individual sta-
tions within a PET/MR examination has not yet
been fully explored in the literature, we look for-
ward to what might be on the horizon. Ongoing
work will hopefully be able to cut exam time and
to improve diagnostic accuracy by finding the
most efficient sequences for each station.

In addition to customizing MR sequences,
radiotracers beyond “F-FDG can be adminis-
tered, either alone or together with 'F-FDG. In
breast cancer, "*F-FDG is effective at demonstrat-
ing both primary lesions and metastases in any
organ because breast cancer cells are typically
more metabolically active than surrounding tis-

A. Melsaether et al.

(arrow), consistent with a liver metastasis. The lesion is
barely visualized on the T1 post-contrast image (c),
but can be seen on fused images due to increased FDG
uptake (d)

num (arrow), which is more conspicuous on DWI than on
post-contrast T1 imaging. Note the presence of a layering
small left pleural effusion

sue, and, as such, take up and retain more labeled
glucose, allowing for lesion detection (Lim et al.
2007). There is some debate as to whether the
bone specific radiotracer "F sodium fluoride
(Na-F) outperforms 'F-FDG for detecting osse-
ous metastases, the most common metastases in
breast cancer patients. While '8F-NaF imaging
finds more osseous lesions, (Piccardo et al. 2015),
it is questionable whether lesions seen by !8F-
NaF but not by 8F-FDG provide an accurate pic-
ture of the disease burden. Specifically, Piccardo
et al. (2015) found that no patients with lesions
on 'F-NaF, but not ¥F-FDG, progressed during
their study period and that 'SF-FDG parameters,
but not '8F-NaF parameters were associated with
overall survival. These findings may reflect that
BE-FDG more closely tracks biologically active
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breast cancer than does *F-NaF, whose uptake is
tied to osseous blood flow and bony remodeling
(Czernin et al. 2010) rather than directly to breast
cancer cells.

The next step for functional PET imaging may
be to accurately image the characteristics of breast
cancer metastases. Primary breast cancers are not
uniform throughout. They are heterogeneous,
dynamic, and characterized by genomic instabil-
ity (Marino et al. 2013). In the same way, metas-
tases differ from their index lesion, from one
another, and even from themselves over time,
especially in response to treatments. Imaging with
radio-ligands targeted to molecules that influence
therapy would provide a way to non-invasively
assess appropriateness of certain therapeutic
agents and to reassess when treatment response
appears to stall.

Breast cancer biopsy and surgical specimens
are commonly assessed histologically for estro-
gen and progesterone receptors and for human
epidermal growth factor receptor 2 (HER2)
because these receptors determine whether cer-
tain treatments can be effective. Tracers target-
ing steroid receptors are under development and
include the estrogen analog 16a-'8F-17B-estradiol
(Katzenellenbogen 1995), as well as fluorine
labeled progesterone receptor ligands (Gemignani
et al. 2013). Zirconium labeled human epider-
mal growth factor receptor 2 (HER2) receptor
tracers including 89Zr-trastuzumab have also
been developed (Dijkers et al. 2010; Ulaner
et al. 2016). Recently, Ulaner et al. showed that
89Zr-trastuzumab PET can detect HER2 posi-
tive metastases in patients with HER2 nega-
tive primary breast cancers (Ulaner et al. 2016).
This study underlines how functional imaging of
metastases, which typically are not biopsied, can
provide additional information and potentiate per-
sonalized treatment options. Further studies may
be able to establish standardized SUV levels that
correlate to histologic levels of receptor expres-
sion and therapeutic efficacy. Future PET/MRI
directions may ultimately include radiolabeled
therapies coupled with dynamic PET imaging,
which could enable the physician to see in real
time whether therapeutic drugs are delivered to
and retained within their targets.
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