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Abstract: Elevated contents of choline phospholipid metabolites are typically detected by nuclear magnetic resonance 

spectroscopy (MRS) in human and animal tumors. An increase in the intensity of the 
1
H-MRS profile of total choline-

containing compounds (tCho, 3.2 ppm) is today considered as a common feature in different types of cancer, beyond their 

otherwise wide phenotypic variability. This finding fostered investigations on the molecular mechanisms underlying the 

observed spectral changes and on correlations between aberrant phospholipid metabolism and tumor progression. At the 

clinical level, efforts are addressed to evaluate effectiveness and potential use of in vivo localized MRS and choline-based 

positron emission tomography (Cho-PET) in cancer diagnosis. Aims of this article are: a) to overview recent advances in 

the identification of biochemical pathways responsible for the altered 
1
H-MRS tCho profile in breast and ovary cancer 

cells, as a basis for interpreting in vivo MR spectra and enhanced uptake of radiolabeled choline in PET; b) to summarize 

recent developments of in vivo
1
H-MRS methods in breast cancer diagnosis; c) to discuss the potentialities of 

complementing current diagnostic modalities with noninvasive MRS and Cho-PET methods to monitor biochemical 

alterations associated with progression, relapse and therapy response in ovary cancer.

Keywords: Breast cancer, ovary cancer, choline metabolism, phosphatidylcholine cycle, 
1
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INTRODUCTION 

 The characterization of abnormal choline phospholipid 
metabolism in tumors by magnetic resonance spectroscopy 
(MRS) [1-5] fostered novel investigations in cancer cell 
biology, allowed the identification of new fingerprints of 
tumor progression and promoted pilot studies on clinical 
MRS and choline-based positron emission tomography 
(Cho-PET) approaches in oncology. In particular, an increase 
in the 

1
H-MRS resonance at 3.2 parts per million (ppm), 

arising from the trimethylammonium headgroups of the total 
pool of water-soluble choline-containing metabolites (tCho), 
has been reported as the most common feature in a large 
variety of cancers such as breast [6-8], prostate [9, 10] and 
colon carcinomas [11], bone and soft tissue malignant 
lesions [12] and high-grade neuroepithelial tumors [13]. 
More recently, we also focused attention on alterations of the 
tCho spectral profile in human epithelial ovarian cancer 
(EOC) cells [14, 15], an aspect which received only scarce 
attention in the past. Our studies showed that EOC cells 
represent a particularly suitable model to investigate the 
molecular bases of aberrant choline phospholipid meta-
bolism associated with progression of tumors of epithelial 
origin [15]. 

 By comprising contributions from different phospha-
tidylcholine (PC) precursors and catabolites, such as phos-
phocholine (PCho), glycerophosphocholine (GPC) and free 
choline (Cho), changes in the tCho spectral profile may  
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result from multiple alterations in the steady state levels and 
fluxes of metabolites in the PC-cycle [16]. 

 A better elucidation of the molecular mechanisms res-
ponsible for changes in the tCho resonance profile in tumor 
cells and tissues would pave the way to further developments 
in noninvasive imaging approaches for in vivo diagnosis and 
therapy response follow-up, and may also allow the 
identification of metabolic targets for newly designed, 
patient-tailored anti-tumor therapies [4, 5, 17]. 

 This review will summarize the main results so far 
obtained on: a) characterization of abnormal concentrations 
of MRS-detectable PC metabolites in cells derived from 
human ovary and breast tumors, as compared to the respec-
tive non-tumoral (normal or immortalized) epithelial cells; 
and b) activation of different PC-cycle enzymes likely 
involved in the tCho spectral alterations, as a basis for 
interpreting 

1
H-MR spectra of cancer lesions in vivo. An 

overview will then be provided on clinical 
1
H-MRS methods 

developed in breast cancer diagnosis and on the perspectives 
of further extending these approaches to ovary cancer. An 
outline will finally be provided on the perspectives of 
endeavors addressed to evaluate the effectiveness of Cho-
PET approaches, especially in ovary cancer. 

BREAST AND OVARY CANCER: MAIN CLINICAL 
FEATURES AND CURRENT IMAGING METHODS

Breast Cancer 

 Female breast cancer is the second most common cancer 
in the world and the most common cancer among women, 
accounting for more than 400,000 cancer deaths per year. 
Although deaths for breast cancer are decreasing in many 
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Western countries, breast cancer incidence rates are 
increasing in all regions of the world [18]. The large 
variation of breast cancer incidence among or within 
different regions may be attributed to genetic differences 
among populations and/or differences in lifestyle [19]. 
However, geographic disparities in breast cancer incidence 
and mortality are also related to differences in screening, 
chemoprevention, and treatment strategies in more-develo-
ped, as compared with less-developed regions of the world. 

 Furthermore, it should be taken into account that breast 
cancer is a clinically heterogeneous disease, and existing 
histological classifications do not fully capture the varied 
clinical course of this disease. Recent molecular approaches 
indicated that breast cancer is not one disease but a 
collection of several biologically different diseases. There 
are large-scale molecular differences between estrogen 
receptor (ER)-positive and ER-negative cancers, that reach 
far beyond the presence or absence of estrogen receptors. 
HER-2-amplified cancers also have a very distinct gene 
expression signature that also extends to some cancers with 
no apparent HER-2 gene amplification. Further molecular 
categories are likely to exist in addition to and within these 
three most apparent molecular classes [20]. It might be 
useful to identify the various molecular classes because the 
different subsets may have a different natural history and 
clinical management. 

 Estimates from randomized clinical trials and population-
based models from developed countries, such as United 
States and United Kingdom, indicate that early detection by 
screening mammography and improved treatment could 
result in reducing mortality rates by at least 30%. In this 
context, other imaging modalities could be of significant 
help in initial diagnosis, staging and monitoring of tumor 
response to treatment. For example, it should be noted that 
differential detection by screening mammography of ER-
positive, more dormant tumors might yield an apparently 
higher incidence of tumors associated with more favorable 
survival; thus methods of functional imaging, able to identify 
more proliferating and aggressive tumors might be of help in 
programming alternative or more stringent treatment 
modalities. As a matter of fact, imaging beyond mammo-
graphy seems recommended in the surveillance protocol of 
women with an increased lifetime risk of breast cancer [21-
24]. Finally, early diagnosis of relapse and assessment of 
therapy response are vital, as they might ensure a prompt 
therapeutic intervention or change in treatment strategies; 
even in these cases a combination of functional and 
morphological imaging is expected to provide more sensitive 
and specific approaches. 

 Contrast-enhanced breast magnetic resonance imaging 
(MRI) is today the most sensitive morphological/functional 
technique for tumor detection and local staging of breast 
cancer. Breast tumors actually played an important role in 
the historical progress which led to the introduction of 
magnetic resonance imaging (MRI) in medicine. In the 
1970s, when nuclear magnetic resonance rapidly converted 
into the most versatile imaging method, the possibility of 
differentiating malignant tumors from benign lesions or 
normal breast tissues, on the basis of relaxation times, 
appeared particularly promising [25]. However, when clini-

cal breast MRI was attempted in the early 1980s, expec-
tations turned into rather disappointing results. In fact, 
classical proton density-, T1-, and T2-weighted sequences 
did not allow differentiation of malignant from benign 
tumors [26]. This scenario was dramatically changed in 
1986, when Sylvia Heywang and coworkers published the 
first report on the use of Gd-DTPA as an intravenously 
administered paramagnetic contrast agent for the detection 
and characterization of breast tumors [27]. By exploiting the 
neoangiogenesis associated with tumor growth, dynamic 
contrast-enhanced (DCE) MRI opened an important avenue, 
complemented in the following years by the introduction of 
rapid spoiled gradient-echo sequences, dynamic acquisition 
and dedicated post-processing, up to the more recent 
approaches capable of combining high spatial with high 
temporal resolution [28, 29]. 

 On the basis of these technical developments, breast MRI 
gained in the last decade a relevant clinical role for defined 
indications such as presurgical staging, diagnosis of local 
recurrence, evaluation of the effect of neoadjuvant chemo-
therapy, search of occult primitive breast tumor in patients 
with metastases and surveillance of women at familial-
genetic high risk of breast cancer. These results were due to 
a top level sensitivity (about 95% for invasive cancers) and 
to an increasing specificity, estimated to be at least 75-80% 
when morphologic and dynamic criteria are integrated in a 
unique evaluation system. The remaining gap between sensi-
tivity and specificity is filled-in by second look ultrasound 
(US) examination and MRI-guided breast biopsy. 

 In the meanwhile, the introduction of in vivo localized 
MRS approaches opened the way to a powerful comple-
mentation of the anatomical/physiopathological information 
provided by conventional imaging modalities, by adding 
metabolic information potentially useful to enhance diag-
nostic accuracy and to offer noninvasive assessment of novel 
biomarkers of in vivo tumor progression [3, 4, 6, 17]. The 
additional information provided by MRS may therefore 
substantially contribute to improve pre-operative assessment 
of tumor aggressiveness and to monitor early tumor response
in vivo.

 Early in vitro
31

P-MRS studies demonstrated altered 
phospholipid metabolism in cancer cells, by detecting 
increased levels of phosphomonoesters such as PCho and 
phosphoethanolamine and, sometimes, also their phospho-
diester analogues, GPC and glycerophosphoethanolamine [2, 
3]. Despite an in vivo dependence of the 

31
P spectrum on 

hormonal status [30], the results of 
31

P-MRS for differen-
tiating malignant from benign breast tumors were found 
inadequate for a clinical use [31]. On the contrary, in the last 
decade, many in vivo 

1
H-MRS studies based upon tCho 

signal analysis in breast cancer lesions offered promising 
results with possible translation into clinical practice [32-35], 
as discussed in more detail in a following section. This 
perspective was also strengthened by the possibility to 
perform a 

1
H-MRS study as a final step after a regular breast 

DCE-MRI examination. 

 In comparison with conventional imaging techniques 
such as computed tomography (CT), US and MRI, PET with 
fluoro-18 fluorodeoxyglucose (

18
F-FDG), used as such or in 

combination with CT (PET/CT), offers the advantage of a 
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high sensitivity in detecting metabolic abnormalities of 
tumor lesions and contributes to breast cancer staging mainly 
in terms of identification of bone [36] and lymph node 
metastases. 

Ovary Cancer 

 EOC has a relatively low incidence (approximately 
1/100,000 new cases each year) in North America and in 
Europe and up to 10-fold lower incidence rates are observed 
in most parts of Africa and Eastern Asia; furthermore, within 
a particular country, incidence rates may differ among ethnic 
groups [37]. Despite the low incidence, epithelial ovarian 
cancer presents a high case-fatality ratio and is the most 
lethal gynecological malignancy in industrialized countries, 
with an overall 5-year survival still remaining at about 44% 
[38]. The unfavourable statistics in ovarian cancer patients 
reflects in part the poor understanding of the molecular 
pathogenesis and progression of this heterogeneous malig-
nancy. Although much remains to be discovered, numerous 
gene alterations have been identified as associated to this 
disease [39, 40] and a model of development has been 
recently proposed [41]. Women with organ-confined tumors 
have an excellent prognosis, but the majority of early stage 
cancers is asymptomatic and more than two-thirds of patients 
are diagnosed with advanced disease. Initial surgery is 
almost always necessary in the management of suspected 
ovarian cancer for histological confirmation, staging and 
tumor debulking. Effective cytoreductive surgery at the time 
of diagnosis, achievable mainly in early-stage disease, has 
been correlated with improved survival. However, due to the 
difficulties in early diagnosis, the vast majority of EOC 
patients require adjuvant treatment in the attempt to eradicate 
residual disease. EOC is considered to be a chemosensitive 
tumor and the median overall survival significantly improved 
after the development of new therapeutic approaches. About 
two-thirds of EOC patients who receive highly active front-
line chemotherapy enter clinical remission, but relapse 
occurs in the majority of advanced-stage patients even after 
complete response to initial treatments. 

 According to the Federation of Gynecologists and 
Obstetrics (FIGO), staging criteria in post-surgical treatment 
and follow-up, radiological tests such as US, CT or MRI 
should only be performed when clinical findings or a raise in 
serological tumor markers (CA-125) suggest a possible 
recurrence. However, due to the tumor location in the 
abdominal and pelvic peritoneum and the propensity for 
diffuse small-volume disease, recurrent EOCs are clinically 
detected and located in most patients when the lesions are 
larger than about 2 cm; alternatively, invasive procedures 
(second-look laparatomy) should be adopted [42]. The 
positive prognostic impact of early diagnosis of relapse 
(detection of small lesions less than 0.5 cm) as well as of the 
assessment of response at the end of treatment could be fully 
exploited only if noninvasive in vivo imaging techniques 
with high sensitivity and specificity are successfully applied. 

 The role of imaging is to detect and characterize adnexal 
masses as likely malignant, recognize unusual findings that 
may suggest a typical pathology, demonstrate metastases in 
order to prevent under-staging and detect a specific size of 
disease that may be unresectable [43]. A strategy for 
diagnosis of ovarian benign, borderline malignant and 

malignant masses with MRI incorporates signal intensity 
characteristics into morphologic features [44]. 

 A retrospective study showed that gadolinium-enhanced 
spoiled gradient-echo MRI depicted residual tumor in 
women with treated ovarian cancer with an accuracy, 
positive predictive value and negative predictive value that 
were comparable with those of laparotomy reassessment and 
superior to those of serum CA-125 values alone [45]. How-
ever, the specificity of MRI of the pelvis may be substan-
tially limited by the presence of post-surgical anatomical 
alterations. On the other hand, 

18
F-FDG-PET has been found 

to be very sensitive in detecting recurrent or persistent 
ovarian cancer [46], while the combined functional-anatomic 
imaging given by PET/CT may substantially improve 
sensitivity and specificity of imaging studies [47, 48]. 
However, false-negative 

18
F-FDG PET imaging of tumors of 

the reproductive tract or misinterpretation of metastatic 
involvement of lymph nodes may derive from artifacts 
associated with physiologic accumulation of the radiotracer 
in the urinary route [49]. These considerations suggest the 
interest of further investigating the potentialities of alter-
native imaging approaches in ovarian cancer, such as in vivo-
localized MRS and Cho-PET, especially for the discri-
mination of scars from recurrent disease and evaluation of 
therapeutic response. 

EVIDENCE AND MOLECULAR BASES OF ALTE-
RED CHOLINE METABOLISM IN BREAST AND 

OVARY CANCER CELLS 

Abnormal Levels of Choline Metabolites 

 Quantitative high-resolution 
1
H-MRS analyses at high 

field allowed us to measure a tCho content of 5.2 ± 2.4 
nmol/10

6
 cells (corresponding to a cellular average concen-

tration of about 2.0 mM) in aqueous extracts of normal ovary 
surface epithelial cells or their immortalized non-tumoral cell 
variants (EONT) [15]. With respect to this basal level, the 
tCho content measured in different EOC cell lines (SKOV3, 
OVCA432, CABA I, IGROV1, OVCAR3) reached much 
higher intracellular levels (4.0 to 7.0 mM). The most 
remarkable feature was a 3.0- to 8.0-fold increase in PCho in 
EOC with respect to EONT cells. Fig. (1) shows a typical 
example of increased intensity and altered composition of 
the tCho spectral profile in a EOC cell line as compared to 
normal cells. The average percent contribution of this 
metabolite to the overall tCho resonance profile increased 
from about 50% in EONT to 70-90% in EOC cells. In 
parallel, the GPC/PCho ratio underwent a ten-fold decrease 
(a phenomenon already reported for some oncogene-trans-
formed and cancer cells, and known as the “GPC-to-PCho 
switch” [6, 50]). 

 Significant increases in tCho and PCho (P<0.05) have 
also been reported for tumorigenic, highly metastatic breast 
cancer cell lines (such as MDA-MB 435; MDA-MB 231) as 
compared to human mammary epithelial cells (HMEC) and 
their immortalized non-tumoral cell variants [6, 9]. In fact, 
the overall computed concentration of tCho increased from 
about 0.2 mM in HMEC to 2–4 mM in breast cancer cells, 
with an average PCho contribution of about 80% to the tCho 
spectral profile. It is worth noting that MRS analyses of 
aqueous extracts of samples isolated from breast cancer 
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lesions and non-involved breast tissues confirmed that the 
average total amount of tCho was more than ten-fold higher 
in tumors [51]. 

 The observed changes in PCho contents in both breast 
and ovary cancer cells with respect to their normal or non-
tumoral immortalized counterparts, did not correlate with 
differences in cell doubling time [6, 15]. This finding 
represents an important issue in the elucidation of molecular 
mechanisms associated with altered choline metabolism in 
cancer. Against previous assumptions (reviewed in ref 3), the 
present body of evidence supports the general hypothesis 
that an increased PCho concentration is not a simple 
indicator of incremented phospholipid production (necessary 
to cancer cells to cope with higher proliferation require-
ments), but more likely results from activation of different 
PC-cycle enzymes, under genetically induced changes in 
growth factor-mediated cell signaling pathways [6, 16, 17]. 

 The alterations measured in steady-state contents of 
different choline phospholipid metabolites allowed a clear-
cut discrimination (P<0.0001, within 95% confidence limits) 
of EOC from EONT cells, on the basis of two-dimensional 
metabolic maps constructed by plotting either the PCho/tCho 

or the GPC/tCho ratio versus the absolute tCho concen-
tration. This striking separation of EOC from EONT into 
independent metabolic clusters, together with the prevalent 
contribution of PCho to the tCho profile, supports the value 
of utilizing ovarian carcinoma cell lines as a model for 
further investigating the biochemical mechanisms respon-
sible for these MRS-detected metabolic features in epithelial 
cancer cells [15]. 

Activation of Phosphatidylcholine-Cycle Enzymes 

 The observed increases in intracellular PCho content in 
ovary and breast cancer cells may in principle result from 
activation of different biosynthetic and/or catabolic PC-cycle 
pathways [16] as outlined in Fig. (2). 

 The major enzymes which may contribute to alterations 
in the intracellular pools of different PC precursors and cata-
bolites, such as PCho, GPC and Cho, are shortly discussed. 

 The de novo biosynthesis of PC occurs via the three-step 
Kennedy pathway (also known as cytidyldiphospho-choline 
(CDP-Cho) pathway) in which choline is phosphorylated 
into PCho by choline kinase (Chok), PCho is converted into 
CDP-choline by cytidylyltransferase (ct) and CDP-choline is 

Fig. (1). Left: Typical examples of
1
H MR spectra (9.4 T) of aqueous extracts of an epithelial ovary cancer cell line (IGROVI) and non-

tumoral ovarian surface epithelial cells (OSE). Right: expanded spectra (16.5 T) of the tCho resonance profile (3.2 ppm).

Peak assignments: tCho, total choline-containing metabolites; GPC, glycophosphocholine; PCho, phosphocholine; tCr, creatine and 

phosphocreatine; glx, glutamine and glutamate; ac, acetate; lac, lactate; TSP, trimethylsilylpropionate (reference).
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incorporated into PC by choline phosphotranferase (pct) 
[52]. While ct mediates the rate-limiting step of the pathway, 
Chok acts as a regulatory enzyme for PC biosynthesis. As an 
example of Chok regulation, the intracellular activity rate 
measured for this enzyme in 3T3 fibroblasts (1.2 ± 0.2 
nmol/10

6
 cells·h) undergoes a 2- to 3-fold increase following 

growth factor-induced cell stimulation [53] or H-ras
transformation [54]. 

The Chok activity measured in our laboratory in EONT cells 
was only 0.6 ± 0.1 nmol/10

6
 cells·h but increased 12- to 24-

fold (P< 0.001) in EOC cells [15]. 

 The increases in Chok activity and PCho levels in EOC 
cells are in agreement with a substantial body of evidence 
reported in the literature on implications of this enzyme and 
its choline-containing product in human carcinogenesis. 
Elevated Chok activity has been reported in a variety of 
cancers, including lung, colon and prostate tumors [55] and 
in breast carcinomas [56]. Moreover, Chok activation has 
been found in about 40% of breast tumor tissues, in which it 
was associated with clinical indicators of increased 
malignancy, such as high histologic tumor grade and ER–
negative status [56]. In addition, Chok overexpression/ 
activation has been shown to be a critical requirement for the 
proliferation of human mammary epithelial cells (HMEC) 
and for breast tumor progression [57], while a specific Chok 
inhibitor (MN58b) efficiently blocked receptor-induced 
proliferation of in vitro cultured breast tumor cells and 
inhibited their in vivo growth in animal models [57, 58]. In 

general agreement with the reported overexpression and 
increased activity of Chok in malignant cells and tumors, 
RNA-interference-mediated Chok suppression in breast 
cancer cells induced cell differentiation and reduced in vitro 
cell proliferation [59]. 

 In this context, the different rates of Chok activity 
measured in EOC and EONT cells warrant further investi-
gations to elucidate to which extent activation of individual 
isoforms of this enzyme [60] may act as possible pharmaco-
dynamic endpoints of new cancer therapies, either based 
upon specific Chok inhibition [61] or upon selective targe-
ting against cell signaling pathways involved in Chok 
regulation. 

 An important implication of enhanced Chok activity in 
breast and ovary cancer cells is the expected increase in the 
phosphorylation of a radiolabeled choline tracer transported 
from the medium into intracellular compartments. In vitro
measurements on uptake of 

14
C-choline by ovary epithelial 

cells [15] actually showed that the incorporation of this 
radiotracer into the cells was (within 1 hour) 5- to 15-fold 
higher in EOC than in EONT cells (P<0.0001). Recent 
analyses by Yoshimoto et al [62] showed 1.5- to 4.0-fold 
increases in the average [

14
C]-Cho uptake by a wide variety 

of cancer cells as compared to non-tumoral fibroblasts, with 
a radiolabel distribution mainly confined (within 45 min) to 
water-soluble choline metabolites. In fact, 

14
C-PC reached, 

in this time window, levels lower than 5% of the total pool 
of

14
C-labeled compounds. Moreover, [

14
C]-Cho uptake 

Fig. (2). Schematic representation of phosphatidylcholine (PC) de novo biosynthesis and catabolism. Metabolites: CDP-Cho, cytidine 

diphosphate choline; Cho, choline; DAG, diacylglycerol; FFA, free fatty acid; G3P, sn-glycerol-3-phosphate; GPC, glycerophosphocholine; 

LPA, lyso-phosphatidate; PA, phosphatidate; PCho, phosphocholine. Enzymes: Chok, choline kinase (EC 2.7.1.32); ct, cytidylyltransferase 

(EC 2.7.7.15); lpl, lysophospholipase (EC 3.1.1.5); pct, phosphocholine transferase (EC 2.7.8.2); pd, glycerophosphocholine 

phosphodiesterase (EC 3.1.4.2); plA2, phospholipase A2 (EC 3.1.1.4) and plA1, phospholipase A1 (EC 3.1.1.32); pla, phospholipase a; plc,

phospholipase C (EC 3.1.4.3); pld, phospholipase D (EC 3.1.4.4). 
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correlated with Chok activity and with [
3
H]-thymidine 

incorporation (a well known index of cell proliferation). 
Similar mechanisms and rates of radiolabeled choline uptake 
and accumulation into water-soluble PC precursors of tumor 
cells can be predicted to take place in 

11
C- or 

18
F-Cho PET 

examinations [63, 64] of ovary cancer cells in vivo, and 
could form the basis for the prediction of differential 
standard uptake (SUV) ranges for normal and malignant 
tumor lesions, following a bolus administration of the 
radiotracer. It is worth emphasizing that, according to these 
in vitro uptake analyses [15, 62], the “metabolic window” of 
in vivo PET examinations is mainly confined to Cho 
transport and phosphorylation in the Kennedy pathway, the 
higher SUV values of radiolabeled Cho in tumors most 
likely reflecting increased cell proliferation. 

 On the other hand, regarding the biological meaning of 
MRS signal variations, multiple pathways may contribute to 
the enhanced PCho levels detected under the tCho profile of 
tumor cells. In fact, although Chok activation likely 
represents a key issue in the interpretation of abnormal PCho 
contents in EOC cells, no statistically significant correlation 
was found between Chok activity rates and PCho levels 
detected in the different EOC cell lines investigated [15]. 
This result suggests the interest of further investigating the 
role of both biosynthetic and catabolic PC-cycle pathways in 
PCho accumulation in cancer cells.  

 Three major catabolic pathways can contribute to the 
formation of a MRS-detected intracellular PCho pool: PC 
hydrolysis into PCho and diacylglycerol, mediated by a 
specific phospholipase C (PC-plc); combination of phos-
pholipase D (pld)-mediated PC degradation into Cho and 
phosphatidate and further Cho phosphorylation by Chok into 
PCho; phosphodiesterase (pd)-mediated hydrolysis of GPC 
into Cho and glycerophosphate and subsequent Cho phos-
phorylation [65]. The last reaction represents the terminal 
step of PC degradation along the deacylation pathway 
mediated by the combined action of phospholipases A2 and 
A1 and lysophospholipases (lpl). 

 Assays on PC catabolism carried out in our laboratory by 
measuring Cho formation in total cell lysates of EONT and 
EOC cells following addition of a monomeric, short-chain 
PC (1,2-dihexanoyl-sn-glycero-3-phosphocholine, C6PC) 
showed that PC-plc activity increased 9- to 15-fold in EOC 
cells, while pld was only activated about 2- to 3-fold in 
some, but not in all EOC cells and GPC-pd activity increased 
about 2- to 4-fold 

(1,2)
. Furthermore, Western blotting and 

confocal laser scanning microscopy experiments showed that 
PC-plc activation in EOC cells is associated with massive 
expression of this enzyme on the outer plasma membrane 
surface of EOC cell lines, as well as on that of cells isolated 
from patient ascitic exudates 

(1)
.

 The overall body of results overviewed in this section 
shows that both biosynthetic and catabolic PC-cycle 
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pathways may contribute to the increased MRS-detected 
PCho levels in cancer cells, while increased radiolabeled 
Cho uptake in PET examinations is mainly due to Cho 
transport into the cell and subsequent phosphorylation in the 
Kennedy pathway. 

1
H MRS OF BREAST CANCER 

Background 

 A number of in vivo localized 
1
H-MRS clinical studies 

conducted in the last decade reported increases in the area of 
the tCho peak detected in primary breast tumors larger than 1 
cm of diameter [66-82], supporting the proposal that this 
spectral parameter may represent a useful biomarker for 
noninvasively testing malignancy in breast lesions. 

 Fig. (3) shows an example of in vivo
1
H-MRS exami-

nation of an infiltrating ductal carcinoma compared with 
healthy gland tissue in the same breast. 

 When 
1
H-MRS was integrated in a complete imaging 

protocol, it was reported to improve the specificity of breast 
MRI [77] and was suggested as a useful adjunct to MRI for 
reducing the number of lesions proposed for biopsy on the 
basis of MRI examinations alone [82]. Moreover, prelimi-
nary results of an inter-observer performance study at 4.0 T 
[80] showed that addition of 

1
H-MRS to MRI significantly 

improved the radiologist ability to distinguish benign from 
malignant breast lesions. 

 The potentiality of in vivo and in vitro MRS analyses in 
the evaluation of nodal status was investigated, with 
promising results, in patients with breast cancer, using 
choline metabolites as biomarkers for metastasis [83-85]. 

 Furthermore, decreased levels of choline-containing 
metabolites were reported in tumors following response to 
neoadjuvant therapy [70]. 

Technical Aspects and Interpretation 

 The most commonly used 
1
H MRS approach in breast 

cancer diagnosis and follow-up is single voxel spectroscopy 
(SVS). The application of multivoxel two-dimensional che-
mical shift imaging (CSI) methods is still in a preliminary, 
although very promising phase [78, 81]. 

 The SVS approach is based upon the acquisition of a 
single spectrum acquired from a single voxel corresponding 
to the volume of interest (VOI) positioned on the MRI-
detected lesion, usually a contrast-enhancing mass. This VOI 
is spatially defined using images obtained or reconstructed 
along the three orthogonal planes. The VOI should exactly 
comprise the mass to be examined, limiting as much as 
possible contamination from surrounding tissues, particularly 
from fat. This method requires previous identification of the 
lesion by DCE-MRI and takes advantage of the lack of any 
significant relaxation effect induced by the paramagnetic 
agent on the 

1
H-MRS tCho signal [69], probably due to the 

basically different location of choline metabolites (intra-
cellular space) and Gd-chelates (vascular and extracellular 
space). 

 According to our in vivo experience using a 1.5 T unit 
(Sonata, Siemens, Erlangen, Germany), before applying a 
SVS

1
H-MRS sequence, it is important to optimize the local 
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field homogeneity by means of a software-guided shimming
procedure and to verify the effectiveness of pre-pulses 
utilized for water and fat signals’ suppression. Specific 
pulses are in fact dedicated to reduce as far as possible the 
resonances arising from these molecules, largely present in 
breast tissues (in particular, the water peak in the 4.2 to 5.2 
ppm spectral region, with central frequency at 4.7 ppm, and 
the major fat peaks in the regions 0.0 – 2.5 ppm and 5.1 – 5.7 
ppm). In the absence of this procedure, the remaining 
metabolites would be practically undetectable. 

 The most commonly used SVS sequences are point-
resolved spectroscopy (PRESS) or stimulated echo 
acquisition mode (STEAM). The signal intensity is higher 
(about double) in PRESS than in STEAM. However, 
STEAM is less sensitive to modulations of signal intensity 
by J-coupling between nuclear spins, and allows application 
of more effective techniques of water and fat suppression 
[86]. 

 As typical of MR measurements, a larger number of 
excitations (NEX) leads to a higher signal-to-noise (S/N) 
ratio, at the cost of a longer acquisition time. In our clinical 
experience using a PRESS sequence, acquisition of spectra 
of good quality for a VOI of at least 1 cm

3
 requires 512 

NEX. As a consequence, the acquisition time is near 13 min 
(3)

. Post-processing is performed using relatively 
standardized protocols including several steps before/after 
Fourier transform, such as application of filters (exponential, 
gaussian, Hanning’s, rectangular); frequency, phase, and 
baseline correction; and curve fitting for spectral profile 
optimization. An appropriate software then provides peak 
labeling and integration. 

 The detection of tCho in the 3.14-3.34 ppm spectral 
region is related to malignancy of tissues in the selected 

                                               
3 Fausto A, Sardanelli F. Value of proton spectroscopy added to a highly spatially 

resolved Gd-enhanced MR study of the breast. Proceedings 91th RSNA 2005: 177. 

VOI. In this spectral range a number of metabolites are 
detected, including Cho, PCho, GPC, myoinositol, and 
taurine, whose contributions to the tCho spectral profile are 
difficult to separate at 1.5 T. Some authors adopted a S/N 
threshold of 4.0 for the tCho signal, measuring the noise in 
the 7.0 to 9.0 ppm spectral region (where no peaks are 
detected) [81]. A relevant contribution to the analysis of the 
tCho peak has been recently given by Stanwell and 
coworkers [79], in a study at 1.5 T on 43 asymptomatic 
volunteer women (including three breast feeding mothers) 
compared with 21 breast cancer patients. Using a particular 
post-processing program optimized for spectral resolution, 
the diagnostic specificity could be improved from 80% to 
100%, by discriminating breast malignant tumors from three 
false-positive and the three lactating breasts, on the basis of 
the different position of the tCho central frequency. In fact 
the tCho signal was found to be shifted from 3.22 ppm 
(consistent with PCho) in tumors to 3.28 ppm (possibly due 
to myoinositol, taurine and GPC) in the breast of false-
positive volunteers or lactating mothers. Moreover, in one 
third of the malignant tumors, the tCho profile centered at 
3.22 also comprised signal components at 3.28 and 3.04 ppm 
(the latter being the typical frequency of creatine and 
phosphocreatine) [79]. 

 Finally, the possibility of absolute quantification of tCho 
has been demonstrated in vivo both at 1.5 T and 4.0 T [67, 
71, 76, 80]. The lowest detectable level of tCho reported at 
1.5 T was 0.2 mM (echo time 31 ms, 1 cm resolution) [67], 
while a concentration of 2.0 mM was first reported for a 
breast cancer lesion in vivo by Bakken et al. [71], in agree-
ment with in vitro measurements. Absolute quantification at 
4.0 T reported by Meisamy et al. [80] using a method 
developed by Bolan et al. [76] showed that the tCho level in 
malignant lesions ranged from 0.0 to 8.5 mM (mean value 
2.2 mM), as compared to a range of 0.0 - 1.1 mM (mean 0.21 
mM) in benign lesions. 

Fig. (3). Comparison between an infiltrating ductal carcinoma (A) and healthy gland tissue (B) of the same breast (in vivo single-voxel 
1
H-

MRS - PRESS sequence, TE 136 ms - after Gd-enhanced dynamic study at 1.5 T). On the right of both spectra, three images obtained on 

orthogonal planes (from top to bottom: postcontrast subtracted axial, precontrast coronal, reformatted postcontrast subtracted sagittal) with 

indication of the selected volume of interest (VOI, about 2 cm
3
 for both the tumor and the healthy gland tissue). Note the evident total 

choline peak (3.2 ppm, integral = 6.1 arbitrary units) for the tumor and the absence of a detectable peak, in the same spectral interval, for the 

healthy gland tissue. 
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 More detailed information on the individual metabolites 
contributing to the in vivo tCho spectral profile (with 
evidence on the prevalence of the PCho component) could be 
obtained by ex vivo (or in vitro) high resolution 

1
H MRS 

analyses of breast tumor specimens (or their aqueous 
extracts) [51, 87-89]. Among these approaches, the techni-
que of high resolution magic angle spinning (HR MAS) is 
particularly powerful. In fact, it allows comparative exami-
nation of the tCho spectral profile of a given cancer lesion in
vivo with that of its fine-needle or surgical biopsies analysed 
ex vivo at a resolution comparable to that of conventional 

1
H-

MRS analyses on cell extracts [90], whilst maintaining the 
possibility of further histological analysis of tissue samples 
[89]. The HR MAS approach is based on the application of a 
rapid spinning to an intact tissue sample around the so-called 
magic angle (54° 44’), whereby line broadening typical of 
semisolid or solid compartments is reduced to values 
comparable with that of slightly viscous liquids [91]. A 
combination of one- and two-dimensional HR MAS 

1
H MRS 

methods led to reproducible detection and assignment in 
breast cancer tissues of over thirty different metabolites, 
including that of choline-containing compounds [92]. Fig. 
(4) shows an example of HR MAS 

1
H MR spectral profile of 

the tCho resonance in a large-core biopsy from an infiltrating 
ductal carcinoma. Integration of in vivo and ex vivo MRS 
approaches are expected to improve the accuracy of MR in 
breast cancer diagnosis and staging. 

Fig. (4). 
1
H MRS tCho profile detected by high resolution magic 

angle spinning (HR MAS) analysis at 9.4 T in a tissue sample 

isolated from a large-core biopsy of breast primary infiltrating 

ductal carcinoma. 

Clinical Results 

 Clinical studies using 
1
H-MRS to characterize breast 

lesions showed interesting results, even though the number 
of patients enrolled by each of them was relatively low. A 
meta-analysis by Katz-Brull and coworkers in 2002 pooled 
the results of five studies published between 1998 and 2001, 
concerning a total of 153 breast tumors, one hundred of them 
referred to histologic analysis as the gold standard [73].The 
sensitivity of 

1
H-MRS resulted to be 83% (CI 95%, 73 89%) 

and the specificity 85% (CI 95%, 71% 93%). However, 
excluding technically inadequate measurements (low signal-
to-noise ratio), both sensitivity and specificity reached 92%. 
The limit of this analysis is the obvious inhomogeneity of 
inclusion criteria, spectroscopic sequences and post-proces-
sing. 

 Our direct experience confirmed the value of combining 
1
H-MRS with DCE-MRI of breast lesions

(3,4)
. We considered 

a series of 244 consecutive patients studied (from January 
2003 to November 2004) by breast DCE-MRI at 1.5 T using 
a voxel of 1 mm

3
. One hundred eighteen patients had a 

negative result (no enhancing lesions or enhancing foci less 
than 5 mm in diameter) and two patients interrupted the 
examination. In the remaining 124 patients we performed 
151 SVS 

1
H-MRS acquisitions using PRESS sequence 

(TR/TE=1500/136 ms) with a mean voxel of 2.9 ± 2.2 cm
3

(range 1-8 cm
3
) and a mean acquisition time of about 13 

min. A technically inadequate spectrum (low signal-to-noise 
ratio) was obtained in three patients due to movement 
artifacts. The gold standard was histological examination 
after surgical excision for lesions scored as BI-RADS [93] 4 
or 5, core-biopsy or 1-year follow-up for those scored as BI-
RADS 2 or 3. Using a threshold of 2.0 for the tCho peak 
integral (retrospectively defined on the first 17 cases, under 
internally standardized instrumental conditions), the sensiti-
vity of 

1
H-MRS was 90% (equal to the sensitivity of the 

dynamic contrast-enhanced MRI study) while specificity was 
higher (89%) than that of DCE-MRI (81%). The results 
indicated that a gain in specificity of 8% could be obtained 
thanks to 

1
H-MRS. The trade-off of this gain was paid in 

terms of a longer time of MR examination, prolonged for 
only about 15 min, with a total examination time for breast 
DCE-MRI and MRS of about 30 min. Importantly, excluding 
the lesions smaller than 10 mm in diameter (for which a 
contamination by breast tissues surrounding the lesion is 
likely) 

1
H-MRS reached a sensitivity of 97%. 

 Clinical perspectives of 
1
H-MRS of the breast are not 

exclusively limited to lesion characterization. The tCho peak 
already disappeared or decreased in early phases of 
neoadjuvant chemotherapy in 89% of locally advanced 
tumors which showed the tCho peak before treatment [70]. 
In the evaluation of nodal metastases, 

1
H-MRS, compared 

with fine-needle aspiration cytology of suspicious nodes, 
showed a sensitivity of 82% and a specificity of 100% 
(accuracy 90%) [83]. Finally, an interesting correlation 
between the tCho tumor concentration and the presence of 
metastatic lymph nodes was demonstrated at 4 T 

(5)
.

1
H MRS OF OVARY CANCER 

 According to multivariate analysis of 
1
H MRS spectra of 

ex vivo biopsy specimens isolated from ovarian cancer 
lesions [94, 95], the tCho spectral region was identified as 
one of the important classification regions (3.3, 3.2, 3.0, 2.8, 
1.7, and 1.5 ppm) relevant to discrimination between benign 

                                               
4 Fausto A, Iozzelli A, Sardanelli F. Isotropic high resolution (1-mm3) MR dynamic 

imaging and single-voxel proton spectroscopy of the breast. An effective way to 

present morphology, dynamics, and metabolism of breast lesions. Eur Radiol 2004; 14 

(Suppl 2): 382. 
5 McIntosh A, Bolan PJ, Meisamy S, et al. Using quantitative choline measurements to 

predict axillary node status in human breast cancer, in vivo. Proceedings Intl Soc Mag 

Reson Med 2005: 132. 
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and malignant tissue samples. These findings suggested the 
interest of focussing on the identified spectral regions in 
future 

1
H MRS analyses of ovarian tumors in vivo. More-

over, significantly higher levels of choline metabolites (P = 
0.0009) were found in malignant (mean value 42 mol/L; 
range 19-113 mol/L) than in benign cyst fluids (mean value 
15 mol/L; range >2-163 mol/L) [96]. 

In vivo MRS is still at its infancy for ovarian cancer and, 
accordingly, few clinical reports are available from literature 
search. In two different studies, both evaluating a limited 
number of large lesions or tumors of the female pelvis, 
different metabolites (Cho, lactate, lipids and creatine) were 
measured by single-voxel proton MRS. The use of this 
approach showed significant differences in metabolites’ 
concentrations between benign and malignant ovarian 
tumors and pelvic abscesses. Interestingly, the tCho signal 
was found only in ovary carcinoma, suggesting a potential 
clinical application of this methodology [97, 98]. 

 Our pioneering clinical experience with the application of 
a 3D multi-voxel 

1
H MRS protocol allowed a clear detection 

of the tCho peak in malignant areas of an adnexal mass in
vivo (Fig. (5)). 

 Our experience was also extended to preclinical models 
of human ovary cancer, in which the detection of a high tCho 
peak represented a spectral feature of both orthotopic and 
heterotopic cancer lesions, obtained by either intrapelvic or 
subcutaneous injection of human ovary carcinoma cells in 
immunodeficient mice (Fig. (6)). The use of these models 
appears of particular interest for investigating the correla-
tions between the tCho resonance and other biological 
characteristics of the ovary tumors [99] and for evaluating 

the use of this signal as possible surrogate biomarker of 
cancer response to conventional or innovative therapies 
[100-102].

METABOLIC IMAGING BY PET  

General Background 

 A molecular imaging method such as PET can establish 
metabolic or functional parameters of tissues and may help 
to distinguish between viable tumor masses and masses 
consisting of necrotic or scar tissue. The PET principles, 
instrumentation and methodological considerations are 
excellently described in recent reviews [103-106]. Major 
advantages of PET over conventional imaging methods are 
the ability to convey functional information and the possi-
bility to provide quantitative information on regional radio-
pharmaceutical concentration. Another strength of PET, as 
compared to other radiotracer imaging methods such as 
single-photon emission tomography (SPECT), is the possi-
bility to utilize a wide range of radiopharmaceuticals. PET 
radiotracers are based on isotopes such as fluorine (

18
F) and 

carbon (
11

C); they strongly differ in the half-life of positron 
emission (respectively 110 and 20 min), so that 

11
C-PET 

requires in-house radiotracer production and has a limited 
imaging time-frame. Apart from the isotope characteristics 
and the chemical procedure needed for radiolabeling, the 
final choice of the radiotracer is mainly dictated by its 
availability, the known physiological fate of the metabolite 
and the expected alteration in its metabolism in tumor cells. 
Accordingly, the most commonly used radiotracer in routine 
clinical applications is FDG, a radiolabeled glucose analog 
that allows monitoring of increased glucose metabolism in 

Fig. (5). 3D multivoxel 
1
H-MRS of an epithelial tumor of the left ovary at 1.5 T (STEAM sequence, TE 120 ms). On the right of the 

spectrum, three images obtained on orthogonal planes (from top to bottom: axial, sagittal, and coronal) with superimposition of the global 

VOI subdivided into multiple slices. Each slice was further subdivided in multiple small voxels, each of them associated with a single 

spectrum. The spectrum was obtained from the voxel indicated by the small white-bolded square. The scanning resolution is about 1.7 cm
3
.

The total choline peak (3.2 ppm) is well depicted as the highest one in the spectral interval shown here. However, the value of the peak 

integral is about 100 times smaller than that shown for the case of single-voxel 
1
H-MRS of the breast tumor in Fig (3) A. This is due to the 

different size of the volume resolved using the two 
1
H-MRS techniques.  
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body tissues in relation to the well known altered glycolysis 
of tumor cells. The biochemical behavior of FDG can be 
summarized as follow: it is transported into cells and 
phosphorylated by the same enzyme (hexokinase) acting on 
glucose but, unlike glucose, it cannot be further processed 
along the glycolytic pathway in most tissues, including 
tumors; therefore, phosphorylated FDG is metabolically 
trapped in the cell. However, the normal physiological 
uptake of FDG in certain tissues (as bowel) and its excretion 
through the renal system may alter the diagnostic accuracy of 
FDG-PET and limit the application of this method to 
malignancies in the abdomen and pelvis. Besides the general 
precautions adopted for PET imaging, specific patient prepa-
ration procedures are therefore suggested for imaging these 
regions. 

 Other radiotracers, which characterize tumor biology on 
the basis of metabolic patterns different from glucose 
accumulation, are under active research. Table 1 summarizes 
their main features and applications for breast and/or ovary 
cancer imaging. 

 Although innovative tracers move slowly to the clinic, 
they present some important advantages as compared to 
FDG, because they are able to probe metabolic pathways 
more specifically connected with the disease of interest and, 

accordingly, are expected to be more accurate in early 
diagnosis or in therapy response evaluation. Furthermore, in 
the vast majority, these radiotracers are not physiologically 
excreted through the kidneys and bladder and therefore 
appear more suited for evaluating a local disease in the 
pelvis. 

 Finally, in recent years, there has been an improvement 
in instrumentation [103-106] and recent studies have focused 
on the added value of the dual PET/CT modality. Fused PET 
and CT images provide oncologists with two pieces of 
critical information within a single session, i.e. both the 
extent of viable tumor and its exact location. Initial studies in 
patients with different tumor types have confirmed that 
PET/CT both in pretreatment planning and in follow-up 
evaluations has a significant impact on radiotherapy mana-
gement in lung and in head and neck cancer. Evaluation of 
PET/CT for radiation treatment planning is still in its nascent 
stage, still lacking rigorous randomized trials, but the method 
certainly shows an early promise [109]. 

Clinical Applications to Breast and Ovary Cancer 

 As summarized in Table 1, FDG-PET has now entered 
the clinical practice and its use in breast cancer can be very 
helpful in many common situations. The major areas of 

Fig. (6). Examples of MRI and 
1
H-MRS analyses (4.7 T) of intraperitoneal (ip) and subcutaneous (sc) xenografts of human ovary cancer 

cells (OVCA432) in SCID mice. 
1
H MR images and spectra were obtained about 50 days after ip or sc injection of 10

6
 cells. Transverse 

images were obtained with a gradient echo technique (TR/TE=183/5.3 ms,  = 20°, 15 contiguous slices, 1 mm thickness, FOV = 30 x 30 

mm, matrix 128 x 128, corresponding to in plane resolution of 0.23 x 0.23 mm, 2 averages). 
1
H MR spectra were acquired from the voxels 

indicated in the respective images, by using a PRESS sequence (TR/TE = 1500/23 ms, ROIs ranging from 8 to 40 l, number of averages 

ranging from 256 to 1024) preceded by 3 CHESS pulses for water suppression. 
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application and the limits of this method in initial diagnosis 
are excellently described in recent reviews [105, 108]. In 
summary, initial diagnosis of invasive breast cancer is 
possible with an overall specificity of 92%, but false-
positives do occur in some benign inflammatory conditions 
and in fibroadenoma; the sensitivity varied in different 
studies between 84% and 93%. In addition, several studies 
have shown that the breast tumor size significantly affects 
FDG-PET scan results, the sensitivity for tumors smaller 
than 1 cm being 57%, as compared with 91% for tumors 
larger than 1 cm. Improvements in spatial resolution and 
scanner sensitivity are needed to increase the accuracy of 
diagnosis. The performance of FDG-PET imaging in breast 
cancer staging is different depending on the site of regional 
lymph nodes. The axillary lymph node involvement was 
initially detected with a 85-90% of sensitivity; however, in a 
more recent series of studies with a larger fraction of T1 
primary tumors, a situation more similar to the typical 
screened populations, the sensitivity dropped to a level as 
low as 50%. In contrast to the mixed results of FDG-PET in 
axillary lymph node staging, PET resulted to be consistently 
useful in assessing disease spread to the internal mammary 
chain and mediastinal lymph nodes, which are important 
prognostic factors in patient management. 

 A review article suggests that PET, in its current format, 
cannot replace sentinel node biopsy but, due to its high 
specificity, may be useful in determining the extent of local 
and systemic disease [110]. Furthermore, an accurate meta-
analysis estimated the pooled sensitivity, false positive rate, 
and the maximum joint sensitivity and specificity of the 
diagnostic performance of FDG-PET in the evaluation of 
breast cancer recurrence and metastases. The pooled sensi-

tivity was 90% (95% confidence interval 86.8-93.2) and the 
pooled false positive rate was 11% (95% confidence interval 
7.8-14.6) after the exclusion of outliers, indicating that FDG-
PET is a valuable tool for detecting breast cancer recurrence 
and metastases [111]. 

 Finally, recent reports of PET or PET/CT imaging with 
less used or even new tracers indicate the possibility to open 
new avenues for future clinical usage at least in some 
specific areas, such as evaluation of bone metastases in 
patients with prostate and breast cancer by 

18
F-choline [36]; 

early identification of responders to chemotherapeutic 
treatments with 

18
F-FLT [105, 108, 112]; assessment of the 

response to endocrine treatment by 
18

F-FES [113]; and 
determination of the presence of cell-surface receptors 
suitable for following targeted therapies by engineered 
antibody fragments labeled with 

64
Cu or 

124
I [108]. However, 

prospective studies with large patient groups will be essential 
to define the exact diagnostic role of these approaches in 
different clinical settings. 

 Following some pioneering studies in early 1990’s [114, 
115] PET has also been more widely applied as imaging 
procedure for primary diagnosis and detection of ovary 
cancer recurrence [reviewed in 107, 116]. Although 
excretion through the urinary tract could limit 

18
F-FDG

application for detecting tumors in the pelvis, most of studies 
have been performed with this tracer. The major conclusions 
of recent reviews are that 

18
F-FDG-PET has limited value in 

early diagnosis, while, due to its high sensitivity and specifi-
city, can be useful in identifying patients with suspected 
recurrent tumor. In addition, in both the female and male 
reproductive tract, whole body imaging with FDG-PET is 

Table 1. Tracers Currently Used in Breast and/or Ovary Cancer PET Imaging
a

Metabolite (analog) Isotope
b
 Use in breast cancer Use in ovary cancer 

Energy metabolism 

Fluorodeoxyglucose 

(FDG) 18F

Most frequently used. Approved by CMSc as an 

adjunct for staging in patients with distant metastasis or

locoregional recurrence and for monitoring tumor 

response to treatment 

Most frequently used in primary staging and 

recurrence detection 

DNA metabolism (cellular proliferation) 

Thymidine 11C No data Limited studies 

Fluorothymidine (FLT) 18F Limited studies No data 

Protein metabolism (amino acid transport and metabolism) 

Methionine 11C Limited studies Limited studies in primary staging 

Cell membrane uptake (cellular proliferation) 

Choline 11C/18F Limited studies at preclinical level Limited studies in primary staging 

More specific tracers 

16 -Fluoroestradiol 

(FES) 

11C For assessment of anti-estrogen response No data 

a The majority of information is reviewed for ovary cancer in ref [107] and for breast cancer in ref [105] and [108]. 
b Half-life: 18F = 110 min; 11C = 20 min. 
c CMS = Centers for Medicare & Medicaid Services. 
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capable of visualizing lymph-node and distant metastases 
before these changes become apparent on conventional 
cross-sectional imaging modalities [117]. 

 Only few authors attempted ovary cancer PET imaging 
with alternative tracers, such as 

11
C-Methionine [115] and 

11
C-Choline [118]; the relative advantage of only minimal 

radioactivity in the urinary tract and bladder was counter-
balanced by a variable background activity in the intestine 
and the shorter time-frame for image acquisition due to the 
very short 

11
C half-life. Available studies are still limited by 

the relatively low number of patients and wide confidence 
intervals of the analysis, thus no conclusion about suitability 
of different tracers could be drawn. 

 Despite the present limitations, due to the rapid progress 
in molecular imaging, the development of new tracers and 
the increased knowledge in tumor metabolism, PET, either 
alone or in combination with CT, is expected in the near 
future to enter the routine clinical practice for detecting 
ovarian cancer recurrence and early response to treatment. In 
this framework, Cho-PET may provide important contribu-
tions, especially in view of the high level of uptake of 
radiolabeled choline in human ovary cancer cells [15]. 

CONCLUSIONS AND FUTURE DIRECTIONS 

 The continuous progress in characterizing features and 
mechanisms of altered choline metabolism in tumor cells 
may lead to improvements in the effectiveness of nonin-
vasive imaging methods such as MRS and Cho-PET in 
cancer diagnosis and therapy response follow-up. 

 1
H-MRS studies conducted on breast and ovary cancer 

cells provided acquisition of an integrated set of information 
on altered choline metabolism during tumor progression. The 
tCho pool may reach in these cancer cells concentrations as 
high as 4 to 7 mM, PCho representing the most abundant 
component (80 ± 10%). Both biosynthetic and degradative 
PC-cycle enzymes likely contribute to the increased PCho 
levels. 

 1
H-MRS of the breast is on the way of converting from a 

role of a research tool to that of a possible clinical tool. Open 
problems are: i) sequence optimization, to obtain spectra 
with a good S/N ratio also for lesions less than 10 mm in 
diameter; ii) post-processing standardization with a higher 
spectral resolution within the tCho peak; iii) absolute 
quantification of tCho concentration in tumor tissues. 
Acquisition of metabolic maps of the breast using 3D multi-
voxel MRS imaging approaches are expected to provide 
powerful means to integrate anatomical and biochemical 
information at the clinical level. 

 The new body of evidence specifically acquired on 
altered choline metabolism in ovary cancer cells warrants 
further efforts to elucidate the value of integrating the current 
imaging modalities with the metabolic information provided 
by

1
H-MRS and Cho-PET approaches, to improve the strate-

gies of noninvasive diagnosis and therapy response 
follow-up. 
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