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Abstract
Purpose To assess the feasibility and first experience of
combined 18F-FDG-PET)/dynamic contrast-enhanced
(DCE) CT in evaluating breast cancer.
Methods Nine consecutive female patients (mean age
64.2 years, range 52–74 years) with primary breast
carcinoma were prospectively recruited for combined 18F-
FDG PET/DCE-CT. Dynamic CT data were used to
calculate a range of parameters of tumour vascularity, and
tumour 18F-FDG uptake (standardized uptake value, SUV-
max) was used as a metabolic indicator.
Results One tumour did not enhance and was excluded.
The mean tumour SUVmax was 7.7 (range 2.4–26.1). The
mean values for tumour perfusion, perfusion normalized to
cardiac output, standard perfusion value (SPV) and perme-
ability were 41 ml/min per 100 g (19–59 ml/min per 100 g),
0.56%/100 g (0.33–1.09%/100 g), 3.6 (2.5–5.9) and
0.15/min (0.09–0.30/min), respectively. Linear regression
analysis showed a positive correlation between tumour

SUV and tumour perfusion normalized to cardiac output
(r=0.55, p=0.045) and a marginal correlation between
tumour SUV and tumour SPV (r=0.19, p=0.065). There
were no significant correlations between tumour SUV and
tumour perfusion (r=0.29, p=0.401) or permeability
(r=0.03, p=0.682).
Conclusion The first data from combined 18F-FDG-PET/
DCE-CT in breast cancer are reported. The technique was
successful in eight of nine patients. Breast tumour meta-
bolic and vascular parameters were consistent with previous
data from 15O-H2O-PET.

Keywords Breast cancer . Tumour blood flow . Glucose
metabolism . 18F-Fluorodeoxyglucose . Dynamic
contrast-enhanced CT

Introduction

Breast cancer is the most common cause of cancer death in
women [1]. However, recent guidelines for stand-alone 18F-
FDG-PET generally do not recommend this modality for
initial staging of breast cancer [2]. There is presently a lack
of data on the use of combined 18F-FDG-PET/CT in
primary carcinoma of the breast [3]. It is well recognised
that combined PET/CT systems offer CT attenuation
correction and anatomical localization and this has added
value over PET stand-alone systems in a number of cancers
[4, 5]. However, there is also potential for using functional
CT imaging, which to date has been largely overlooked
despite the ability to obtain perfusion data without an on-
site cyclotron whilst minimizing partial volume effects
when evaluating tumour perfusion with PET [6].

PET/dynamic contrast-enhanced (DCE) CT can be used to
study important metabolic–flow relationships in tumours [7] as
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well as simultaneously staging the patient. Metabolic and
flow data are important in oncology, since they can predict
patient prognosis, and response to chemotherapy and radio-
therapy [8–12]. Here we report a prospective study of the
initial use and feasibility of combined 18F-FDG-PET/DCE-
CT in patients presenting with primary early breast cancer.

Materials and methods

Patients

Nine consecutive female patients (mean age 64.2 years; range
52–74 years) presenting with primary invasive carcinoma of
the breast (Table 1) were prospectively recruited for
combined 18F-FDG-PET/DCE-CT from the breast outpatient
clinic. All patients gave informed consent to undergo
investigation and the local ethics committee approved the
study. Histology was used to determine tumour grade, stage
and Nottingham Prognostic Indicator (NPI) [13].

PET/CT protocol

Following a 6-h patient fast, images were acquired 1 h after
injecting 200 MBq of 18F-FDG using a dedicated combined
PET/64-detector CT scanner. A reduced administered
activity was used to reduce patient radiation exposure for
this feasibility study, and thus imaging time was doubled. A
CT scan was performed (for attenuation correction) using
64×3.75-mm detectors, a pitch of 1.5 and a 5-mm
collimation (140 kVp and 80 mA in 0.8 s). Maintaining
the patient position, a whole-body 18F-FDG PET emission
scan was performed covering an area identical to that
covered by the CT scan. All acquisitions were carried out in
2-D mode (8 min per bed position). Transaxial emission
images of 3.27 mm thickness (pixel size 3.9 mm) were
reconstructed using ordered subsets expectation maximiza-
tion with two iterations and 28 subsets. The axial field of

view was 148.75 mm, resulting in 47 slices per bed
position. Next, maintaining patient position, a DCE-CT
scan was performed. Patients received 50 ml iohexol
contrast medium intravenously (Omnipaque 350 mg/ml
iodine; GE Healthcare, Chalfont St Giles, UK) at 4 ml/s
whilst 12 CT images (one per 5 s) were acquired at 100–
150 mAs, 80 KV, using 64×0.6 mm detectors.

Image and data analysis

PET/CT images were displayed conventionally on a
proprietary workstation (Fig. 1). FDG uptake was
expressed as the maximum standardized uptake value
(SUVmax).

DCE-CT data were analysed using validated proprietary
CT perfusion software (Winfun, Cambridge Computed
Imaging, Bourne, UK). On the axial image displayed by
the software, a region of interest (ROI) was drawn freehand
around the breast tumour taking care to maintain the ROI
within the boundaries of the mass, using the PET image for
guidance. A further ROI was drawn freehand around the
aorta taking care to maintain the ROI within the boundaries
of the vessel by viewing the images on the console. Tumour
perfusion values were obtained from automated processing
of the enhancement–time curve data from the aortic and
tumour ROIs using a previously described method [14]
(Eq. 1, Fig. 1). The peak tumour enhancement value was
used to calculate perfusion normalized to cardiac output
(Eq. 2) and the standardized perfusion value (SPV) (Eq. 3)
[15]. (Note the derivation of SPV is analogous to the
derivation of SUV.) The calibration factor relating iodine
concentration to measured attenuation for the PET-CT
system used was determined by phantom studies as
described previously [16]. Tumour vascular permeability
was calculated using Patlak analysis [17].

Perfusion ¼ Maximal rate of tumour enhancement

peak arterial enhancement
ð1Þ

Table 1 Summary of the studied patient cohort

Patient no. Age (years) Tumour size (mm) PET/CT stage Type Grade Oestrogen receptor HER2 NPI

1 67 27 T2N0M0 Invasive lobular carcinoma 3 + + 4.5
2 64 16 T1N1M0 Mixed 3 + + 3.5
3 53 18 T1N0M0 Invasive ductal carcinoma 2 + − 2.5
4 66 18 T1N0M1a Invasive ductal carcinoma 3 − − 3.5
5 60 16 T1N0M0 Invasive ductal carcinoma 2 + − 2.3
6 71 25 T2N0M0 Invasive ductal carcinoma 3 + − 3.6
7 74 21 T2N0M0 Invasive ductal carcinoma 2 + − 3.5
8 60 16 T2N0M0 Invasive ductal carcinoma 2 + − 2.4
9 69 8 T0N0M0b Invasive ductal carcinoma 1 + − 1.2

a An equivocal pleural lesion was identified and biopsy of the lesion was shown to be a fibroma.
b Tumour could not be identified on PET/DECT.
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Fig. 1 Axial images at the level of the mid-breast, on CT (a),
coregistered 18F-FDG PET (b) and fused PET/CT (c) show a 18F-
FDG-avid carcinoma in the right breast. Image d, derived from the
DCE-CT shows the same tumour as part of a colour parametric
perfusion map. Image e shows the time enhancement curve automat-

ically generated from the drawing of ROIs over the tumour. Image f is
the accompanying derived Patlak plot. The negative HU values in the
time density curve (e) are due to respiratory motion. Such values can
be edited, but the limitations of the technique need to be appreciated
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Perfusion=Cardiac Output

¼ Maximal tumour enhancement

Dose of contrast medium � calibration factorð Þ
ð2Þ

Standardised Perfusion Value ¼ Maximal tumour enhancement

Dose of contrast medium� calibration factor patient weight= Þð ð3Þ

Tumour vascular–metabolic relationships were described
by the ratio of SUV to each of the four parameters
reflecting tumour vascularity.

Statistical analysis

Following normality testing (Kolmogorov-Smirnov), the
relationships between tumour metabolism and parameters
of tumour vascularity were explored using linear regression
analysis. Similarly, tumour vascular–metabolic relation-
ships were correlated with tumour size. Metabolic–flow
relationships versus histological grade, stage and NPI were
examined using the Mann-Whitney U test. Statistical
significance was at 5%.

Results

One of the nine breast tumours did not enhance or take up
18F-FDG and was excluded from further analysis. The
mean maximum tumour diameter was 20.0 mm (range16–
27 mm). The mean tumour SUVmax was 7.7 (range 2.4–
26.1). The mean values for tumour perfusion and perfusion
normalized to cardiac output were 41 ml/min per 100 g
(19–59 ml/min per 100 g) and 0.56%/100 g (0.33–1.09%/
100 g), respectively. The mean SPV was 3.6 (range=2.5–

5.9). The mean tumour permeability was 0.15/min (0.09–
0.30/min).

Statistical relationships

Tumour SUV was correlated with perfusion normalized to
cardiac output (r=0.55; p=0.045) and there was a trend for
SUV to correlate with tumour SPV (r=0.19; p=0.065).
There was a negative trend between tumour perfusion and
NPI (r=−0.60; p=0.115). There was no significant correla-
tion between tumour SUV and tumour perfusion (r=0.29;
p=0.401) or permeability (r=0.03; p=0.682). There was a
statistically significant association between tumour grade
and SUV/SPV (p=0.029), but no statistically significant
associations were found between tumour vascular–meta-
bolic relationships and tumour size or axillary nodes. There
was a trend between SUV/SPV and NPI (r=0.60; p=0.117).

Discussion

The first use of combined 18F-FDG PET DCE-CT in breast
cancer is described. The methodology was technically
successful in all patients, although one tumour could not
be characterized. Although the study population was
limited, there were interesting metabolic–vascular relation-
ships demonstrated: tumour perfusion normalized to cardiac
output was significantly correlated with 18F-FDG uptake,
and the relationship between tumour SPV and SUV values
were of marginal significance. In view of previous studies
highlighting the potential for metabolic–flow relationships
to predict response of breast cancer to chemotherapy, and to
assess treatment efficacy [9, 18], our findings support the
possible applicability of combined 18F-FDG-PET/perfusion
CT to breast cancer management.

Combining metabolic data from 18F-FDG PET with
tumour vascularity measurements using CT obviates the
need for an on-site cyclotron. Additionally, the spatial
resolution of CT can reduce the impact of partial volume
effects on perfusion values obtained by PET whilst
avoiding spill-over of counts from vascular structures [6].

Relationship between SUV and perfusion
normalised  to  cardiac output.
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Fig. 2 Linear regression analysis showing the relationship between
SUV and maximal tumour enhancement (p=0.045)
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However, it has been argued that 15O-H20 PET is the ideal
method for examining tumour flow [19]. In early breast
cancer this approach has yet to be used, but there are data
combining PET with 15O-H20 in more advanced breast
cancer [9, 18, 20]. In two studies [18, 20], breast tumour
perfusion values obtained with 15O-H20 (32 and 52 ml/min
per 100 g) were in keeping with our findings (41 ml/min
per 100 g). One of these studies also showed a significant
correlation between FDG metabolic rate and perfusion
(r=0.70, p<0.001) [18]. Our results did not show a
correlation between FDG uptake and perfusion. However,
we expressed 18F-FDG uptake as SUV rather than
metabolic rate. Nevertheless, we did find a significant
correlation with SUV when perfusion was normalized to
cardiac output. Given that a change in cardiac output will
alter tumour perfusion regardless of the density of tumour
vessels, perfusion values normalized to cardiac output will
more directly reflect the status of the tumour vasculature.

Breast cancer is a heterogeneous disease with a wide
range of recognized prognostic factors. It was interesting
that combining 18F-FDG PET with DCE-CT was helpful in
predicting the histological grade of tumour. More compli-
cated prognostic data are obtained by combining multiple
risk factors in the NPI [13]. Since our population was
limited in size it would have been challenging to show a
statistically significant correlation between the NPI and
combined 18F-FDG PET and DCE-CT data. However, there
was a trend between SUV/SPV and NPI. Interestingly,
despite 8 mm being within the spatial resolution of CT the
tumour that did not enhance had the lowest NPI. This
tumour would be regarded as at the limit of detectability on
PET. If larger series confirm the prognostic significance of
combined 18F-FDG-PET/DCE-CT parameters, it may ulti-
mately be possible to propose a clinical role for the
combined technique in the identification of patients with
higher risk breast cancer who may benefit from more
aggressive chemotherapy.

Although, this present study is the first to look at
combined PET/CT perfusion, one group has performed
(stand-alone) CT perfusion on breast tumours [21]. Whilst
the exclusion rate was higher than our initial findings, their
results were encouraging and the presented perfusion data
(mean perfusion 31 ml/min per 100 g) were similar to our
own (41 ml/min per 100 g), which suggests good
reproducibility [21]. The only other DCE-CT data on breast
cancer were applied to axillary lymph node assessment
[22]. This technique showed promise in differentiating
metastatic from inflammatory axillary lymph nodes in
patients with breast carcinoma. An alternative and common
approach to imaging vascular properties in breast cancer
has been the use of DCE MRI [8]. This has the advantage
that both structure and function can be assessed without
ionizing radiation. However, two imaging systems are

required to compare MR measurements of tumour vascular-
ity with PET measurements of tumour metabolism as hybrid
PET/MRI machines are currently only in development.
Nonetheless there have been small investigations into the
metabolic–flow relationships in breast cancer tumours using
MRI and 18F-FDG PET [12, 23] and these have shown a
positive relationship between metabolism and flow.

Presently there is only one published prospective study
on the use of 18F-FDG-PET/CT in primary breast cancer,
and that study excluded stage I disease [24]. PET/CT led to
the restaging of 18% of the patients and to a change in the
management of 13%. Therefore there may be a role for 18F-
FDG-PET/CT in the management of patients with primary
breast cancer, and even the new guidelines recognize that
more evidence is required [2]. From our small cohort, an
axillary metastasis was seen in one patient and in another a
pleural fibroma was identified. The limited sensitivity of
18F-FDG PET in detecting axillary metastases has been
shown [3]. Interestingly, in the prospective study discussed
above [14], previously undetected axillary lymph node
metastases were found in three patients.

Conclusion

We present the first data from combined PET/DCE-CT in
patients with breast cancer. Despite a limited number of
patients, the technique was successful in all but one patient.
There was a positive relationship between some parameters
of tumour metabolism and vascularity in keeping with other
studies using PET 15O-H20 [18] and MRI [12]. The breast
tumour derived CT perfusion values in this study were
consistent with other data obtained by CT [21] and 15O-H20
PET [18, 20]. As such the multimodality technique of
combined 18F-FDG-PET/DCE-CT is technically feasible
and has potential to contribute to the management of
patients with breast cancer.
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