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The purpose of this study was to prospectively evaluate the
relationship between tumor blood flow and glucose metabolism
as evaluated by dynamic first-pass 18F-FDG PET and by pro-
liferation and endothelial pathologic markers in the setting of
newly diagnosed breast cancer. Methods: Forty patients were
prospectively included. Biopsy samples of each tumor were
used to assess the Ki67 index of proliferation and immunostain-
ing for CD34 (a panendothelial cell marker) and CD105 (a pro-
liferation-related endothelial cell marker). All patients underwent
18F-FDG PET/CT at least 1 wk after sample biopsy and before
any treatment. A dynamic 2-min acquisition was performed
immediately after intravenous injection of a 5 MBq/kg dose of
18F-FDG; tumor blood flow was then calculated using a single-
compartment kinetic model. A static acquisition was performed
90 min after injection for quantification of delayed 18F-FDG tumor
uptake (standardized uptake value maximal index [SUVmax]),
reflecting tumor metabolism. Results: Pathologic and PET/
CT data were available for all patients. The SUVmax mea-
sured on delayed PET images correlated strongly and posi-
tively with the expression of Ki67 (r 5 10.69; P , 0.0001). In
contrast, there was no significant correlation between SUVmax

and endothelial markers (CD34 and CD105). Tumor blood flow
correlated positively with the expression of CD34 and CD105
(P 5 0.016 and P 5 0.007, respectively) and with the expression
of Ki67 (P 5 0.028). By logistic regression analysis, only expres-
sion of Ki67 remained an independent predictor of high (supra-
median) SUVmax; CD105 score and histopathologic grade 3 were
independently associated with a high (supramedian) tumor blood
flow level. Conclusion: Tumor blood flow quantified by dynamic
first-pass 18F-FDG PET/CT is significantly associated with tumor
angiogenesis as evaluated by immunohistochemistry in the set-
ting of breast cancer, whereas tumor metabolism appears to be
more associated with markers of proliferation. Thus, determina-
tion of tumor blood flow and metabolism with a single injection of
18F-FDG could be an exciting alternative to more complex and
less available techniques.
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Breast cancer is the most commonly diagnosed cancer
in women and is the primary cause of death by cancer for
women in the western world. Because of the Warburg effect
(1), breast tumors are typically associated with an increase
in tumor blood flow due to angiogenesis and an increase in
glucose metabolism, but glucose metabolism and blood
flow are often mismatched in breast cancer (2). Moreover,
a flow–metabolism mismatch (high glucose metabolism rel-
ative to blood flow) is associated with poor response to
systemic therapy and early relapse or disease progression
(3,4). Thus, determination of these 2 key parameters is
essential in characterizing the aggressiveness of breast
tumors.

PET/CT with 18F-FDG is the gold standard for in vivo
evaluation of tumor glucose metabolism and is widely used
in clinical oncology. In the setting of breast cancer, 18F-
FDG uptake has also been found to correlate with markers
of proliferation, such as Ki67 (5,6). A range of techniques
is available for tumor perfusion imaging, but the reference
technique remains PETwith 15O-water (7). The 2-min half-
life of 15O permits evaluation of perfusion to be followed
immediately by evaluation of metabolism with 18F-FDG.
However, because of this short half-life, only a few research
centers with a cyclotron on site are able to use 15O-water.

Almost 30 y ago, Mullani et al. developed a first-pass
model for in vivo calculation of blood flow (8). This model
was first used to evaluate myocardial perfusion with 82Rb
but was recently applied to the evaluation of tumor blood
flow using 18F-FDG and showed an excellent correlation
with tumor blood flow measured with 15O-water (9).

Immunohistochemical staining measurement of angio-
genesis with antibodies to CD34 and CD105 can be used to
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evaluate tumor vascularization (10). CD34 is a panendothe-
lial marker that accurately reflects the degree of vasculari-
zation, whereas CD105 is a proliferation-related endothelial
marker (11).
Thus, the objective of our study was to prospectively

evaluate the relationship between tumor blood flow and
glucose metabolism as evaluated by dynamic first-pass 18F-
FDG PET and by proliferation and endothelial pathologic
markers in the setting of newly diagnosed breast cancer.

MATERIALS AND METHODS

Patients
From March 2009 to August 2010, 40 patients (mean age, 46 y;

range, 27–72 y) with invasive breast cancer were prospectively
recruited for 18F-FDG PET/CT before any treatment. The inclu-
sion criterion was newly diagnosed breast cancer, with primary
tumor diameter larger than 2 cm. The exclusion criteria were
pregnant or nursing patients, patients unwilling or unable to un-
dergo serial imaging studies, and patients with inflammatory
tumors. The clinical stage, determined according to the TNM
classification of malignant tumors, was assessed by clinical exam-
ination, mammography, ultrasonography, pulmonary chest radiog-
raphy, bone scintigraphy, and 18F-FDG PET/CT. The local ethics
review board gave permission for the study, and informed patient
consent was obtained.

PET/CT Protocol
All imaging was performed using a PET/CT system (Gemini

GXL; Philips) providing an axial field of view of 18 cm and
a transaxial slice thickness of 4 mm. CT scans were used for
anatomic registration with emission images but also for attenua-
tion correction. Emission data, corrected for dead time, diffusion,
and attenuation, were reconstructed with a fully 3-dimensional
line-of-response–based iterative algorithm (12). Scans were per-
formed at least 7 d after core biopsy (mean, 20 d; range, 7–36 d).
All patients were instructed to fast for at least 6 h before the
injection of 18F-FDG. An intravenous cannula was placed in the
arm, and a blood sample was drawn before 18F-FDG injection for
the determination of glycemia. Patients were positioned prone
with both arms raised.

A bolus 5 MBq/kg injection of 18F-FDG was administered
using an automatic PET infusion system (Intego; Medrad) at a rate
of 1 mL/s, immediately followed by a 30-mL injection of saline
solution at the same rate. Simultaneously with the beginning of the
injection, the first emission acquisition was started for 8 min (in
list mode), with the breast centered in the axial field of view of the

PET system (this position was previously determined on a scout
view). A low-dose CT scan of the same region was then obtained
(120 kVp, 120 mAs per slice, 0.5-s rotation time, 10 · 1.5 mm
collimation, pitch of 0.7). Two different reconstruction parameters
were applied to this acquisition: first, twelve 10-s frames were
extracted from the first 2 min of the acquisition (dynamic first-
pass images; Fig. 1). Second, a static reconstruction of the com-
plete 8-min scan was performed (early static images; Fig. 1).
Patients were then asked to rest for 50 min.

Sixty minutes after injection, a whole-body PET/CT scan was
acquired from the brain to the upper thighs, with the patient supine.
The CT scan was acquired before the PET scan, and the CT image
data were then used to automatically position the patient for the PET
acquisition. The emission acquisition time was 2 min per bed
position, and the complete patient study typically involved 6–8 over-
lapping bed positions. The measured reconstructed transaxial spatial
resolution for PET was 5.4 mm near the center of the field of view.

Finally, 90 min after injection, emission and transmission
scans restricted to the chest (2 bed positions) were performed,
with the patient prone and both arms raised (delayed static
images; Fig. 1). The emission scan duration was 3 min for each
bed position.

First-Pass Model for Measurement of Blood Flow
The concept of measuring tumor blood flow from the first pass

of 18F-FDG is based on the first-pass model of Mullani et al. (8,9).
This model is based on the hypothesis that during the first transit
of a bolus of activity through an organ (or a tumor), there exists
a period during which the tracer has not left the region of interest,
so that the venous concentration of the tracer is zero. This delay
time (Td) is longer with highly extracted tracers (13). Thus, on the
basis of this assumption, if T is less than Td, the tissue blood flow
can be estimated using the following equation:

BF 5
QðTÞ

E:
R T

0 CaðtÞdt
; Eq. 1

where BF is the blood flow to the sampled tissue, Q(T) is the
amount of the tracer in sampled tissue at any time T, E is the
extraction fraction of the tracer in the sampled tissue, Ca(t) is
the arterial concentration of the tracer at any time t, and dt is
the variable of integration.

Mullani et al. compared the extraction fraction of 18F-FDG in
tumor tissue with the extraction fraction for the gold standard
tracer 15O-water (9). They found that 18F-FDG extraction in
tumors was close to 15O-water extraction, averaging only 14%
less. Thus, assuming that the extraction fraction of 18F-FDG is
close to 1, Equation 1 can be simplified to the following:

FIGURE 1. First-pass dynamic (A), early

static (B), and delayed static (C) fused PET/
CT images obtained, respectively, 30 s,

8 min, and 90 min after bolus injection of
18F-FDG, in 57-y-old woman with TN inva-

sive ductal carcinoma of left breast.
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BF 5
QðTÞ

R T

0 CaðtÞdt
: Eq. 2

However, the error in flow measurement due to the statistical
quality of the data can be minimized when both the numerator and
the denominator in Equation 2 are determined at their maximum
values (8). When T is less than Td, the counting rate will reach
a maximum when arterial input to the VOI ceases; both this input
and the venous drainage are then zero, and the entire injected
bolus is in the view of the detector, whose counting rate is mo-
mentarily steady, at maximum. Tumor blood flow can then be
computed by dividing the peak counts by the first-pass arterial
concentration integrated up to time Tm (peak-count time). The
general first-pass flow equation can therefore be modified to the
following peak-count flow equation:

BF 5
QðTmÞR Tm

0 CaðtÞdt
: Eq. 3

Image and Data Analysis

PET/CT images were analyzed on a dedicated workstation
(Extended Brilliance Workspace 3.5, with Syntegra software;
Phillips).

For the determination of blood flow, the contours of the tumor
were manually traced on each selected image, and then a volume
of interest (VOI) was obtained by summing the results for each
slice.

A second VOI of the same size was drawn on the contralateral
normal breast, and a third VOI was drawn into the ascending aorta.
These contours were defined using early PET images, correspond-
ing CT images, and fused PET/CT images. In particular, the tumor
VOI was adjusted to encompass the maximum available size of the
lesion in all 3 planes. Other imaging modalities were not used
in this process. Then, VOIs were superimposed onto the 10-s
dynamic reconstruction PET images. From the dynamic PET
images, time–activity curves were then obtained for the tumor, the
contralateral breast, and the ascending aorta. The tumor time–
activity curve was corrected for partial-volume effects as follows
(14):

Q9
�
T
�
5

ðQðTÞ 2 BckðTÞÞ
RC

1BckðTÞ; Eq. 4

where Q9(T) is the partial-volume–corrected tumor activity at any
time T in the tumor, Q(T) is the uncorrected activity at any time T
in the tumor, Bck(T) is the background activity at any time T
obtained from the contralateral normal breast VOI, and RC is
the recovery coefficient. The recovery coefficients, which are
equal to the measured activity concentration divided by the true
activity concentration, were obtained from the analysis of hot-
sphere phantoms (14). The volume of the tumor VOI was used
to select the correct recovery coefficient value, using linear in-
terpolation between values obtained from the sphere volumes in-
cluded in the phantom measurements.

The peak count time (Tm) was determined visually on the ar-
terial time–activity curve and defined as the end of the first pass of
the tracer in the arterial VOI (8). Tumor blood flow was then
calculated in mL/min/g of tumor, using Equation 3.

The standardized uptake value maximal index (SUVmax) of the
tumor was measured on the delayed (90 min after injection) emis-

sion acquisition centered on the breast. A region of interest in-
cluding the breast tumor was manually drawn on the slice with the
highest radioactivity concentration. The SUVmax was corrected by
body surface area and glycemia and normalized to standard body
surface area (1.72 m2) and normal glycemia (5.6 mmol/L):

SUVmax 5
Cmax · 70 · BSA · G

IA · 1:72 · 5:6
; Eq. 5

where Cmax (Bq/mL) is the activity concentration in the voxel of
highest tumor activity, IA (Bq) is the injected activity, G (mmol/L)
is glycemia, and BSA is body surface area.

Histologic Preparation and Analysis
Tumor samples were collected by needle core biopsy. Tissue

samples were fixed in 10% formalin and routinely processed for
paraffin embedding. Histologic sections cut with 4-mm thickness
were stained with hematoxylin, eosin, and safran.

Tumors were classified according to the method of the World
Health Organization for carcinomas of the breast (15), and tumor
grading was done in accordance with Elston and Ellis (16).

Immunohistochemistry was performed on 4-mm paraffin-em-
bedded sections with an indirect immunoperoxidase method, using
antibodies directed against estrogen receptor (ER), progesterone
receptor (PR), human epidermal growth factor receptor 2 (HER2)
oncoprotein, Ki67 protein, CD34 protein, and CD105 protein (ER:
rabbit monoclonal prediluted antibody, clone SP1 [Ventana]; PR:
rabbit monoclonal prediluted antibody, clone 1E2 [Ventana];
HER2: rabbit monoclonal prediluted antibody, clone 4B5 [Ven-
tana]; Ki67: mouse monoclonal antibody, clone MIB-1 [Dako],
in 1:50 dilution; CD34: mouse monoclonal antibody, clone
QBEND 10 [Immunotech], in 1:200 dilution; CD105: mouse
monoclonal antibody, clone SN6h [Dako], in 1:25 dilution). All
immunostaining was performed on an automated immunostainer
(BenchMark XT; Ventana).

ER and PR status were considered positive if the tumor showed
at least 10% of cells to be positive using ER or PR antibody (17).
HER2 status was graded according to the HercepTest (Dako) scor-
ing system modified by the recommendations of the American
Society of Clinical Oncology and the College of American Path-
ologists (0, 11, 21, or 31) (18). Tumors with scores of 31 (i.e.,
strong homogeneous staining) were considered positive. If the
score was 21 (i.e., moderate complete membranous staining
in $10% of tumor cells), fluorescent in situ hybridization was
applied to confirm HER2 amplification, using the dual-color
HER2 and CEN17 probes (ZytoLight SPEC HER2/CEN 17 Dual
Color Probe kit; Zytovision GmbH). HER2 amplification was de-
fined, according to the criteria of the American Society of Clinical
Oncology and the College of American Pathologists (18), by
a HER2/CEN17 ratio of more than 2.2.

The percentage of Ki67-positive tumor cells was established for
each sample. The number of vessels staining positively for CD34
or CD105 was counted on 10 consecutive fields at ·400 magnifi-
cation in the area with carcinoma invasion. Vessels with a clearly
defined lumen or well-defined linear vessel shape, but not single
endothelial cells, were considered for microvessel assessment.

All analyses were done by 2 pathologists without knowledge of
clinical, immunohistochemical, or imaging data.

Statistical Analysis
Continuous data were expressed as median (first quartile to

third quartile), and qualitative data were expressed as numbers and
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percentages. For continuous variables, normality of distribution
was tested by the Kolmogorov–Smirnov test.

Spearman rank correlation was performed to analyze the relation-
ship between SUVmax, blood flow, and histochemical biomarkers in
the overall patient population (n 5 40) and in the subpopulation of
patients with non–triple-negative (non-TN) breast cancer (n 5 30).

Differences in SUVmax and blood flow between menopausal
status, tumor size, histologic grade, lymphovascular invasion,
lymph node status, ER and PR status, HER2 overexpression, and
histochemical biomarkers (Ki67, CD34, and CD105) were tested
using the nonparametric Mann–Whitney test or the Student t test,
as appropriate.

Logistic regression analysis was performed to test for predictors
that SUVmax would be over the median value (8.6) and that blood
flow would be over the median value (0.32 mL/min/g). All vari-
ables listed in Table 1 were tested by univariate analysis. For
multivariate analysis, all variables with a P value of less than
0.05 on univariate analysis were included in the model.

Patients were categorized into 3 groups according to ER, PR,
and HER2 expression. Group 1 included patients whose cancer
was TN, lacking ER and PR expression and without HER2 over-
expression (n 5 10). Group 2 included patients whose cancer was
luminal, being positive for ER or PR and without HER2 over-
expression (n 5 15). Group 3 included patients whose cancer
was HER21, having HER2 overexpression but being either pos-
itive or negative for ER and PR (n 5 15). Differences in SUVmax,
blood flow, and the ratio of SUVmax to blood flow were tested
among the 3 groups using a nonparametric Mann–Whitney test.

All tests were 2-sided, and a P value of less than 0.05 was
considered significant.

Analyses were performed using the SPSS software package
(version 13.0; SPSS Inc.).

RESULTS

18F-FDG PET/CT was performed for all patients. The
median tumor size was 36 mm (range, 21–100 mm). The
clinical tumor stage was T2 for 24 patients (60%), T3 for 15
patients (38%), and T4a for 1 patient (2%). Invasive ductal
carcinoma was diagnosed for 38 patients (96%); invasive
lobular carcinoma was diagnosed for 2 patients (4%). Other
tumor characteristics are shown in Table 1.

SUVmax and blood flow were available for all tumors.
The average (6SD) SUVmax was 8.7 6 5.5 (range, 1.6–
23.4). The average blood flow was 0.32 6 0.13 mL/min/g
(range, 0.05–0.57 mL/min/g). The median peak count time
(Tm) was 50 s (range, 30–70 s). In the overall patient pop-
ulation, there was a significant positive correlation between
SUVmax and blood flow (r510.35, P5 0.028). There was
also a strong positive correlation between SUVmax and
Ki67 (r 5 10.69, P , 0.0001) (Fig. 2). In contrast, there
was no significant correlation between SUVmax and either
CD34 score or CD105 score (r 5 20.11 and r 5 10.27,
respectively, P 5 not statistically significant for either).
There was a significant positive correlation between blood
flow and CD34 score (r 5 10.38, P 5 0.016), between
blood flow and CD105 score (r 5 10.43, P 5 0.007), and
between blood flow and Ki67 (r 5 10.35, P 5 0.028).

TABLE 1
Comparison Between SUVmax and Blood Flow in the Patient and Clinical and Tumor Characteristics

SUVmax Blood flow (mL/min/g)

Variable Parameter n Median Interquartile range P Median Interquartile range P

Menopausal No 22 (55%) 6.7 5.2–9.9 0.48 0.31 0.23–0.38 0.72
Yes 18 (45%) 6.8 5.0–14.5 0.32 0.20–0.43

Tumor size ,5 cm 24 (60%) 6.8 5.3–10.2 0.50 0.33 0.21–0.38 0.29

$5 cm 16 (40%) 7.9 5.0–13.3 0.31 0.22–0.47
Lymph node involvement No 13 (32%) 5.4 3.9–13.0 0.54 0.28 0.20–0.39 0.40

Yes 27 (68%) 7.9 5.5–11.7 0.33 0.23–0.42
Histologic grade 1/2 26 (65%) 5.6 4.0–8.1 ,0.001 0.27 0.20–0.37 0.030

3 14 (35%) 13.3 8.5–16.3 0.39 0.32–0.46
ER 2 14 (35%) 10.3 6.8–12.9 0.08 0.29 0.20–0.43 0.86

1 26 (65%) 6.1 4.6–8.9 0.32 0.23–0.40
PR 2 19 (48%) 9.2 6.5–12.7 0.021 0.36 0.25–0.42 0.18

1 21 (52%) 5.5 3.1–9.3 0.28 0.20–0.38
HER2 2 25 (63%) 9.3 4.5–13.0 0.60 0.28 0.20–0.45 0.64

1 15 (37%) 6.5 5.5–8.1 0.33 0.27–0.38
TN Non-TN 30 (75%) 6.4 5.1–9.0 0.042 0.32 0.23–0.39 0.82

TN 10 (25%) 11.9 10.2–14.2 0.23 0.18–0.45
Lymphovascular invasion No 6 (15%) 6.9 5.3–11.2 0.65 0.32 0.21–0.38 0.91

Yes 34 (85%) 5.4 3.6–12.1 0.28 0.22–0.41
Ki67 score #median 23 (58%) 5.7 3.5–7.0 ,0.001 0.28 0.19–0.37 0.09

.median 17 (42%) 12.1 7.9–14.6 0.38 0.25–0.45
CD34 score #median 20 (50%) 7.7 4.6–12.6 0.57 0.24 0.17–0.38 0.027

.median 20 (50%) 6.6 5.4–10.7 0.36 0.26–0.46
CD105 score #median 20 (50%) 6.1 3.7–12.6 0.31 0.23 0.17–0.32 0.002

.median 20 (50%) 7.5 6.4–11.9 0.37 0.32–0.44
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In the subpopulation of patients with non-TN breast
cancer, correlations were similar except that there was
a significant positive correlation between SUVmax and
CD105 score (r 5 10.50, P 5 0.005).
Table 1 shows the association between median SUVmax and

blood flow, and clinical and tumor characteristics. Histopathol-
ogic grade 3 was associated with both higher SUVmax and
higher blood flow, whereas PR status, TN tumor, and high
(supramedian) Ki67 score were associated only with higher
SUVmax. Finally, supramedian CD34 score and supramedian
CD105 score were associated only with higher blood flow.
Logistic regression analysis was performed to test for

predictors of high (supramedian) SUVmax (Table 2). By

univariate analysis, the predictors of high SUVmax included
histopathologic grade 3, TN breast cancer, and Ki67 score.
By multivariate analysis, only Ki67 score remained an in-
dependent predictor of high SUVmax.

Logistic regression analysis was also performed to test
for predictors of high (supramedian) values of blood flow
(Table 3). By univariate analysis, the predictors of high
blood flow included histopathologic grade 3, CD34 score,
and CD105 score. By multivariate analysis, only histopathol-
ogic grade 3 and CD105 score remained independent pre-
dictors of high blood flow.

Functional imaging parameters by subtypes are shown
in Figure 3. SUVmax differed by subtype, with a higher

FIGURE 2. Spearman rank correlation with

regression lines between SUVmax and Ki67 (A),
tumor blood flow (BF) and Ki67 (B), SUVmax

and CD34 (C), tumor blood flow and CD34

(D), SUVmax and CD105 (E), and tumor blood
flow and CD105 (F). Horizontal and vertical

dashed lines represent median value for

each variable (6.8 for SUVmax, 60% for

Ki67, 0.32 mL/min/g for blood flow, 97
for CD34, and 60 for CD105).s 5 TN breast

tumors; ¤ 5 non-TN breast tumors.

TABLE 2
Predictors of High (Supramedian) SUVmax by Logistic Regression Analysis

Univariate Multivariate

Predictor OR 95% CI P OR 95% CI P

Histopathologic grade 3 6.93 1.53–31.4 0.012 — — —

TN breast cancer 6.00 1.08–33.3 0.040 — — —

Ki67 score (%) 1.06 1.02–1.09 0.002 1.05 1.02–1.09 0.003

OR 5 odds ratio; CI 5 confidence interval.
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SUVmax for TN tumors than for other subtypes (P5 0.042).
In contrast, there was no difference in blood flow among
subtypes (P 5 0.82). Finally, the metabolism-to-perfusion
ratio (SUVmax/blood flow) was significantly higher in TN
tumors than in other subtypes (P 5 0.02).

DISCUSSION

In this prospective study, tumor blood flow assessed by
dynamic first-pass 18F-FDG PET/CT was shown to be sig-
nificantly associated with microvessel density and angio-
genesis as measured by immunohistochemistry markers
(CD34 and CD105); in contrast, tumor metabolism assessed
by delayed 18F-FDG uptake was associated better with the
marker of tumor proliferation (Ki67).
The recent success of targeted antiangiogenic therapy has

increased the demand for imaging of tumor perfusion
parameters and angiogenic cascade, in particular in the
setting of breast cancer. Thus, a method for simultaneous
measurement of tumor blood flow and metabolism may be
an important addition for functional imaging of breast
cancer. The technique developed by Mullani et al. is
a simple 1-compartment flow model that estimates blood
flow using only a 2-min scan (8,9). Together with delayed
measure of SUVmax, this technique allows a simple evalu-
ation of both perfusion and metabolism of the tumor after
a single injection of 18F-FDG, in contrast to more elaborate
multiple-compartment models that require a long acquisi-
tion uncomfortable for the patient and long postprocessing
procedures. As an illustration, previous studies found
a close relationship between kinetic estimates of 18F-FDG
delivery (K1) and blood flow (19,20). Moreover, in a recent
study, a comparison of 18F-FDG K1 to standard breast can-
cer markers, including Ki67, yielded comparable results to
our analysis of blood flow measures using dynamic 18F-
FDG PET (21).
Most microscopic studies of angiogenesis rely on

histologic tissue sections. In such studies, blood vessel
detection is improved by immunohistochemical staining of
endothelial cell markers. CD34 (sialomucin) is expressed
on mature vascular endothelial cells and circulating hema-
topoietic progenitor cells (22). CD105 (endoglin), the re-
ceptor for TGF-b, is also expressed by vascular endothelial
cells but is upregulated in angiogenic vessels and accumu-

lates preferentially in tumors (23,24). Thus, CD105 is con-
sidered a reference for immunochemistry bioassay of
angiogenesis, whereas CD34 is more reflective of micro-
vascular density, regardless of endothelial activation. The

TABLE 3
Predictors of High (Supramedian) Blood Flow by Logistic Regression Analysis

Univariate Multivariate

Predictor OR 95% CI P OR 95% CI P

Histopathologic grade 3 6.93 1.53–31.4 0.012 9.56 1.60–57.2 0.013

CD34 score 1.01 1.00–1.02 0.046 — — —

CD105 score 1.05 1.01–1.09 0.011 1.05 1.01–1.09 0.021

OR 5 odds ratio; CI 5 confidence interval.

FIGURE 3. SUVmax (A), tumor blood flow (BF) (B), and SUVmax-to-
blood flow ratio (C) according to subtypes.

BREAST TUMOR BLOOD FLOW AND ANGIOGENESIS • Cochet et al. 517



expression of CD105 in breast cancer has also been dem-
onstrated to be an independent predictor of survival (25,26).
As a consequence, CD105 is regarded as a potential target
for in vivo imaging of angiogenesis and for antiangiogenic
therapy (27,28).
Our results show a significant correlation between tumor

blood flow and expression of both CD34 and CD105.
However, expression of CD34 failed to predict a high level
of blood flow by multivariate analysis, whereas expression
of CD105 remained an independent predictor of supra-
median level of tumor blood flow. This difference may be
explained by the fact that CD105 is expressed only by
vascular endothelial cells in tumors whereas CD34 is also
expressed by lymphatic endothelial cells (29). To our
knowledge, there are very limited data in the literature re-
garding the relationship between tumor blood flow and ex-
pression of CD105. These findings underline the interest in
tumor blood flow as a surrogate marker of angiogenesis,
despite the potential discrepancy between total tumor blood
flow as measured in our study and nutritive blood flow due
to the aberrant tumor vasculature with vascular shunts (30).
Our results also confirm the strong relationship between

proliferation as assessed by expression of Ki67 and glucose
metabolism as determined by the measure of SUVmax in
breast cancer. Previous studies also found a correlation be-
tween 18F-FDG delayed uptake and expression of Ki67, in
both TN and non-TN breast cancer (5,6,31). In contrast, we
found a significant relationship between angiogenesis as
assessed by CD105 and glucose metabolism in the subpop-
ulation of patients with non-TN breast cancer but not in our
entire cohort of patients. These findings agree with those
reported by Groves et al., who found a positive correlation
between CD105 and SUVmax in 20 patients with early-stage
non-TN breast cancer (32). Concerning TN breast cancer,
the higher rate of flow–metabolism mismatch observed in
previous work and in our study could be an underlying
cause of the inconsistent association between perfusion
and metabolism in this particular subtype of tumor (33).
This study had some limitations. First, the simple 1-

compartment flow model used in this study has some
intrinsic limitations, well described by Mullani et al. (9).
Briefly, the first pass of 18F-FDG imaging may contain both
free and trapped components of 18F-FDG that can lead to an

overestimation of blood flow due to increased extraction in
tumor cells, in particular in tumors characterized by a high
metabolic rate. However, the determination of peak-count
time for each acquisition may minimize this phenomenon
by shortening the time of acquisition used for the calcula-
tion of blood flow. On the other hand, an underestimation of
high blood flow could occur because of the relatively lim-
ited first-pass extraction of 18F-FDG, compared with 15O-
water, in that situation (9). However, despite these potential
limitations, our estimates of tumor blood flow agree with
values reported in previous studies, using 15O-water, for
comparable groups of patients (Table 4) (19,20,34,35).

Another potential limitation is the determination of
transit time, since the peak-count time has been observed
to be quite variable, depending on the flow rate (7). Thus,
for high levels of tumor blood flow, transit time may be
short and difficult to evaluate, with a time resolution of
10 s. The use of time-of-flight PET scanners may compen-
sate for this issue in the future.

Finally, histologic examinations were performed on core
biopsy samples and not on surgical specimens. Most of the
patients included in this study had a large or locally
advanced breast cancer and received neoadjuvant chemo-
therapy before surgery. As a consequence, it was impossi-
ble to evaluate histologic markers on surgical samples.
Comparison of histologic markers evaluated on a sample of
the tumor with functional imaging parameters determined
for the whole tumor might be hampered by tumor
heterogeneity. However, despite this limitation, we found
a strong relationship between CD105 expression deter-
mined on biopsy samples and blood flow of the whole
tumor. Moreover, CD105 evaluated on biopsy samples has
been shown to predict clinical response to chemotherapy
(36). In addition, even using surgical specimens, expression
of CD105 is usually determined on the most vascular area
of the tumor (hot spot) rather than on the whole tumor (10).
We believe that it is essential to evaluate and compare
histologic and functional parameters before surgery, since
neoadjuvant therapy represents the best paradigm to assist
the deployment of targeted anticancer agents, in particular
antiangiogenic agents.

Our study raises several potential clinical implications.
Antiangiogenic agents are now routinely used in various

TABLE 4
Studies Evaluating Tumor Blood Flow in Patients with Large or Locally Advanced Breast Cancer

Tumor blood flow (mL/min/g)

Study No. of patients Tracer Mean 6 SD Range

Wilson et al. (1992) (34) 20 15O-water 0.30 6 0.17 0.11–0.77

Mankoff et al. (2002) (35) 37 15O-water 0.32
Zasadny et al. (2003) (19) 9 15O-water 0.15 6 0.08 0.08–0.29
Tseng et al. (2004) (20) 35 15O-water 0.30
Our study 40 18F-FDG 0.32 6 0.13 0.05–0.57
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cancers even though their role in neoadjuvant therapy of
breast cancer is still under evaluation (37). In this setting,
evaluation of tumor blood flow with dynamic first-pass 18F-
FDG PET/CT may be an exciting alternative to less avail-
able techniques such as 15O-water.
Simultaneous evaluation of tumor blood flow and

glucose metabolism may also be of interest for monitoring
cytotoxic chemotherapy and for prognostic stratification.
Prior studies have shown that a low ratio of glucose
metabolism to blood flow (evaluated with 15O-water) is
a good predictor of response to neoadjuvant chemotherapy,
and of long-term survival, in patients with locally advanced
breast cancer (4,35). A combined evaluation of both me-
tabolism and perfusion may also identify subsets of tumors
resistant to therapy. Specht et al. recently showed that a high
metabolism-to-perfusion ratio, which predicts a poor re-
sponse to neoadjuvant chemotherapy, was more common
in TN breast tumors than in other subtypes (33). Using
dynamic first-pass 18F-FDG PET/CT to evaluate blood flow,
we found similar results despite our more limited number
of patients (Fig. 3), suggesting potential for this technique
to obtain an accurate phenotype profile of breast tumors.

CONCLUSION

Tumor blood flow evaluated by dynamic first-pass 18F-
FDG PET/CT is highly significantly associated with angio-
genesis as measured by CD105 expression in the setting of
breast cancer, whereas glucose metabolism appears to be
associated better with markers of proliferation. To develop
the concept of personalized medicine, it is essential to obtain
an accurate biologic and functional profile of tumors. In this
respect, determination of tumor blood flow and metabolism
with a single injection of 18F-FDG may be an exciting alter-
native to more complex and less available techniques. Fur-
ther investigations are needed to confirm the respective role
of these 2 key parameters for elaboration of therapeutic
strategies and response assessment in breast cancer.
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