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Abstract As targeted therapies for cancer become
increasingly integrated into standard practice, appropriate
selection of the patients most likely to beneWt from these
therapies is now receiving critical scrutiny. Early experi-
ence with therapies directed at targets that are deWnitively
overactive (e.g. the bcr-abl tyrosine kinase targeted by
imatinib) or over-expressed [e.g. the human epidermal
growth factor receptor 2 (HER2) targeted by trastuzumab]
has generated the perception that pre-treatment target
assessment is a pre-requisite for therapy with all targeted
agents. However, emerging evidence suggests that this is
not presently feasible for anti-angiogenic agents. Despite
considerable evidence for the association of intratumoral
and/or plasma vascular endothelial growth factor (VEGF)
levels with tumor progression and/or poor prognosis, pre-
treatment VEGF levels do not appear to be predictive of
response to anti-angiogenic therapy. This may possibly be
due to the complexity of the angiogenic pathways and the
limitations associated with current methods of VEGF
detection and quantiWcation; e.g. low assay sensitivity and
lack of standardized methods could prevent detection of
very small increases in VEGF, which may be clinically
important in patients with tumors that are highly dependent
on this growth factor. In addition to a general lack of agree-
ment as to the relative clinical relevance of circulating
versus tumor VEGF levels, the absence of a ‘gold standard’
VEGF detection assay and the lack of a predeWned,

clinically relevant cut-oV pose a signiWcant hindrance to the
clinical utility of VEGF measurements for therapy selec-
tion. Given the fundamental importance of angiogenesis for
tumor growth and progression, and the key role of VEGF in
these processes, presently it seems appropriate to view anti-
VEGF agents such as bevacizumab (Avastin®) as having
potential utility, independently of pre-treatment screening.
Further research is needed to deWne the relationship
between potential surrogate markers of VEGF pathway
activity and clinical outcomes.
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Introduction

Angiogenesis, the formation of new blood vessels from pre-
existing vasculature, is necessary for tumor growth, pro-
gression, and metastasis [1, 2]. Since Judah Folkman Wrst
suggested that inhibiting angiogenesis might have thera-
peutic potential for treating cancer [3], researchers have
identiWed many of the complex pathways involved in
angiogenesis and proposed several selective targeted strate-
gies. Certain anti-angiogenic agents are now in clinical
practice and have shown encouraging results. Considering
the recent clinical data for agents directed against molecu-
lar targets, in particular anti-angiogenic agents, is it neces-
sary to identify which patients should be treated in order to
increase eYcacy and reduce toxicity of treatment?

The commonly held view of anticancer agents directed
against molecular targets has been that they will only be
eVective in patients with tumors that express or overexpress
the target compared with normal tissue. Although this may
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be true for therapies directed at targets that are deWnitively
overactive (e.g. the bcr-abl tyrosine kinase targeted by
imatinib) or over-expressed (e.g. the human epidermal
growth factor receptor 2 (HER2) targeted by trastuzumab)
in subsets of cancers, emerging evidence suggests that other
agents directed towards targets involved in angiogenesis or
other growth factor systems may be eVective regardless of
the level of the target. For example, in agents targeting vas-
cular endothelial growth factor (VEGF), a key regulator of
tumor angiogenesis that is expressed in a wide variety of
tumor types [4–6], there are a number of issues to consider.
Although VEGF levels often correlate with the extent of
angiogenesis and prognosis, this is not always the case, sug-
gesting that factors other than the absolute level of VEGF
may be important. Moreover, not only is there no consensus
as to which form of VEGF is the most clinically relevant to
test for (e.g. tumor vs. circulating, or bound vs. unbound
VEGF), but there is also no ‘gold standard’ detection
method. Recent data suggest that the eYcacy of anti-VEGF
agents does not relate directly to pre-treament VEGF levels.

Similarly, the use of agents targeting tumor necrosis fac-
tor-� in inXammation (etanercept, lenercept, inXiximab,
adalimumab) and T-cell activation in psoriasis (efalizumab,
alefacept) does not require pre-treatment target assessment
because the target has a well-established role in disease
pathogenesis. In oncology, the use of imatinib to treat acute
myelogenous leukemia does not require that target (c-Kit)
levels are established prior to therapy because most of these
tumors express the target. The clinical beneWt of this agent
is similar to or greater than that of agents, such as trast-
uzumab, that require patient selection based on target status
being established prior to treatment.

This paper will review the rationale for VEGF inhibition
as an anticancer strategy, and discuss the issues around
VEGF detection in cancer and its utility for selecting
patients for anti-VEGF therapy.

Tumor angiogenesis and VEGF

Angiogenesis is tightly regulated by a balance of pro- and
anti-angiogenic factors [7–9]. Tumor cells and the tumor-
associated stroma secrete a variety of pro-angiogenic fac-
tors that activate endothelial cells on nearby blood vessels,
promoting new blood vessel formation via a complex series
of events. Among the most prominent of these pro-angio-
genic factors are VEGF, placental growth factor (PlGF),
and angiopoeitin-1; with VEGF being considered the most
important [8, 10, 11].

VEGF-A (referred to hereafter as VEGF) is a member of
the VEGF/platelet-derived growth factor (PDGF) super
gene family [12] that includes four other VEGF isoforms
(VEGF-B, VEGF-C, VEGF-D, VEGF-E) and PlGF.

Alternative exon splicing generates at least seven isoforms
of VEGF, of which the four main isoforms are VEGF121,
VEGF165 (the predominant species), VEGF189, and
VEGF206 [13, 14]. Upon release into the extracellular
matrix (ECM), the longer VEGF isoforms (VEGF189 and
VEGF206) are almost entirely bound to heparin-containing
proteoglycans, whereas VEGF121 is freely soluble and
VEGF165 is partly soluble (approximately 50–70% of
VEGF165 is bound to the cell surfaces and the ECM)
[15–17]. The protease plasmin, which plays a key role in
the invasive process in angiogenesis [18] can release
shorter forms of VEGF (e.g. VEGF165) from bound VEGF,
thus providing an additional source of soluble VEGF165.

VEGF primarily binds to two transmembrane receptors
with intracellular tyrosine kinase activity: VEGF receptor-1
(VEGFR-1, Flt-1) and VEGF receptor-2 (VEGFR-2, Flk-1/
KDR) [13]. Binding of VEGF causes ligand-dependent
receptor dimerization and tyrosine kinase autophosphoryla-
tion, resulting in activation of intracellular signaling path-
ways. It is now accepted that VEGFR-2 is principally
responsible for mediating the mitogenic, angiogenic, and
vascular permeability-enhancing eVects of VEGF.
Although VEGFR-1 has only weak tyrosine kinase activity
compared with VEGFR-2, there is some evidence to sug-
gest that VEGFR-1 is also able to mediate the growth and
survival eVects of VEGF, for instance via paracrine release
of cell survival factors [19]. VEGF165 also binds to neuropi-
lin-1 (NRP1), which is proposed to enhance VEGFR-2-
mediated signal transduction.

VEGF expression may be regulated by a variety of cellu-
lar factors and conditions. Hypoxia is the key regulator in
malignancy, although the action of oncogenes and tumor
suppressor genes, hormones, and cytokines and other
growth factors may also be involved [6, 10, 19]. VEGF
itself may contribute to tumor growth and progression
through enhancement of microvascular permeability, pro-
motion of angiogenesis (via activation of endothelial cells,
alteration of endothelial cell proliferation, induction of
enzymes/proteins important for endothelial cell migration
and sprouting) and protection against apoptosis [6, 10].
Stimulation of angiogenesis and lymphangiogenesis by
VEGF [20] also oVers routes for metastatic spread.

Evidence suggests that expressions of VEGFR-1 and
VEGFR-2 are up-regulated by hypoxic conditions [21, 22]
as well as by a VEGF/VEGFR positive feedback loop [23,
24].

Experimental studies supporting the key role of VEGF
and angiogenesis in tumor growth and progression gained
from early studies showing that VEGF inhibition blocked
tumor growth in xenograft models of human tumors [25,
26]. Other studies have demonstrated that VEGF is an
important negative regulator of immune response through
inhibition of dendritic cell maturation and natural killer cell
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activity [7, 27]. These studies outlined the key role of
VEGF in tumor growth and progression, and provided the
rationale for the clinical development of agents targeting
VEGF.

VEGF expression and detection in cancer

VEGF is expressed in approximately 30–60% of most solid
tumors, and in up to 100% of renal cell carcinoma [28]. In
general, tumor cells have been shown to express diVerent
VEGF ligands. Additionally, VEGFR-1 and VEGFR-2 are
upregulated on intratumoral endothelial cells, and also
expressed on circulating endothelial cells (CECs), endothe-
lial progenitor cells (CEPs), and tumor cells [6, 29]

A number of diVerent techniques have been used to eval-
uate VEGF expression in human cancers (Table 1), but to
date there is no ‘gold standard’ test. VEGF mRNA and
protein levels are usually evaluated in either tumor biopsy

tissue or blood samples, but VEGF may also be measured
in other body Xuids, including malignant pleural eVusions
(ovarian, gastric, and colon cancers), malignant ovarian
cysts, and urine (bladder cancer) [10].

VEGF mRNA can be detected and/or quantiWed using
in situ hybridization (ISH), northern blot hybridization,
reverse-transcription polymerase chain reaction (RT-PCR),
microarray, and RNase protection assay techniques. Immu-
nohistochemistry (IHC), enzyme-linked immunosorbent
assays (ELISA), chemiluminescence immunosorbent
assays (ICMA), and Western blotting techniques have been
used to detect VEGF protein from tissue samples, whilst
circulating levels of VEGF protein may be quantiWed using
ELISA, ICMA (or other immunoassays), cell proliferation
tests, and receptor binding assays.

Accurate and meaningful quantiWcation of VEGF can be
confounded by a number of factors (Table 1); e.g. increased
VEGF mRNA expression is found in tumor cells adjacent to
necrotic foci [30, 31]. In addition, VEGF mRNA expression

Table 1 Summary of common vascular endothelial growth factor (VEGF) detection methods

Method and description Comments

Immunohistochemistry (IHC) detects VEGF protein 
expression in whole tissue sections (usually formalin-Wxed, 
paraYn-embedded tissue)

Possible to diVerentiate between tumor and non-tumor 
VEGF expression

Simple to perform

Most common detection method

No standardized methodology or scoring procedure

Results variable and subjective

Enzyme-linked immunosorbent assay (ELISA) 
and chemiluminescence immunosorbent assay (ICMA) 
detect VEGF protein expression in tissue homogenate 
(fresh-frozen tissue), serum, or plasma

Serum and plasma measurements convenient vs. tissue samples

Can be automated for high throughput

Cannot distinguish between tumor and non-tumor sources of VEGF

Circulating VEGF may be bound to serum proteins and unavailable 
to ELISA antibodies

Serum measurements may be confounded by release of VEGF from 
platelets

Western blotting detects VEGF protein expression in tissue 
homogenate (fresh-frozen tissue)

Cannot distinguish between tumor and non-tumor sources 
of VEGF

Less simple to perform than IHC

In situ hybridization (ISH) detects VEGF mRNA in whole 
tissue sections (ideally, fresh-frozen tissue)

Can distinguish between tumor and non-tumor VEGF expression

May not relate directly to VEGF protein expression

Less simple to perform than IHC

Northern blotting detects VEGF mRNA from tissue 
homogenates (fresh-frozen tissue)

Cannot distinguish between tumor and non-tumor VEGF expression

May not relate directly to VEGF protein expression

Less simple to perform than IHC

Reverse-transcription polymerase chain reaction (RT-PCR) detects 
VEGF mRNA in tissue homogenates (usually fresh-frozen)

Quantitative method that can be automated for high-throughput

Cannot distinguish between tumor and non-tumor sources of VEGF

Sensitive to contamination

May not relate directly to VEGF protein expression

RNase protection assay detects VEGF mRNA in cellular 
extracts (tissue or circulating)

Cannot distinguish between tumor and non-tumor VEGF expression

May not relate directly to VEGF protein expression

Relatively complex to perform
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has been found to correlate with vascular density in certain
(e.g. carcinomas of the cervix or breast) but not all cancers
[10]. IHC studies have shown that in addition to VEGF
staining on tumor cells, antibodies to VEGF also stain
tumor-associated blood vessels [10, 31] indicating that the
vessels may provide a ‘sink’ for binding and retaining
tumor-derived VEGF (since endothelial cells do not
produce VEGF) [10]. Results from protein detection tech-
niques involving tissue homogenates reXect a combination
of tumor cell VEGF and associated blood vessel VEGF,
and thus may not accurately reXect the degree of active
tumor VEGF expression at a given time. Finally, primary
tumors and metastases from the same patient may diVer in
their level of VEGF expression [32, 33], further complicat-
ing the interpretation of data.

Serum results are diYcult to interpret because measure-
ment may include VEGF released from non-tumor sources
such as platelets and leukocytes [10], cells containing sig-
niWcant proportions of circulating VEGF [34, 35]. As
serum VEGF concentrations have been shown to increase
with longer clotting time, a standardized clotting time may
help to reduce the variation in serum VEGF measurements
between assays [34]. Cancer patients appear to have higher
levels of VEGF per platelet than healthy volunteers [36,
37], which are presumed to result from platelet scavenging
of tumor-derived VEGF. For this reason it has been pro-
posed that measurement of VEGF in serum, rather than in
plasma (which represents an equilibrium between free
VEGF and VEGF sequestered in platelets, but also contain
non-tumor-derived VEGF), may be more appropriate for
providing an indirect estimate of tumor VEGF (and there-
fore better prognostic information) [38]. This is supported
by a study in patients with primary colorectal carcinoma
(CRC) in which increased serum, but not plasma, VEGF
levels correlated with reduced survival in multivariate anal-
yses [39]. Although the relationship between tumor produc-
tion of VEGF and its blood concentration is not fully
understood, it has been suggested that serum VEGF mea-
surements should be corrected for platelet count to normal-
ize data between patients and study groups [36], and allow
for a more accurate estimate of tumor VEGF expression.
However, it is not clear whether total or platelet-corrected
serum measurements provide better prognostic information
[38].

VEGF serum measurements may be further complicated
by the binding of VEGF to serum proteins, rendering
VEGF unavailable to certain assay antibodies [10]. More-
over, other non-tumor-related factors may contribute to
increased VEGF in circulation of cancer patients (and/or
controls), such as platelet activation, hypoxia, and inXam-
mation, adding to the diYculty in relating circulating
VEGF levels to tumor-related processes and their inXuence
on prognosis [10, 40].

Furthermore, diVerences in the detection of VEGF iso-
forms contribute to the large variations in VEGF levels that
have been reported in diVerent studies. For example,
reported levels of circulating VEGF in healthy subjects
have ranged from 1 to 25 �g/l depending on the detection
technique [41]. Even when the same technique is used,
large variations are reported among studies: in healthy
subjects, measurement of VEGF121 and VEGF165 using a
commercial ELISA kit produced values ranging from
<9–50 ng/l in plasma and 10–300 ng/l in serum in diVerent
studies [41].

Variations in tissue storage times and procedures may
also alter the results. In one study in patients with renal cell
carcinoma, VEGF expression in the membranes of tumor
cells from paraYn-embedded tumor samples was found to
signiWcantly decrease with increased storage time [42].
Finally there is no deWnitive proof that circulating VEGF
levels directly correlate with tumor angiogenesis or prog-
nostic indicators [36], and it has therefore been suggested
that quantiWcation of tumor VEGF–VEGF receptor com-
plexes might be a more useful indicator of VEGF activity
[43].

Prognostic value of VEGF

Numerous retrospective studies have been conducted in the
attempt to evaluate the relationship between VEGF levels
with disease stage and prognosis in various human malig-
nancies.

Increased VEGF expression, either in the circulation or
in tumor tissue, was found to correlate with worse progno-
sis (decreased disease-free, relapse-free and/or survival) in
several cancers including bladder [44], breast [45, 46],
central nervous system [47], cervical [48], colorectal [49,
50], head and neck [51], hepatic [52], lung [53], pancreatic
[41], ovarian [54] and renal cell cancer [55, 56], although a
correlation was not seen in all studies [38] (Table 2) [57–
107]. The diVerences in these study Wndings may be attrib-
uted, at least in part, to diVerent testing methods and other
contributing factors, as discussed previously. These diVer-
ences make it diYcult to draw deWnitive conclusions as to
the prognostic value of either tumor or serum VEGF mea-
surement [61, 108]. Several studies have found that
increased VEGF expression is associated with tumor pro-
gression [45, 49, 50, 109, 110] and VEGF has also been
shown to correlate with the extent of tumor vascularization
in many studies [48, 49, 53, 110, 111].

Several studies have evaluated whether VEGF receptor
expression correlates with prognosis. The results of studies
in diVerent cancer indications suggest that expressions of
VEGFR-1 and VEGFR-2 may correlate with poor prognosis
[112–114].
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Table 2 Vascular endothelial growth factor (VEGF) expression in human cancer and correlation with prognosis

Cancer type Tissue tested Method Correlation between VEGF 
levels and reduced patient 
survival (DFS, RFS, and/or OS)

Reference

Bladder FFPE ISH Positive [40]

FFPE IHC No correlation [53]

Brain FFPE IHC Positive [54]

FFPE IHC Positive [55]

Frozen tumor tissue RT-PCR Positive [56]

Breast Tumor cytosol ELISA Positive [57]

Tumor cytosol RNase Positive [58]

Frozen tumor tissue ICMA Positive [59]

Tumor cytosol ELISA Positive [60]

Tumor cytosol ELISA Positive [61]

Tumor cytosol ELISA Positive [62]

Tumor cytosol ELISA Positive [63]

Tumor cytosol ELISA Positive [64]

Frozen tumor sample IHC Positive on UVA but not MVA [65]

Frozen tumor tissue ELISA No correlation on UVA 
(but trend towards reduced OS)

[66]

Tumor cytosol ELISA No correlation (with DFS) [67]

Serum and plasma ELISA No correlation [68]

Cervical FFPE IHC Positive [69]

Colorectal FFPE IHC Positive [45]

Frozen tumor tissue NBH Positive [70]

FFPE IHC Positive [71]

FFPE IHC Positive [72]

Frozen tumor tissue RT-PCR Positive (in patients with VEGF121 and 
VEGF165 andVEGF189 isoforms)

[73]

Serum (preoperative) ELISA Positive [35]

Plasma (preoperative) ELISA Positive on UVA but not MVA [35]

FFPE IHC No correlation with OS [74]

Endometrial FFPE IHC Positive [75]

Gastric FFPE IHC Positive [76]

FFPE IHC Positive [77]

Serum (preoperative) ELISA Positive [78]

FFPE IHC No correlation [79]

Head and neck FFPE ELISA Positive [47]

Frozen tumor tissue Western blot Positive [80]

FFPE IHC Positive [81]

FFPE IHC No correlation [82]

Serum (pretreatment) ELISA No correlation [83]

Lung FFPE IHC Positive in NSCLC [84]

FFPE IHC Positive in NSCLC [85]

FFPE IHC Positive in NSCLC [86]

FFPE RT-PCR Positive in NSCLC [87]

Serum ELISA Positive in NSCLC [88]

FFPE IHC Positive in SCLC [89]

Serum (preoperative) ELISA Positive in NSCLC [90]

FFPE IHC Positive on UVA but not MVA in NSCLC [49]

Serum (preoperative) ELISA No correlation in NSCLC [86]
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VEGF inhibitors in the clinic: is VEGF testing 
necessary for patient selection?

The predictive value of VEGF levels for outcome of antian-
giogenic therapy is not proven. As many of the numerous
agents that inhibit several targets of the VEGF signaling
pathway (monoclonal antibodies to VEGF or its receptors;
small molecule VEGF receptor tyrosine kinase inhibitors
(TKIs); ribozymes; soluble VEGF receptors [VEGF-Trap])
are reaching advanced stages of clinical testing or receiving
regulatory approval, researchers and clinicians are begin-
ning to question the utility of pre-treatment VEGF assess-
ment for patient selection.

Monoclonal antibodies to VEGF

Bevacizumab (Avastin®) is a humanized IgG1 monoclonal
antibody [115] that binds to and neutralizes all human
VEGF-A isoforms (but not other members of the VEGF
family) [19]. Preclinical studies demonstrated that bev-
acizumab inhibits the growth of human tumor cell lines
in vitro and tumor growth in vivo [115]. In phase I studies
in cancer patients, bevacizumab demonstrated direct anti-
vascular eVects on tumors, was generally well tolerated and
not associated with dose-limiting toxicities, and did not

exhibit overlapping toxicity with standard chemotherapeutic
agents [116, 117]. Additional clinical trials have showed
that a single infusion of bevacizumab induces a rapid and
direct antivascular eVect on tumors in patients with locally
advanced rectal cancer [118].

Positive results from phase II and phase III studies
[119–122] led to approval of bevacizumab for use in com-
bination with 5-Xuorouracil (5-FU)-based chemotherapy
and carboplatin/paclitaxel for the Wrst-line treatment for
metastatic CRC and advanced non-small cell lung cancer
(NSCLC). It should be noted that testing for pre-treatment
VEGF status is not a requirement for the use of bev-
acizumab. A signiWcant survival beneWt has also been dem-
onstrated with bevacizumab in combination with standard
chemotherapies for metastatic breast cancer [123]. Although
VEGF positivity (either circulating or tumor-associated)
was not an eligibility requirement in any of the phase II or
phase III bevacizumab trials discussed in this review, VEGF
levels were often evaluated, allowing the relationship
between outcome and VEGF expression to be explored and
reported in several of these trials (Table 3) [124–128].

Pre-treatment serum VEGF levels were below the level
of quantiWcation in 8 of 15 patients with hormone-refractory
metastatic prostate cancer treated with bevacizumab mono-
therapy; however, the potential relationship between VEGF
levels and response was not reported for the patients who

Table 2 continued

DFS disease-free survival, ELISA enzyme-linked immunosorbent assay, FFPE formalin-Wxed, paraYn-embedded tumor tissue, ICMA
chemiluminescence immunosorbent assay, IHC immunohistochemistry, ISH in-situ hybridization, MVA multivariate analysis, NBH northern blot
hybridization, NSCLC non-small cell lung cancer, OS overall survival, RFS relapse-free survival, RNase RNase protection assay, RT-PCR reverse-
transcription polymerase chain reaction, SCLC small cell lung cancer, UVA univariate analysis

Cancer type Tissue tested Method Correlation between VEGF 
levels and reduced patient 
survival (DFS, RFS, and/or OS)

Reference

Melanoma Serum ELISA Positive [91]

Serum (30 days after surgery) ELISA No correlation [92]

Oesophageal FFPE IHC Positive [93]

FFPE IHC Positive on UVA but not MVA [94]

FFPE IHC No correlation [95]

Ovarian FFPE ISH Positive [96]

FFPE IHC Positive [97]

FFPE IHC Positive [98]

FFPE IHC Positive [99]

FFPE IHC No correlation [29]

Pancreatic Frozen tumor tissue RT-PCR Positive [100]

Serum (preoperative) ELISA Positive on UVA but not MVA [37]

Prostate FFPE IHC Positive [101]

Plasma ELISA Positive [102]

Renal cell Serum ELISA Positive on UVA but not MVA [52]

FFPE IHC Positive on UVA but not MVA [38]

Vulvar FFPE IHC Positive [103]
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had measurable VEGF [129]. Bevacizumab monotherapy
was also evaluated in a phase II randomized, double-blind
trial in 116 patients with metastatic renal cell carcinoma
[124], a type of cancer in which VEGF is almost always
over-produced due to mutations of the von Hippel-Lindau
tumor suppressor gene [130–132]. Bevacizumab 10 mg/kg
every 2 weeks signiWcantly improved time to progression
compared with placebo (4.8 vs. 2.5 months, P < 0.001)
(Table 3). Measurements of plasma VEGF were available
in 113 of the 116 enrolled patients; 76 patients had baseline
levels below the lower limit of detection (40 pg/ml) sug-
gesting poor assay sensitivity. There was no signiWcant
association between detectable pre-treatment VEGF and
clinical response or time to progression, but the authors
comment that limitations in assay sensitivity prevented
deWnitive conclusions.

The relationship between VEGF and response to bev-
acizumab was explored in two phase III trials (Table 3).
The addition of bevacizumab to capecitabine in patients
with previously treated metastatic breast cancer signiWcantly
increased response rate (RR) versus capecitabine alone
(19.8% vs. 9.1%, P:0.001) and demonstrated small non-sig-
niWcant increases in overall survival (OS) and progression-
free survival (PFS) [126]. A retrospective analysis of VEGF
mRNA levels by ISH (using a 0–3 grading scale, where 3
denotes the highest expression) was performed on pre-treat-
ment tumor samples from 164 patients [125]. Approximately
one-third of patients tested had no ISH expression; 37% of
patients were graded as having 1+ expression, 20% were 2+,
and 11% were 3+. The analysis failed to detect any relation-
ship between VEGF mRNA levels and RR.

The pivotal phase III trial in 813 patients with previously
untreated metastatic CRC demonstrated a signiWcant sur-
vival advantage from the addition of bevacizumab to bolus
irinotecan/5-FU/leucovorin (LV) (IFL) versus IFL plus pla-
cebo (20.3 vs. 15.6 months, P < 0.001) [119]. The addition
of bevacizumab to IFL also signiWcantly improved PFS
(10.6 vs. 6.2 months; P < 0.001) and RR (44.8% vs. 34.8%;
P = 0.004). VEGF levels were retrospectively evaluated in
a subgroup of patients who had tumor samples collected
[128]. VEGF mRNA expression quantiWed by ISH on tis-
sue microarrays (using a 0–3 grading scale) in the tumor
samples from 187 patients (83 from the IFL arm and 104
from the bevacizumab plus IFL arm) found that approxi-
mately 30% of patients had VEGF expression with a score
of 3. Similar to the whole patient population, bevacizumab
provided a survival beneWt compared with placebo irre-
spective of VEGF mRNA levels, i.e. in patients with a
VEGF score of 3 versus those with a score of 0–2 [128].
This retrospective subgroup analysis also showed that bev-
acizumab provides a survival beneWt irrespective of the
level of thrombospondin-2 (THBS-2; an endogenous inhib-
itor of angiogenesis) or microvessel density (MVD).T
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Pre-treatment plasma VEGF protein levels were also
quantiWed using ELISA in 384 patients (191 in the IFL arm
and 193 in the bevacizumab plus IFL arm) from this study
[127]. Plasma VEGF was detected in 333 (88%) samples; 4
samples were above the upper limit of quantiWcation
(889 pg/ml) and 47 samples were below the lower limit of
detection (12.5 pg/ml). There was no diVerence in OS
between patients with the lowest and highest VEGF levels.
Thus, the level of VEGF expression is not a predictive fac-
tor of survival beneWt from bevacizumab treatment; how-
ever, the analysis suggested that the baseline level of
plasma VEGF is prognostic for OS.

Finally, a recent phase II study in 52 patients with meta-
static pancreatic cancer treated with gemcitabine and bev-
acizumab showed that pre-treatment plasma VEGF levels
did not correlate with outcome [133].

Taken together, the results of these retrospective analy-
ses suggest that response to bevacizumab therapy may not
be related to pre-treatment tumor VEGF expression or cir-
culating VEGF levels. Thus, pre-treatment VEGF measure-
ment using actual methodologies has little predictive value
for patients receiving bevacizumab.

VEGF receptor tyrosine kinase inhibitors

Several VEGFR TKIs have entered clinical development.
The most advanced are sunitinib malate (SU11248,
Sutent®; inhibits VEGFR-2, PDGF receptor (PDGFR),
c-Kit, and Fms-related tyrosine kinase/Flk2/Stk-2 [Flt-3]
[134, 135]) approved for the treatment of advanced renal
cell carcinoma (RCC) and gastrointestinal stromal tumor,
and sorafenib (Nexavar®; inhibits Raf kinase and VEGFR-
2 and VEGFR -3, PDGFR-�, Flt-3, and c-Kit receptor tyro-
sine kinases [136]) approved for the treatment advanced
RCC. Other VEGFR TKIs that have entered phase II/III
testing include vatalanib (PTK-787/ZK 222584; inhibits
VEGFR-1, VEGFR -2 and VEGFR -3, PDGFR, c-Kit and
c-Fms [137], and ZD6474 (which has activity against
VEGFR-2 and VEGFR -3, and epidermal growth factor
receptor (EGFR) [138, 139].

Sunitinib malate has reported results of VEGF or
VEGFR testing in clinical studies. A phase I trial of
patients with advanced cancer found that VEGF levels were
signiWcantly increased within 4 weeks of sunitinib malate
treatment [140], and plasma VEGF levels increased by
¸3-fold in 70% of patients [89, 141]. Another phase I/II
trial of 28 patients with advanced solid cancers, sunitinib
malate increased plasma VEGF concentrations during the
Wrst month of treatment, whereas plasma sVEGFR-2 levels
decreased [142]. Additionally, in a multicenter phase II
metastatic RCC trial by Motzer et al., sunitinib malate
increased the levels of VEGF-A and placental growth

factor (PlGF), and decreased soluble VEGFR-2 (sVEGFR-
2); changes in all the biomarkers were highly signiWcant in
all cycles through cycle 8 (P · 0.002) [143]. During the
2-week treatment break of the 6-week cycle, the levels of
all three biomarkers returned to near baseline levels. No
correlations were reported between clinical response and
plasma changes of these factors [143]. There are several
hypotheses that could explain these changes in biomarkers,
including the dislodgement of VEGF bound to the external
domain of VEGFR-2, the rapid release of stored VEGF
from known sources (e.g. platelets, �2-macroglobulin,
Thrombospondin-1), the compensatory increase of VEGF
in various tissues perhaps secondary to an induced state of
local hypoxia, the block of the VEGF-A clearance by the
kidney due to the inhibition of VEGFR-2 and, Wnally, the
lack of VEGF clearing by VEGFR-2 after anti-VEGFR-2
therapy. In addition, the mechanism behind the consistent
decrease in sVEGFR-2 levels observed with sunitinib
malate studies is not entirely understood at present, as bio-
chemical characterization of the naturally occurring
sVEGFR-2 protein has only recently begun. Probably,
these data could reXect a feedback regulatory loop [143].

Vatalanib has been evaluated as a single agent and in
combination with chemotherapy [144–152], but only one
trial reported data on pre-treatment VEGF status [153]. In
this phase I trial, plasma VEGF levels increased following
vatalanib administration, but there was no correlation
between plasma VEGF levels and disease progression
[153]. A pooled analysis of data from two phase I trials of
vatalanib monotherapy in patients with advanced CRC
showed that plasma VEGF levels increased during the Wrst
cycle of therapy, and then declined during the second cycle
of therapy [146]. There was a positive correlation between
changes in VEGF levels during the Wrst cycle of therapy
and clinical outcome (non-progressive disease; P = 0.027),
but not between pre-treatment VEGF levels and outcome.
The authors noted that pre-treatment VEGF levels varied
among patients, which may have been due to diVerences in
disease stage and tumor size. The phase III trial of vatalanib
plus 5-FU/LV/oxaliplatin (FOLFOX4 regimen) (CON-
FIRM-I study), failed to meet its primary endpoint of
improved PFS, and did not report any relationship between
pre-treatment VEGF status and outcome [154]. However, a
subset of patients with high levels of lactate dehydrogenase,
a marker possibly related to hypoxia, had a signiWcantly
better outcome with the addition of vatalanib versus che-
motherapy alone.

Additionally, a recent preclinical study found that the
antitumor eYcacy of the VEGFR-2 TKI GW654652 corre-
lated with high VEGF and low VEGFR-2 expression in
tumor xenografts [155]. The authors concluded that VEGF
receptor tyrosine kinase inhibitors might be more eVective
in patients with this pattern of tumor VEGF/VEGFR-2
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expression. However, this hypothesis has not yet been
tested in the clinic.

What level of VEGF is clinically meaningful, and how 
should it be measured?

Tumor VEGF expression does not always translate to
increased tumor angiogenesis [69, 111], and the expression
level gives no indication as to the degree of dependence of
a tumor on VEGF signaling. There is evidence that tumors
are more dependent on VEGF in earlier stages of disease,
with the role of VEGF (vs. other angiogenic mediators)
decreasing during disease progression [62].

Results of preclinical [156–159] and clinical [119, 160]
studies have demonstrated that agents targeting VEGF
improve the anticancer activity of conventional cytotoxic
agents. It has been suggested that in addition to causing
vascular regression and preventing the formation of new
vasculature, both of which have direct eVects on tumor
growth, anti-VEGF agents ‘normalize’ the tumor vascula-
ture, (which is typically abnormally structured and hyper-
permeable), reduce intratumoral pressure, and cause the
abnormal vasculature to regress. These vascular eVects are
also proposed to allow improved penetration and eVective-
ness of cytotoxic agents [6, 161, 162]. In patients with rec-
tal cancer, bevacizumab reduced tumor perfusion, vascular
volume, microvascular density, and interstitial Xuid pres-
sure, and increased the fraction of vessels with pericyte
coverage [118]. In addition, there is accumulating evidence
for the existence of VEGF receptors on tumor cells, sug-
gesting a direct antitumor eVect of anti-VEGF agents [6].
Data from the Eastern Cooperative Oncology Group
(ECOG) E3200 trial support this theory [160]. The addition
of bevacizumab to FOLFOX4 resulted in signiWcantly bet-
ter OS (12.9 vs.10.8 months, P:0.0018) and PFS (7.2 vs.
4.8 months, P < 0.0001) compared with FOLFOX4 alone
in patients with previously treated advanced CRC.

Although plasma VEGF levels correlated with tumor
VEGF levels, and tumor VEGF levels correlated with
microvessel density (a marker of angiogenesis), plasma
VEGF levels did not correlate with microvessel density in
patients with advanced CRC [163]. These results suggest
that while plasma VEGF levels may relate to the level of
tumor VEGF expression, they may not be a good indicator
of tumor VEGF activity. Moreover, in patients with
NSCLC, tumor VEGF expression, but not preoperative
serum VEGF, was found to correlate with survival [90].
This study also found that there was no correlation
between tumor and serum VEGF levels, a Wnding that was
attributed in part to the diVerent antibodies used in each
assay (anti-VEGF121 for IHC and anti-VEGF165 for
ELISA).

Measurement of tumor VEGF levels is even more prob-
lematic, with issues surrounding tissue availability, tissue
source (primary vs. distant metastases), tissue preparation,
and storage techniques, all of which can aVect results.
Depending on the level of dependence of the tumor on
VEGF signaling, even small changes in tumor VEGF
expression may be clinically important [28]. However, the
level of sensitivity of commonly used assays may be too
low to detect these clinically meaningful changes in VEGF
expression, while diYculties remain in deWning a relevant
‘cut-oV’, particularly with so many studies using diVerent
detection methods.

It has been suggested that quantiWcation of tumor
VEGF–VEGFR complexes might be a more useful indica-
tor of VEGF activity. In a study in patients with NSCLC,
VEGF–VEGFR-2 complex levels correlated with poor sur-
vival even in patients with low tumor VEGF expression
[43]. Similarly, a recent retrospective study evaluating
tumor specimens from 202 patients with primary breast
cancer found that levels of intratumoral soluble VEGFR-1
and VEGF, and the ratio of sVEGFR-1 to total VEGF are
potent and independent prognostic factors [68]. The authors
suggested that the determination of VEGF and sVEGFR-1
is useful to distinguish anti-VEGF therapy-sensitive tumors
from less sensitive tumors. However, these Wndings are
complicated by subgroup analyses which found that the
prognostic value of total VEGF and sVEGFR-1 is speciWc
for estrogen receptor-positive and negative tumors, respec-
tively. In addition, total VEGF, sVEGFR-1, and the ratio of
sVEGFR-1 to total VEGF were signiWcant prognostic indi-
cators for low but not high HER2-expressing tumors.

Potential of using CECs and CEPs as biomarkers 
of anti-angiogenic activity

At least two distinct populations of CECs have been identi-
Wed: bone marrow-derived CEPs and mature CECs, which
are thought to be derived from mature vasculature [164].
VEGF stimulates the mobilization of CEPs from the bone
marrow compartment, where they enter the circulation,
move to sites of ongoing angiogenesis, incorporate into
growing blood vessels, and diVerentiate into endothelial
cells [164, 165]. Thus, although their role in tumor vascu-
larization remains to be determined, it is thought that CECs
and CEPs contribute to angiogenesis.

Preclinical and clinical studies support a role of CEPs in
angiogenesis and as a measure of antiangiogenic therapy.
The eVect of angiogenesis inhibitors on CECs/CEPs was
recently evaluated in mice bearing Lewis lung-carcinoma
[166]. In control mice, exogenous administration of VEGF
increased levels of both CEC and CEPs. Co-administration
of ZD6747 inhibited this increase in CEC and CEP levels,
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but had no signiWcant eVect in the absence of exogenous
VEGF. In contrast, in mice-bearing Lewis lung-carcinoma,
ZD6474 had diVerential eVects, causing a dose-dependent
increase in mature CECs but not CEPs, accompanied by a
decrease in tumor microvessel density and tumor volume
after 3 days of treatment [166]. The apoptotic fraction of
mobilized CEC was not signiWcantly increased by treat-
ment. In the same study, ZD6126, a vascular-targeting
agent, was evaluated. After treatment with this agent, a
Wvefold induction in mature CECs was observed
(P = 0.04). These CECs were predominantly (95%) mature
CECs, although a small increase in CEPs was also
observed [166]. Additional preclinical data showed a strik-
ing correlation between genetically heterogeneous bFGF-
or VEGF-induced angiogenesis and intrinsic CEC or CEP
levels in eight diVerent inbred mouse strains [165].
Furthermore, in diVerent strains of genetically altered
mice, regulation of intrinsic CECs or CEPs was aVected by
the regulators of angiogenesis VEGF, Tie-2 and thrombo-
spondin-1 [165]. Treatment with a targeted VEGFR-2 anti-
body (DC101) caused a dose-dependent reduction in
viable CEPs that correlated with antitumor activity in
tumor-bearing mice [167].

There is evidence suggesting that measurement of CECs
could be used to evaluate response to antiangiogenic ther-
apy. A phase II study of the thrombospondin-1 mimetic
peptide, ABT-510, in patients with soft tissue sarcomas
showed that patients with high baseline CEC levels exhib-
ited reduced time to progression [168]. Similarly, changes
in the levels of viable CECs from baseline to week 3
inversely correlated with PFS (P = 0.015) in patients with
previously treated metastatic breast cancer receiving letroz-
ole plus bevacizumab [169].

In locally advanced rectal carcinoma, a single infusion
of bevacizumab (5 or 10 mg/kg) signiWcantly reduced the
percentage of viable CECs at day 3 and 12 compared with
baseline (P < 0.01) [170]. The kinetics of CEPs showed
similar trends (data not reported), although CEPs were
detected at concentrations that were two orders of magni-
tude lower than those of viable CECs. Interestingly, the
decrease in CECs occurred despite the signiWcant increase
in the levels of plasma VEGF and PlGF. Based on these
results, the authors propose that the kinetics of CECs in
the circulation, in conjunction with the levels of VEGF
family proteins in the plasma should be further investi-
gated as a potential surrogate marker of anti-VEGF agents
[170].

Metronomic (continuous, low dose) chemotherapy is
proposed to have anti-angiogenic properties. A recent study
investigated the correlation between CEC kinetics and clin-
ical outcome in patients with advanced breast cancer
receiving a metronomic schedule of chemotherapy [171].
CECs decreased in patients with no clinical beneWt (deWned

as a clinical response or a stable disease) as compared to
those who had a clinical beneWt (P = 0.015). This diVerence
was due to an increased fraction of apoptotic CECs. After a
median follow-up of 17.4 months, univariate and multivari-
ate analyses indicated that CEC values greater than 11/�l
after 2 months of therapy were associated with a longer
PFS (P = 0.001) and an improved OS (P = 0.005). CEPs
were always less than 5% of the CEC population, and no
correlation was found with clinical outcome. In the same
study, clinical beneWt did not correlate with CEC or CEP
count and viability in patients receiving thalidomide in
addition to chemotherapy (data not shown) [171].

Other studies that support CECs as potential biomarkers
include a phase I study of ZD6126 in patients with
advanced solid tumors, which showed that CEC levels
increased either after the Wrst (week 1) or second (week 2)
dose, and maximum levels were achieved a median of 4 h
after infusion [172].This study also showed that CEC lev-
els did not correlate with the magnitude of CEC increase,
and CEC increase did not correlate with ZD6126 dose,
peak plasma concentrations or drug exposure. Addition-
ally, in patients with metastatic imatinib-resistant GISTs,
sunitinib malate signiWcantly increased the levels of
mature CECs (it is not clear whether these were viable,
non-viable or total CECs) after 6–20 days of therapy in
responders versus non-responders [173]. In another recent
study, objective response or stable disease with a combina-
tion of bevacizumab and erlotinib in breast cancer has
been associated with a post-treatment increase in non-via-
ble CECs at 3 weeks after treatment versus the baseline
[174].

Thus, data suggest that a decrease in viable CECs, or an
increase in non-viable CECs (resulting in an overall
increase in total CECs compared to the baseline), might
function as early biomarkers of eYcacy for anti-angiogenic
therapy. Current understanding of the mechanisms that reg-
ulate CECs and their role in angiogenesis is at very early
stage. One proposed mechanism for the observed changes
is that anti-angiogenic treatments damage and/or remove
the survival signals for endothelial cells, either in circula-
tion or in tumor-associated blood vessels, with subsequent
release into the circulation [171].

Although early data are promising, further work is
needed to better characterize CECs and CEPs, and their
value as biomarkers of angiogenesis and/or angiogenesis
inhibition [175]. Some questions need to be resolved,
including: (1) the sensitivity and reproducibility of the
methods employed; (2) accounting for the great variance of
CEPs levels among animals with diVerent genetic constitu-
tion; (3) do tumors mobilize suYcient CEPs to be detected
in clinical practice; (4) the best antigen panel to character-
ize these cells; and, (5) what is the role of viable and
non-viable cells.
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Potential of using phosphorylated VEGFR-2 
as a biomarker of anti-angiogenic activity

A pilot study of bevacizumab alone or in combination with
doxorubicin and docetaxel in patients with inXammatory
breast cancer assessed tissue VEGF, activated VEGFR-2
status (phosphorylated VEGFR2 [p-VEGFR-2]), total
VEGFR2, tumor microvessel density (MVD), tumor cell
apoptosis and proliferation, and vascular permeability (via
dynamic contrast-enhanced magnetic resonance imaging
[DCE-MRI)] [176]. The phosphorylation of VEGFR-2, at
tyrosine sites 951 and 996, was evaluated by IHC and
compared to baseline in tumor cells. p-VEGFR-2 was sig-
niWcantly reduced with bevacizumab monotherapy, and
this change persisted during combination chemotherapy.
These changes in p-VEFGR-2 were only observed in
patients with partial response and stable disease, whereas
levels of p-VEGR-2 were high in patients with progressive
disease. These results indicate that bevacizumab has direct
eVects on tumours, by reducing the activity of VEGFRs
expressed on their surface, and thereby suggest the poten-
tial of using p-VEGFR-2 to measure eYcacy of anti-VEGF
agents.

Potential of using vascular imaging for monitoring 
anti-angiogenic activity

Imaging modalities are relatively non-invasive assays
useful to evaluate tumor vascularity. The combination of
AIs and cytotoxic drugs make it advantageous to simulta-
neously assess tumor volume and tumor vascularity
(a marker of anti-angiogenesis eYcacy). A few techniques
have been evaluated in conjunction with anti-angiogenic
therapies in the clinic, and there is good evidence to support
a potential role of four techniques: dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI), PET
scan, dynamic CT scan, and contrast-enhanced ultrasound
[177, 178].

Dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI)

DCE-MRI is a technique that yields parameters associated
with tissue perfusion and vascular permeability. The para-
magnetic contrast agent gadopentetate dimeglumine
(Gd-DTPA) is injected as a rapid iv bolus and diVuses out
of the blood vessels into the extravascular space. The
changes in signal intensity of Gd-DTPA are recorded by
serial images acquired before, during, and after the injec-
tion. Relative changes in semiquantitative parameters, such
as the maximum gradient of the signal–intensity–time
curve, the maximum increase in contrast enhancement, and

the AUC are indirectly related to tissue perfusion, vascular
permeability, and vessel surface area [177, 178].

The potential of DCE-MRI was evaluated in patients
with advanced solid tumors receiving vatalanib (50 to
2,000 mg once daily) [179]. A substantial reduction in con-
trast enhancement (Ki) was evident for all dose groups on
day 2 and at the end of cycle 1 (EC1). This reduction was
more pronounced in the higher dose group. A signiWcant
inverse relationship was found between increasing PTK
dose, AUC and reducing Ki on both day 2 and EC1.
Patients with non-progressive disease had a signiWcantly
greater reduction in enhancement on day 2 and EC1, and
there was a relationship between reduction in Ki and dis-
ease progression. The authors identiWed a dose in which the
lower limit of exposure was associated with at least 40%
reduction in contrast enhancement (60% baseline Ki), a
level that was associated with non-progressive disease.
These results suggested that DCE-MRI could be a useful
biomarker for deWning the pharmacological response and
dose of PTK.

Another phase I study evaluated the role of DCE-MRI as
a pharmacodynamic measure of response after acute dosing
of AG-013736, an oral available angiogenesis inhibitor, in
31 patients with advanced solid tumors [180]. AG-013736
caused signiWcant decreases in DCE-MRI vascular parame-
ters by day 2 compared with baseline, and this decrease
appeared to be dose-dependent. However, despite these
promising results, because of the small number of patients
evaluated (n = 17), there was no established association
between vascular and clinical response [180].

The study by Wedam et al. [176], also evaluated DCE-
MRI at baseline, and after cycles 1, 4, and 7 of therapy. A
decrease in K transf, representative of vascular permeabil-
ity and Xow measured, was observed after the Wrst infusion
of bevacizumab and continued during combination therapy.
A greater change in K transf was observed from cycle 1 to
cycle 4 than from cycle 4 to cycle 7, suggesting that the
overall tumor rate of change in treatment eVect occurred in
the earlier courses of therapy. However, no signiWcant
diVerence in any of these parameters was found between
clinical responders and non-responders.

Despite these interesting results, there are also several
issues to be taken into account. In order to obtain valid esti-
mation of tumor response it is important that the same
region of tumor is imaged on each patient visit. For this rea-
son, 3-dimensional (3D) protocols which provide data over
the whole tumor, are preferable to single-slice protocols.
However, current MRI technology does not permit “fast”
protocols in 3D, so investigators must choose between
complete assessment of perfusion from “slow” 3D proto-
cols in which follow-up scans are truly comparable.

Whichever parametric analysis is used, it is fundamental
to achieve standardization among participating institutions,
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and the use of retrospectively applied threshold values
should be avoided. There is not one optimal approach, and
a technique that oVers excellent statistical power, and cross-
center agreement for one type of tumor may be of little
value in other tumors (due to tumor heterogeneity). Until
now, all the studies showed that, at higher doses, eventually
a dose is found at which the majority of patients manifest
the desired change in the DCE-MRI end-point. Below that
dose, the majority of MRI studies do not show the antici-
pated change. Thus, to date, developed methodologies
appear to identify the minimum eVective dose rather than
the optimum biological dose. It is also important to estab-
lish the reproducibility of the measurement. For example, if
an agent caused a 20% decline in a vascular parameter mea-
sured by MRI but the day-to-day variation in that parameter
was 25%, then it would not be possible to say whether that
drug was active. Studies in the upper abdomen and thorax
can be compromised by respiratory motion artefacts.
Finally, the results must be validated in larger prospective
studies [177, 178].

PET scan

PET is a sensitive and quantitative technique that can be
used to monitor the pharmacokinetics and pharmacody-
namics of drugs radiolabeled with positron-emitting radio-
isotopes. It has been used in some studies to assess tumor
blood Xow with oxygen-labeled water and tumor metabo-
lism with Xuoro-labeled Xuorodeoxyglucose as biologic
end-points of response to antiangigenic agents.

The use of oxygen-labeled water oVers several proper-
ties for measurement of blood Xow. It is freely diVusible,
has a short half-life of 2 min, and has favorable dosimetric
properties. However, there are potential limitations. In
small tumors, partial volume eVects may be signiWcant if
the tumor size is less than twice the resolution of the scan-
ner. Second, there is a phenomenon called “spill over” or
“spill in” from surrounding structures with high blood Xow,
such as the heart, aorta, and liver, thereby limiting the use
of PET scan in the lung, liver, and mediastinum, respec-
tively. Further issues are that many imaging modalities,
such as CT and PET, use ionizing radiation, limiting the
number of studies that can be performed. Furthermore,
many PET isotopes are short-lived, requiring synthesis of
the relevant compound either at the patient’s bedside, as in
the case of oxygen-labeled water, or within a day of admin-
istration. In addition, tumors may not have a uniform
exchange of water between blood and tissue. Necrotic areas
may have a poor exchange between blood and tissue and a
lower volume of distribution of tracer. The heterogeneity of
delivery of drugs to solid tumors may lead to variability in
the results obtained from PET scan and other imaging
modalities [177, 178].

Dynamic or functional CT scan

Using dynamic or functional CT scan, it is possible to
determine the absolute values of tissue perfusion, relative
blood volume, capillary permeability, and leakage. All
these parameters provide physiological correlates with
microscopic changes correlated to tumor angiogenesis.
Tumor microvessels are too small to image directly, but
their increased density translates in vivo to increased tumor
perfusion and blood volume. Dynamic CT is simple, widely
available, and reproducible and has been validated against
oxygen-labeled water PET scan. QuantiWcation is simpler
than for MRI, as the relationship between signal and con-
trast concentration is much more linear than that seen with
MRI, although the sensitivity is less. The problem is that
this technique uses ionizing radiation, and there is a limit to
the number of studies that can be performed in any one
patient. As yet, reduction in tumor perfusion by anti-angio-
genic compounds has not been demonstrated by dynamic
CT in clinical studies. The main reason for this has proba-
bly been the lack of commercially available software to
perform the more precise quantitative analyses involved in
calculating perfusion, blood volume, and capillary perme-
ability. This situation is likely to improve with the rapid
development of new CT software, such as 3D assessment
of spiral CT. Finally, it may be possible to label monoclo-
nal antibodies to VEGF and image in that way. This tech-
nique is currently under evaluation at several institutions
[177, 178].

Functional utrasound

Ultrasound is one of the most widely used imaging modali-
ties and also one of the most rapidly evolving technologies.
New quantitative approaches, such as 3D scanning meth-
ods, and the increasing availability of microbubble contrast
agents, open exciting new avenues for functional ultra-
sound imaging. Conventional Doppler imaging is able to
direct image Xow in vessels down to approximately the mil-
limeter level. It is, thus, best seen as a tool for imaging the
macrocirculation, rather than the microcirculation. Current
Doppler methods often perform relatively poorly when
directly correlated with measures of tumor angiogenesis,
such as MVD. This is potentially attributable to sampling
errors in heterogeneous tumors. A much more promising
clinical application at the moment appears to be imaging
the response of a tumor blood supply to cancer therapy.
Although ultrasound media have been developed for the
assessment of vascularity, these studies have been ham-
pered by the operator dependency and diYculties in obtain-
ing images when Xow rates are very low. This makes
measurements of reproducibility diYcult, which obscures
determination of drug eVects. Also, depth of penetration is
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poor; therefore, organs such as lungs and brain are inacces-
sible [177, 178].

Conclusions: open questions and future directions

VEGF is an eVective target for anticancer therapy, and cli-
nicians are now faced with the challenge of how best to
integrate anti-VEGF agents into clinical practice. Experi-
ence with other targeted cancer agents, such as imatinib and
trastuzumab, has generated the perception that targeted can-
cer therapies are most suitable for patients having tumors
with overexpression of the target. However, accumulating
data suggest that this may not necessarily be true for agents
targeting the VEGF signaling pathway. There is no consis-
tent evidence to deWnitively link VEGF levels with tumor-
associated VEGF activity or any predictive or prognostic
indicators, although many of the discrepancies between
studies may be attributed to numerous drawbacks associ-
ated with current methods of VEGF detection and quantiW-
cation. The absence of a ‘gold standard’ VEGF detection
test, and lack of a predeWned, clinically relevant cut-oV is a
signiWcant hindrance to the clinical utility of VEGF mea-
surements for therapy selection. In addition, there is no
consensus regarding the most relevant form (e.g. tumor or
circulating) of VEGF to measure.

Furthermore, the VEGF signaling pathway is very com-
plex. The binding of VEGF to its receptors involves a com-
plex series of molecular events within the cell, including
direct activation of the intracellular signaling pathways and
co-activation of other receptors and downstream compo-
nents. There are also diVerent VEGF isoforms, and their
role in cancer needs to be further characterized, but redun-
dancy, cross-talk, and autocrine circuits appear to exist
within the VEGF signaling pathways in many tumors. In
addition, diVerent location of VEGF receptors have been
identiWed and VEGFR-2 is over-expressed by some tumor
cells, raising the possibility that VEGF inhibitors might
have direct eVects on tumor cell growth [181].

Given the diversity of the VEGF signaling network, it is
important to consider VEGF expression in the context of
other determinants of molecular activity, such as speciWc
isoforms, other ligands, receptors and co-receptors, down-
stream components, and the cross-talk with other molecular
pathways. Recent data suggest that VEGF bioavailability,
not total expression, determines the response to VEGF inhi-
bition [182].

Furthermore, the pattern of speciWc VEGF-A isoform
expression may inXuence the response to therapy without
substantial changes in total VEGF mRNA expression
[183]. Taking into account tumor cell heterogeneity, the
subjectivity associated to scoring VEGF expression, and
the complexity of the VEGF signaling pathway, it is

unrealistic to expect that the level of VEGF expression
(regardless of the method of detection) would predict
response to bevacizumab or other anti-angiogenesis com-
pounds [184].

A better knowledge of the precise mechanisms of action
of anti-VEGF compound is the key to develop a new gener-
ation of predictive tools. Regarding bevacizumab, several
potential mechanisms have been postulated, including
inhibiting the survival signals for VEGF-dependent imma-
ture vessels, normalizing the vasculature so as to improve
delivery of chemotherapy, inhibiting the growth of new
vessels and/or the recruitment of CEPs, direct activity on
VEGFR-2-expressing tumor cells, and enhancing the
immune response [162].

Regardless of the choice of marker and method of detec-
tion, there are also relevant disparities between the charac-
teristics of primary tumor and metastatic sites. It has been
documented that hepatic metastases have a signiWcantly
higher apoptotic index, decreased MVD, lower prolifera-
tion index, and decreased VEGFR-2 as compared to pri-
mary colon tumors [185, 186]. The level of VEGF
expression may be site-speciWc in patients with metastatic
disease, with decreased expression reported in liver metas-
tases relative to primary tumors and abdominal metastases
[32].

Finally, there are important diVerences between preclini-
cal/animal models and human disease that could explain in
part the lack of reproducibility of the results of experimen-
tal models [187].

Presently, regarding anti-angiogenic therapy, the identi-
Wcation and validation of prognostic and predictive markers
still remains a challenge. Perhaps, there is a need for diVer-
ent biomarkers for diVerent agents. Furthermore, a combi-
nation of markers or a “signature” might prove to be of
greater value than only a single factor.

Recently published data have suggested potential bio-
markers of antiangiogenic activity including sVEGFR-2
and CEC/CEP evaluation in the circulation, and new imag-
ing strategies such as DCE-MRI, PET and dynamic CT
scan, but these preliminary results were only from small
phase I/II studies. These promising results need to be con-
Wrmed in large prospective phase II and III studies of anti-
VEGF agents that include measurement of biomarkers as
secondary endpoints. A relevant challenge in biomarker
validation, particularly in the evaluation of new genomic or
proteomic technology, is to perform rigorous evaluations of
analytical, statistical methodology as well the clinical per-
formance of the assay. In fact, the test should be safe and
eVective for the speciWc treatment choices [188].

In conclusion, although a number of surrogate markers
for anti-VEGF activity are currently being investigated,
none has been clinically validated. In addition, multipara-
metric analyses suggest [119] that anti-VEGF agents, such
123
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as bevacizumab, improve outcomes in all subgroups of
patients.
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