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Abstract The ability to induce and sustain angiogenesis is 
regarded as one of the hallmarks of cancer growth and 
metastasis. Marked advances in understanding vascular 
physiology and mechanisms of angiogenesis have led to 
the development of vascularly-targeted anti-cancer therapies. 
Two broad subclasses of agents are in clinical use currently: 
those with anti-angiogenic activity (i.e. those that target 
angiogenic pathways) and those that have direct cytotoxic 
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activity against proliferating endothelial cells (i.e. vascular 
disruptive agents (VDAs)). This article reviews the various 
imaging modalities, including magnetic resonance imaging, 
computed tomography, photon emission imaging (positron 
emission tomography and single photon emission computed 
tomography), ultrasound and optical (near-infrared absorption 
and scattering) techniques that have been used in an attempt to 
assess the status of tumor neovasculature in vivo. In  each  
case, we describe the basic imaging methodology, methods 
for image quantification, technical standardization and 
reproducibility, and current and potential clinical applica-
tions for monitoring the status of tumor neovasculature 
before and during treatment with vascular targeted agents. 

Keywords Magnetic resonance imaging . Perfusion CT . 

Positron emission tomography . Vascular physiologic 
parameters . Anti-angiogenic therapy 

1 Introduction 

In order to maintain growth above a few millimeters in 
diameter, all malignant tumors require in growth of new 
blood vessels, a process termed angiogenesis. [1] The 
existence of the angiogenic signaling by malignant tumors 
is now established as a basic biologic mechanism of tumor 
progression. The molecular pathways involved in angio-
genesis have been defined, and provide therapeutic avenues 
for disrupting these pathways. Several anti-tumor agents 
exploiting these pathways have now been approved for use 
in humans, either as single agents or in combination with 
conventional cytotoxic therapies [2]. 

With the advent of anti-vascular therapies entering the 
clinical domain, there is increased interest in determining 
the in vivo effectiveness (or lack thereof) of these agents 
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in patients. Given the novel mechanism of action of these 
targeted agents, the classical definition of tumor response, 
tumor size reduction, may need to be revised. Thus there 
is a need for better understanding of how imaging methods 
may be utilized to assess the physiologic status of the 
tumor neovasculature and to accurately assess the activity 
of these agents in clinical use. This article reviews the 
various imaging-based methods that have been proposed 
or used as a means of assessing the tumor neovasculature. 
These methods fall into five classes: magnetic resonance 
imaging (MRI) techniques (most notably Dynamic Con-
trast Enhanced-MRI), perfusion computed tomography 
(CT), nuclear medicine methods (namely positron emis-
sion tomography (PET) and single photon imaging), 
ultrasound (US) methods (intrinsic Doppler and contrast-
based methods), and optical (near-infrared (IR)) methods. 
In each case, we describe the basic imaging methodology, 
including methods of quantifying the specific imaging-
based metric(es) relating to tumor vascular status. We also 
review existing results in human studies utilizing these 
methods to probe the effect of conventional and vascular 
targeted agents on the tumor neovasculature. 

2 Vascular physiologic parameters: definition of terms 

Tumor blood volume is the ratio of tumor intravascular 
volume to total tumor volume. It can be estimated from 
imaging studies when the tracer or contrast agent used 
remains solely within the vascular space (e.g. radioactive 
labeling of red blood cells). In steady-state imaging, tumor 
blood volume is estimated by comparing the tumoral vs. 
blood pool tracer concentration. In dynamic imaging, blood 
volume is defined by relative wash-in and wash-out of the 
tracer. Tumor blood volume can also be measured indirectly 
through measurement of total tumor hemoglobin concen-
tration as assessed by optical imaging. 

Tumor blood flow is the volume of blood that reaches the 
tumor over a period of time (in milliliter per minute). 
Tumor perfusion is the amount of flow per unit weight of 
tissue, typically in milliliter per minute per milligram tissue. 
Tumor blood flow can be assessed by measuring the rate of 
tumor accumulation of a freely diffusible agent or using 
tracers with high first pass extraction. 

When imaging is performed with a partially diffusible 
agent (e.g. small molecular weight gadolinium agent in 
dynamic contrast enhanced MRI (DCE-MRI)), a kinetic 
term, Ktrans (in per minute), is defined, representing the first 
order kinetic constant of tracer passage from plasma to 
tumor interstitium. In tumors for whom flow is limiting 
(e.g. high vessel permeability), Ktransis equivalent to tumor 
perfusion over a unit volume (e.g. milliliter per minute per 
milliliter). More generally, Ktrans represents a mixture of 

tumor perfusion and tumor vascular permeability. For 
contrast agents with limited volume of distribution (e.g. 
gadolinium or iodinated agents that do not enter into intact 
cells), the term ve , representing the perfused extracellular 
volume fraction, is also defined. 

3 Magnetic resonance imaging methods 

3.1 Dynamic contrast-enhanced MRI 

DCE-MRI utilizes existing small molecular-weight gado-
linium-based contrast agents to interrogate the status of the 
tumor neovasculature. DCE-MRI is performed by imaging 
the tumors at high temporal resolution during the early first-
pass bolus and subsequent “equilibrium” phases of contrast 
entry into the tumor interstitium. Thus, while the imaging 
techniques in DCE-MRI, namely contrast-enhanced T1-
weighted imaging, essentially replicate the techniques used 
routinely in contrast enhanced MRI, aspects of the DCE-
MRI exam differ from that of a routine MRI study. These 
issues have been reviewed elsewhere [3, 4], and general 
guidelines for minimal image requirements for DCE-MRI 
have been published [5, 6]. To summarize the essential 
aspects of a DCE-MRI examination: 

& DCE-MRI requires a means to quantify the amount 
gadolinium entering the tumor from the image enhance-
ment (“brightening”). This generally requires informa-
tion regarding the magnetic properties of the tumor, 
often referred to as a tumor “T1 map”. 

& DCE-MRI is usually performed at higher temporal 
resolution than that of contrast-enhanced imaging 
performed routinely in clinical imaging centers. While 
exact requirements are debated, imaging speeds on the 
order of one frame per 6–8 s [7] (and sometimes as high 
as one frame per second [8]) are generally advocated. 

& At these imaging speeds, existing MRI technology does 
not allow for whole body, or even whole organ imaging. 
Thus the DCE-MRI study requires advanced planning 
to determine a target lesion and preferred imaging 
plane/geometry before the patient is scanned. 

Due to these requirements, DCE-MRI studies to date are 
generally performed at imaging centers with specialists 
experienced in DCE-MRI studies. However, a DCE-MRI 
study can potentially be performed at any MR imaging 
center with modern equipment. 

The key to DCE-MRI analysis is to determine the kinetic 
delivery of gadolinium contrast into the tumor. This 
requires knowledge of the arterial and tumor gadolinium 
concentrations during the course of gadolinium infusion 
and entry into the tumors. In MRI, gadolinium is indirectly 
imaged based on its magnetic effect on neighboring water 
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molecules. Thus, the relationship between gadolinium 
concentration and tumor enhancement on MRI is complex, 
and is further complicated by the nature of the gadolinium 
agents. The majority of the gadolinium-contrast agents 
approved for clinical use are small molecular-weight 
chelates of gadolinium, which passively diffuse across the 
capillary endothelial membrane, but do not cross intact 
tumor or tissue cell membranes. Thus, gadolinium contrast 
agents distribute only into the tumor extracellular space, 
complicating quantification of tumor or tissue gadolinium 
concentration. 

Nevertheless, despite these obstacles, many investigators 
have succeeded in obtaining qualitative and quantitative 
kinetic evaluations of tumor enhancement in DCE-MRI 
studies. Two main methods for quantitating tumor gadolin-
ium kinetics have been proposed. Evelhoch [9] proposed 
the “initial-area-under-the-gadolinium-curve” (IAUGC) 
metric, quantitating the total gadolinium uptake over the 
first 60 or 90 s after the arrival of contrast to the tumor. The 
advantage of this method is its simplicity. However, it does 
not take into account inter- or intra-patient variations in 
bolus arrival of the gadolinium in the arterial system (such 
as may occur due to variations in cardiac function). 
Furthermore, IAUGC is an abstract metric, not related 
directly to any physiologic measure such as tumor 
perfusion. Many investigators therefore favor the general 
kinetic model for two compartment tracer kinetics [10], 
more recently reformulated for DCE-MRI [11–13]. In this 
model, tumor enhancement is described by two parameters, 
Ktrans , the unidirectional first-order kinetic constant de-
scribing transport of gadolinium between the vascular 
compartment and the tumor interstitium, and ve , the extra-
vascular, extra-cellular volume fraction of the tumor. kep , 
the first-order reverse transport constant for efflux of 
gadolinium back into the vascular space, is then given by: 
Ktrans/ve . The metric Ktrans generally reflects both tumor 
blood flow and the vascular permeability-surface area 
product, a measure of tumor neovascular permeability. 
Therefore, DCE-MRI does not strictly assess tumor blood 
flow or perfusion, but is rather a metric reflecting the 
overall rate of gadolinium delivery to the tumor, and thus is 
an indirect marker of the status of the tumor neovasculature. 
More recent approaches to DCE-MRI studies have incor-
porated additional terms into the kinetic modeling, includ-
ing a correlation time (τc) relating to the kinetics of water 
exchange between the intra- and extra-cellular tumor 
compartments [14], and a finite intra-tumoral vascular 
volume fraction (vp) [15]. These additional parameters can 
improve the modeling fit of the tumor enhancement data, 
but require more complex software algorithms for image 
quantitation. 

Many questions have arisen in regards to the repro-
ducibility of DCE-MRI tumor metrics. Given the large 

number of image-based inputs required for estimating 
tumor Ktrans , the difficulties in standardizing MR imaging 
intensities, and the variety of imaging and modeling 
techniques in use, technical variations may overwhelm the 
ability of researchers to reliably depict subtle alterations in 
tumor vascularity. Indices of repeatability for DCE-MRI 
metrics have suggested that with current techniques, post 
treatment decrements in tumor Ktrans on the order of 40% 
are required to be considered a significant indicator of anti-
vascular activity [16–18]. 

Sources of error in DCE-MRI estimates continue to be 
debated, including issues relating to image acquisition 
technique [19], modeling of the arterial input function [20], 
and temporal resolution [7]. Most investigators counsel that 
test-retest repeatability measures pre-treatment are indicated 
in studies that seek to use DCE-MRI for quantifying 
treatment-induced changes in tumor vasculature, especially 
studies in which DCE-MRI is applied in a multi-site setting. 

3.2 DCE-MRI uses in clinical studies 

It has long been recognized that, given time, effective 
cytotoxic therapies will blunt tumor angiogenesis [21]. As 
such, Ktrans decreases in tumors responding to conventional 
cytotoxic therapies may be expected over time. However, in 
such cases, it is uncertain whether the chemotherapy has 
any direct anti-vascular action. More likely, it is the direct 
cytotoxic effect of the chemotherapy agent(s) on tumor 
cells which decreases the angiogenic signal required to 
maintain the tumor neovascularity. However, it has been 
shown recently [17], that within the limits of test-retest 

, kepreproducibility, no change in measured tumor Ktrans , or  
ve could be identified 1 day after the first dose of taxane or 
platinum based conventional cytotoxic regimens. These 
results suggest that cytotoxic therapies, even if ultimately 
effective in reducing tumor size, may not manifest in 
alterations in tumor neovasculature in the early post-
treatment setting. These findings are important to bear in 
mind in studies where targeted agents are used in tandem 
with conventional cytotoxic therapies. 

A number of studies have used DCE-MRI to evaluate 
alterations in tumor neovasculature following treatment with 
anti-angiogenic agents within early phase clinical trials [22– 
28]. Many of these reports were in phase I studies of mixed 
tumor types performed on a small number of patients at 
single imaging centers. However, despite the limited scope 
of these trials, useful pharmacodynamic information was 
often derived with the addition of DCE-MRI. In the phase I 
study of PTK/ZK in liver metastases, for example, changes 
in tumor vascular status as assessed by DCE-MRI were 
used to define the minimal biologically active dose [22]. In 
another example, DCE-MRI was used to demonstrate a 
dose/response relationship in a phase I study of AG-013736 
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in solid tumors, again providing useful information for 
phase II dosing [23]. 

Other studies have evaluated the use of DCE-MRI to 
gauge the effectiveness of anti-angiogenic agents directed 
toward a single tumor type. Wedam and colleagues demon-
strated a significant decline in DCE-MRI metrics in locally 
advanced breast cancer after a single dose of bevacizumab 
[28]. In a study of metastatic colon cancer response to PTK/ 
ZK [27], Morgan and colleagues used DCE-MRI on day 
two of the first cycle, and found that decreases in tumor Ki 
(a DCE-MRI index analogous to Ktrans) were predictive of 
tumor shrinkage following two cycles of chemotherapy. 
Furthermore, dose-response analysis via DCE-MRI was 
successfully used in this study to inform the phase II dose, 
as the maximally tolerated dose was not obtained by 
conventional measures of toxicity. Preliminary data from 
two groups [29, 30] evaluating the use of DCE-MRI in 
advanced renal cell carcinoma undergoing sorafenib treat-
ment have both demonstrated marked declines in tumor 
Ktrans within 4–8 weeks of therapy. However, in both 

Ktrans Ktrans studies, initial tumor , rather than percent 
decline, were most predictive of clinical responsiveness. 
These results will require further validation, as absolute 
Ktrans quantification in DCE-MRI can be highly dependent 
on the type of imaging and modeling system used. 

A smaller number of human trials using DCE-MRI to 
evaluate tumor response to VDAs have been reported [31– 
35]. The most carefully studied compound in this class is the 
A4 phosphate analogue of combretastin, CA4P. Three 
separate groups evaluated this agent by DCE-MRI in a 
phase I setting [32–34]. Dosing regimens differed slightly, as 
did DCE-MRI acquisition and analytic methods, making 
comparisons between the studies difficult. However, all 
studies demonstrated a decrease in DCE-MRI indices in 
some patients within 6 h of dosing (Fig. 1). In one study 
[33], this effect was shown to be reversible at 24 h, and a 
minimal biologically active dose of 52 mg/m2 was sug-
gested. In general, the optimal time course for evaluating 
immediate VDA activity against tumor neovasculature in 
humans has not been established, and the duration of such 
action has not been broadly determined. Given the need to 
wait for gadolinium clearance before re-testing by DCE-MRI 
(generally 6–8 h in patients with normal renal function) 
repeated tumor evaluation by this method is not generally 
feasible in the clinical setting. 

3.3 DCE-MRI with high molecular weight contrast agents 

Most currently available clinical gadolinium agents are 
small gadolinium chelates with relatively low molecular 
weight (LMW). These agents are highly permeable, and can 
pass through the capillary endothelial membrane rapidly. In 

Ktrans such cases, the measured tumor may reflect a 

Fig. 1 Contrast-enhanced images of a sacral metastasis from a 
papillary thyroid tumor before (A) and after the day 5 dose (B) of  
CA4P. Note absent enhancement in inferior portion of the tumor after 
treatment (arrow). DCE-MRI allows for tracking of contrast delivery 
in tumors at high resolution, and can supply information regarding 
intra-lesional heterogeneity of tumor vascular response to targeted 
therapies (from Stevenson JP et. al. Phase I trial of the antivascular 
agent combretastatin A4 phosphate on a 5-day schedule to patients 
with cancer: magnetic resonance imaging evidence for altered tumor 
blood flow. J Clin Oncol. Volume 21. 2003. p 4428–38, with 
permission) 

combination of both tumor blood flow and neovascular 
permeability. Thus, the physiologic correlates of changes in 

Ktranstumor following targeted therapy are difficult to 
pinpoint. 

A different class of MRI contrast agents, termed high 
molecular weight (HMW) agents, has recently become 
available [36]. These agents are essentially impermeable to 
endothelial membranes in normal (but not neoplastic) 
tissues, thus enabling more specific imaging of the tumor 
and its neovasculature. Furthermore, the permeability of 
these agents is inversely related to their molecular size, so 
that with larger agents, endothelial permeability becomes 
the rate-limiting step in contrast agent transfer into the 
tumor interstitium. As such, tumor Ktrans changes in DCE-
MRI studies with HMW contrast agents may be a more 
specific probe of the status of the tumor neovasculature. 
Furthermore, the slower passage of these agents from blood 
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to tumor may relax the temporal requirements of DCE-
MRI, allowing for more accurate assessment of tumor 
vascular indices. Several groups have evaluated DCE-MRI 
using high- vs. low-molecular-weight gadolinium contrast 
agents to assess tumor response to targeted therapies. In a 
mouse model of breast cancer, Preda and colleagues [37] 
demonstrated the superiority of the HMW agent in depict-
ing the early responsiveness of tumor neovasculature to 
bevacizumab. However, in a similar study of a mouse colon 
cancer model, both the HMW and LMW contrast agent 
were effective in determining the early anti-angiogenic 
effect of sunitinib (SU11248) [38]. It should be noted that 
there is less experience using HMW contrast agents in 
humans, with the majority of studies directed toward MR 
angiography studies [39]. Thus, human studies of the use of 
HMW agents as probes of tumor angiogenesis are to date 
lacking. 

3.4 Arterial spin labeling MRI 

An alternate method for MR-based assessment of tumor 
perfusion, arterial spin-labeling (ASL) has been proposed 
[40, 41]. In ASL-MRI, radiofrequency pulses are used to 
magnetically label the blood flowing into a specific tissue 
volume. The advantage of this methodology over those 
using exogenous contrast agents is that the experiment can 
be repeated sequentially over time or for multiple lesions. 
Furthermore, the use of magnetically labeled water as a 
tracer allows for direct measurement of tumor or tissue 
perfusion. ASL-MRI has been used with great success in 
brain imaging, allowing for assessment of brain function or 
as a means of evaluating blood flow alterations in stroke 
patients [42, 43]. ASL-MRI has been used to evaluate 
benign brain tumors [44] and ASL-MRI has been shown to 
correlate with tumor grade in gliomas [45]. 

ASL-MRI has also been proposed as a means of 
assessing tumor perfusion outside the brain. For example, 
Boss and colleagues used ASL-MRI to assess for local 
relapse of renal cell carcinoma (RCC) after treatment by 
radiofrequency ablation [46]. De Belazaire and colleagues 
demonstrated perfusion changes in metastatic RCC treated 
with PTK/ZK [47]. However, ASL techniques are not 
routinely available across all imaging centers, and the 
reliability of this method for vascular assessment of tissues 
outside of the brain has not been thoroughly evaluated. 

3.5 Blood oxygen level dependent-MRI 

Blood oxygen level dependent (BOLD)-MRI is another 
MRI technique that can be used to interrogate the 
physiology of tumors without exogenous contrast. BOLD 
imaging takes advantages of subtle differences in magnetic 
susceptibility between oxy- and deoxy-hemoglobin to 

assess tissue blood oxygen levels [48]. The technique has 
been extremely useful in functional MRI (fMRI) studies of 
brain activation in neuroimaging [49–51]. BOLD-MRI has 
also been used as an indirect means to evaluate renal 
perfusion [52–55]. 

Given the importance of tumor hypoxia in responsive-
ness to certain therapies (e.g. radiation therapy) BOLD 
techniques have been proposed as a mean of assaying 
tumor oxygenation in vivo prior to or during therapy [56]. 
However, given the relative subtle changes in image signal 
intensity in BOLD imaging, oxygen augmentation tech-
niques through breathing of carbogen or 100% oxygen are 
generally employed for tumor assessment [57, 58]. Fur-
thermore, given the complex interplay of tumor metabolism 
and perfusion, the relationship between alterations in tumor 
vasculature (e.g. vascular shutdown vs. vascular matura-
tion) and BOLD signal changes is likely to be complex. 
Nevertheless, BOLD-MRI has been used successfully in 
tumor xenographs to demonstrate the relationship between 
non-invasive tissue oxygen assessment and histologic 
measures of tumor vascular maturation [59]. As is true for 
ASL-MRI, the use of BOLD-MRI as a means of assaying 
the tumor neovasculature non-invasively will require 
additional investigation. Nevertheless, the appeal of non-
contrast dependent methods such as ASL- and BOLD-MRI 
to offer high-resolution function imaging of tumors over 
short time periods may be particularly appealing, especially 
in studies of VDAs with relatively short time courses of 
action and rapidly reversible effects. 

4 Perfusion CT methods 

As with MRI, dynamic contrast enhanced CT can be used 
to assess the status of tumor neovasculature non-invasively. 
Many aspects of dynamic contrast-enhanced CT (DCE-CT) 
make it an attractive alternative to DCE-MRI. In CT, the 
relationship between iodinated contrast tissue concentration 
and tissue image intensity is linear, thus simplifying 
quantification of dynamically enhanced image sets. Unlike 
MRI, CT image intensity is more uniform within an 
imaging volume, and CT intensity measures are stan-
dardized (Hounsfield units), facilitating comparison across 
multiple imaging systems. Initial use of CT perfusion in 
brain imaging for stroke patients was suggested using 
deconvolution methods to assess blood volume (rCBV), 
blood flow (rCBF), and mean transit time (MTT) of contrast 
[60]. Several additional methodologies for obtaining and 
analyzing CT perfusion images using more complex 
models have been applied [61–64]. 

With the widespread application of CT perfusion in 
stroke imaging, multiple commercial software packages for 
analysis of CT perfusion images exist which can produce 
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standardized kinetic terms (blood flow, blood volume, mean 
transit time), possibly facilitating use in multi-site clinical 
studies of targeted therapies. However, several factors limit 
the utility of CT perfusion outside of specialized areas such 
as the brain. The fixed axial plane of CT scanning may 
hinder CT-perfusion studies in moving areas of the body 
(e.g. liver and lung). The relatively high radiation dosages of 
abdominal CT limit the number of high-quality images that 
can be obtained repetitively without exposing the patient to 
unacceptably high radiation levels. Contraindications to 
iodinated contrast may also restrict the number of patients 
who may undergo these studies. 

Nevertheless, several groups have successfully used CT 
perfusion in humans to assess and track changes in tumor 
neovasculature outside of the brain. CT perfusional mea-
sures have been shown to correlate with tumor hypoxia in 
cervical cancer [65], similar to early studies using heuristic 
evaluation of DCE-MRI enhancement curves to correlate 
cervical cancer vascularity and predict responsiveness to 
radiation therapy [66]. CT perfusion has also been used to 
demonstrate responsiveness of rectal carcinoma to combi-
nation chemoradiation [67] and the early response of the 
rectal tumor neovasculature to bevacizumab [68]. Two 
separate studies have addressed the use CT perfusion 
metrics prior to treatment to predict responsiveness of 
squamous cell cancer of the head and neck to induction 
chemotherapy [69] and esophageal cancers to neoadjuvant 
chemotherapy [70], suggesting a potential role of DCE-CT 
in patient stratification in treatment trials. 

5 Nuclear medicine imaging methods 

PET and single photon emission computed tomography 
(SPECT), are nuclear medicine techniques which rely on the 
emission of energy from exogenously administered radioac-
tive tracers. Tracer concentrations are typically very small— 
on the order of picomolar—and are thus able to interrogate 
in vivo physiology without significantly altering the function 
of the system. SPECT images derive from the emission of a 
single photon by a decaying isotope, and utilize collimators 
to filter scattered photons and improve image resolution. 
PET images rely upon the creation of co-incident 511 keV 
gamma rays originating from the annihilation between the 
emitted positron and a neighboring electron. The co-incident 
detection of the paired gamma rays localizes the origin of 
these photons within the patient’s body, constituting the 
image. PET has greater sensitivity compared with SPECT 
[71], and has become the modality of choice for functional 
tissue assessment when a suitable positron emitting tracer is 
available. 

In PET imaging, tracer uptake is indicated by the 
standardized uptake value (SUV), a measure of mean tissue 

tracer concentration relative to the mean whole body tracer 
concentration [72]. 18F-Fluorodeoxyglucose (FDG) is the 
best studied PET radiotracer. FDG-PET images demonstrate 
the relative glucose uptake and metabolism of various 
tissues in the body. Image quantification in FDG-PET is 
based on user-defined detection of hypermetabolic tumor 
foci, with the maximal SUV pixel (SUVmax) being reported 
from a tumor region-of-interest. Several elements can lead 
to variations in SUVmax measurements, such as biological 
(e.g. perfusion, endogenous substrate/transmitter competi-
tion), physical (e.g. activity administered, partial volume 
effect) and technological factors (e.g. differences in scanner 
and software platforms). One cross-platform phantom and 
human study for FDG-PET suggests that test-retest differ-
ences in SUV may be as high as 15% [73]. 

Advantages of both SPECT and PET imaging include the 
relative sensitivity of the technique to very small concentra-
tion of tracers and the ease in which image quantitative 
measures may be derived. Previously, image resolution has 
been pointed to as one of the drawbacks of emission 
imaging. However, the advent co registration of functional 
and anatomic images with hybrid SPECT-CT [74] and  PET-
CT systems [75], along with recent improvements in PET 
technology, such as time-of-flight reconstruction [76], have 
helped to overcome this limitation. 

While FDG-PET remains the mainstay of clinical PET 
imaging in oncology, many other PET or SPECT tracers are 
available. The choice of radiotracer alters the functional 
aspects of the resulting images, depicting various biologic 
or physiologic aspects of the tumor(s). Thus, PET/SPECT 
imaging can be used to directly evaluate a variety of 
parameters relating to tumor neovasculature. Including 
direct evaluation of hemodynamic parameters (blood flow, 
blood volume), tissue properties (glucose metabolism, 
hypoxia) or tissue expression of specific markers of 
angiogenesis (e.g. VEGF, αvβ3 integrins). 

5.1 PET imaging of tumor hemodynamic parameters 

Blood volume imaging with PET is performed through the 
labeling of red blood cells (RBC). The subjects inhale a 
small volume of 11C or  15O labeled carbon monoxide (CO), 
resulting in the production of radiolabelled carboxy-
hemoglobin within RBCs. These labeled RBCs become 
blood pool tracers, enabling accurate blood volume deter-
mination of tumors. Blood volume determination with 
either 11C– or 15O–CO PET has proved to be a reliable 
and reproducible method [77, 78]. Blood flow imaging with 

15O-PET is performed through the direct injection of 
labeled water (15O–H2O) [79] or inhalation of carbon 
dioxide (15O–CO2), the latter tracer being converted in the 
blood stream to 15O–water through the action of carbonic 
anhydrase [80]. 15O–H2O imaging has been proven to be a 
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highly sensitive and reproducible method to evaluate 
perfusion of both normal and cancerous tissues [81, 82]. 
However, the short half-life of currently limits the avail-

15Oability of these techniques to imaging centers with 
production facilities. 

5.2 Clinical applications of blood flow and blood volume 
PET studies 

Blood flow and volume of distribution were measured with 
15O–H2O in patients with breast cancer and were shown to 
be significantly different between malignant and normal 
tissue [83]. Blood flow also correlated with washout of 
99mTc-Sestamibi, a marker of p-glycoprotein activity, 
indicative of resistance to chemotherapy (Mankoff et al.) 
[84, 85]. 

Changes in tumor blood flow have been used to monitor 
therapeutic effects of cytotoxic chemotherapy in humans 
after 2 months of therapy. Mankoff and colleagues used 
both FDG and 15O–H2O PET to study patients with locally 
advanced breast cancer undergoing different neoadjuvant 
chemotherapy regimens, most doxorubicin based [85]. It 
was found that both resistant and responsive tumors had an 
average decline in metabolic activity. Non-responding 
tumors, however, had an increase in blood flow after the 
chemotherapy. Lack of decline in blood flow after 2 months 
of therapy predicted poorer disease-free and overall 
survival (Fig. 2). In a randomized phase II study evaluating 
effects of doxorubicin and docetaxel in patients with breast 
cancer, 15O–H2O, 

11C–CO, and FDG were used to evaluate 
flow, blood volume and metabolic activity, respectively. 
Blood flow and glucose metabolism were not shown to 
correlate with clinical response, as both of these indices 
decreased in virtually all patients after therapy. However, it 
was shown that the baseline tumor blood volume of patients 
who went on to complete pathologic responders (pCR) was 
slightly lower than those who did not exhibit pCR. 
Furthermore, post-treatment tumor blood volume remained 
stable in responding patients, but tended to increase after 
therapy in patients without pCR [86]. 

In a pilot study of patients with androgen-independent 
prostate cancer treated with thalidomide, Kurdziel and 
colleagues evaluated changes in blood flow, blood volume, 
and metabolic activity 2 months after therapy. The authors 
found a strong positive correlation between changes in 
FDG uptake and changes in PSA, and a moderately positive 
correlation between changes in blood volume and changes 
in the PSA. Surprisingly, the authors found negative 
correlations between changes in blood flow versus changes 
in FDG uptake. This might be explained by the fact that 
hypoxic tumors overexpress HIF-1, which in turn upregu-
lates the expression of Glut-1 transporters, a key factor in 
FDG uptake [87]. 

Several investigators have evaluated PET to monitor 
tumor changes in anti-angiogenic therapies. In a phase I 
trial of human recombinant endostatin, Herbst and col-
leagues found that 15O–H2O PET demonstrated decreases 
in tumor blood flow in the absence of morphologic tumor 
regression. The authors also found that those changes 
persisted up to 84 days after the administration of the drug, 
along with decreased metabolic activity [88]. Lara and 
colleagues used FDG and 15O–H2O PET as part of the 
phase I trial of SU5416—an inhibitor of VEGF-mediated 
signaling—plus interferon alpha in patients with advanced 
renal cell carcinoma. Only five subjects underwent both 
baseline and post-treatment PET studies. In these patients, 
tumor metabolism and perfusion were unchanged or 
decreased in four patients with stable disease or minimal 
response, whereas it increased in the one patient with 
disease progression [89]. 

Anderson and colleagues evaluated tumor perfusion, 
volume of distribution of water and blood volume in 
patients with inoperable RCC treated with razoxane, a 
chemotherapeutic agent which inhibits cell division in 
early mitotic phases and also has anti-angiogenic proper-
ties. The authors found that overall there was no 
statistically significant correlation between changes in 
tumor perfusion and clinical response after 4–8 weeks of 
therapy. However, significant perfusional changes were 
seen in selected patients whose tumors demonstrated 

Fig. 2 Sagittal images of breast and chest of patients with locally patient with no response (C) are shown (Reprinted from [84 85] 
advanced breast cancer, before therapy (left) and after 2 months of Changes in blood flow and metabolism in locally advanced breast 
therapy (right) showing 18F-FDG and 15O-water uptake. Patient with cancer treated with neoadjuvant chemotherapy. J Nucl Med. Volume 
macroscopic complete response (A), patient with partial (B), and 44. 2003. p 1806–14, with permission) 
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higher pretreatment levels of perfusion, whereas no such 
changes were seen in patients with lower native tumor 
perfusion [90]. 

The effects of vascular disruptive agents can also be 
tracked with PET imaging. Anderson and colleagues used 
15O–H2O and  15O–CO PET in a phase I clinical trial of 
CA4P, in patients with advanced solid tumors. There was 
shown to be significant reduction in tumor blood flow 
30 min after treatment, an effect that persisted after 24 h in 
patients receiving larger doses of CA4P. Tumor blood 
volume also demonstrated a significant decrease 30 min 
after CA4P, also with a return to baseline values at 24 h 
(although no dose dependence in blood volume changes 
were noted) [91]. Although there was no correlation of PET 
indices with clinical responses, this study shows the 
feasibility of using PET to evaluate vascular pharmacody-
namics in a dose-escalation phase I study. The PET 
information was used then to help determine the optimal 
CA4P dose for subsequent phase II trials. 

Logan and colleagues evaluated the effects of IL-1 in 
tumor blood flow in a phase I trial of IL-1 and carboplatin 
in patients with solid malignancies metastatic to lung. At 
2 h after the administration of IL-1, there was significant 
decrease in tumor blood flow assessed with PET. Where 
IL-1 also caused decrease in systemic blood pressure, the 
effects on tumor blood flow persisted until 4 h after 
treatment, when the patients became normotensive (Logan 
et al.) [92]. 

5.3 PET imaging of tumor hypoxia 

Hypoxia results from the imbalance between supply and 
consumption of oxygen and is a temporarily and spatially 
heterogeneous process. There are three main pathogenic 
mechanisms in the development of hypoxia in solid tumors: 
(a) perfusion, secondary to the abnormalities in the tumor 
neovasculature; (b) diffusion, related with the tumor’s 
distorted geometry and (c) anemia, either tumor-associated 
or therapy induced. Therefore, while tumor hypoxia itself is 
not a direct marker of the status of tumor neovasculature, 
alterations in tumor vascular physiology may be expected 
to influence the presence and degree of tumor hypoxia. In 
cancer patients, hypoxia may predict response to (chemo-
therapy) radiation therapy and ultimately the outcome of 
the disease. In cervical [93, 94] head and neck cancer [95– 
99], and soft tissue sarcomas [95–98] the presence of tumor 
hypoxia is associated with a poor prognosis. The interplay 
between tumor perfusion, tumor neovascular maturation, 
and tumor hypoxia is therefore likely to be an important 
metric for determining prognosis and tumor responsiveness 
in chemoradiation treatment regimens. 

Currently, polarographic oxygen electrode measurements 
of tissue oxygenation are considered the gold standard for 

measuring tumor oxygenation. In addition to being an 
invasive method, electrode measurements do not provide a 
full map of the tumor oxygenation, and measurements are 
limited to tissues accessible for electrode placement. These 
limitations have prompted research evaluating non-invasive 
techniques for imaging oxygen distribution in tumors. The 
most studied PET radiotracers for hypoxia imaging are 
18F-Fluoromisonidazole (FMISO), 18F-EF5, 18F-FAZA (the 
2-nitroimidazoles) and Copper (II) diacetyl-bis(N4)-
methylthiosemicarbazone (Cu-ATSM). These radiotracers 
selectively target viable, but hypoxic cells. In their 
oxygenated states, these tracers are freely diffusion into 
the tissues. However, when localized within hypoxic 
tissues, tracer reduction occurs, in each case converting 
these tracers into non-diffusible forms which are then 
trapped within the hypoxic tissue. In tissues with normal 
oxygen tension, the tracers remain oxidized and can diffuse 
back to the extracellular compartment [100]. 

Several studies have used PET imaging to track tumor 
hypoxia prior to or during treatment. Rischin et al. [101] 
showed that hypoxia on FMISO PET was associated with a 
high risk of locoregional failure in patients with head and 
neck cancer receiving a chemoradiotherapy regimen without 
tirapazamine. In lung cancer patients undergoing chemo-
radiation [102], a decrease in FMISO uptake from the 
baseline, indicating tumor reoxygenation, was associated 
with better tumor response. On the other hand, increase or 
nearly unchanged tracer uptake corresponded to worse local 
tumor outcomes. 

While no studies have directly evaluated tumor hypoxia 
in the setting of vascular targeted therapies, several studies 
have evaluated the correlation between tumor hypoxia and 
markers of tumor angiogenesis. In a study of malignant 
gliomas, FMISO uptake was shown to correlate with 
increased metabolic activity as well as with VEGF-R1 and 
Ki-67 expression, markers of angiogenesis and cell prolif-
eration, respectively [103]. Bruehlmeier and colleagues 
[104] studied FMISO and 15O–H2O PET in glioma patients, 
demonstrating a positive correlation between early FMISO 
uptake with blood flow images. This correlation, however, 
was no longer present in the delayed FMISO images, when 
FMISO retention more directly reflected the degree of 
tumor hypoxia. The authors also found that hypoxia was 
associated with tumor hypoperfusion in only two patients, 
whereas in four other patients, hypoxia was found in tumor 
areas with intermediate to high perfusion. These findings 
restate the multifactorial nature of hypoxia in solid tumors 
and indicate that tumor hypoxia can result even in the 
absence of image-assessed low tumor perfusion. 

A novel approach in imaging hypoxia has been to 
evaluate its effects on cell markers. In tissues with low 
partial pressures of oxygen, hypoxia inducible factor α 
(HIF1α) mediates a complex cascade of events. Carbonic 
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anhydrase 9 (CA9) is one of the genes upregulated via 
HIF1α, and has been implicated in the maintenance of 
intracellular pH [105]. cG250, a chimeric antibody against 
CA9, has been developed and labeled with Iodine-131 
[106], Indium-111 [107] and Technetium-99m [108] for 
immunoscintigraphy as well as radioimmunotherapy [109]. 
Recently, cG250 has been labeled with Iodine-124, a 
positron emitter, and it was shown in a prospective trial to 
correlate with CA9 expression. 124I-cG250 was shown to 
have sensitivity of 94% and specificity of 100% in the 
detection of clear cell phenotype in patients with renal cell 
carcinoma [110]. Quantification of CA9 expression with 
124I-cG250 therefore represents a promising strategy to 
interrogate tumor hypoxia before and during treatment with 
targeted agents. 

5.4 Glucose metabolism and tumor perfusion 

FDG is the most commonly used tracer in oncologic PET 
and is the only oncologic PET tracer approved by the Food 
and Drug Administration for routine clinical use. FDG-PET 
imaging is based on the increased glucose metabolism by 
cancer cells [111]. The tracer is taken up by the glucose 
transporters, undergoes phosphorylation by hexokinase, but 
does not undergo any further metabolism and thus remains 
trapped within the cell. 

Therefore, while FDG is the prototypic metabolic 
radiotracer, some studies have suggested that tumor FDG 
uptake may be linked closely to tumor angiogenesis. Bos 
and colleagues found that in breast cancer, FDG uptake 
correlates not only with glucose transporter and hexokinase 
expression, but also with microvessel density. [112] 
Zasadny and colleagues found a close correlation between 
FDG uptake and blood flow in breast cancers. However, in 
regions of lower tumor blood flow, the slope of the FDG 
uptake curve was higher, possibly representing increased 
anaerobic metabolism in areas of poor tumor perfusion 
[113]. Thus, the relationship between tumor glucose 
metabolism and tumor perfusion may be a complex one, 
and it is not clear that alterations in tumor neovasculature 
will be easily correlated to changes in tumor FDG uptake. 

5.5 PET and SPECT imaging of angiogenesis markers 

5.5.1 Vascular endothelial growth factor 

Vascular endothelial growth factor (VEGF) is one of the 
principal cytokines involved in angiogenesis, regulating 
blood vessel proliferation and permeability, as well as 
serving as an anti-apoptotic factor for the newly formed 
blood vessels. Preliminary studies have demonstrated the 
feasibility of labeling VEGF with SPECT agents or positron 
emitters to detect tumors. In 40 patients with gastrointestinal 

tumors, SPECT and planar imaging with 123I labeled VEGF-
165 yielded an overall tumor detection rate of 58% [114]. 

124IJayson and colleagues utilized the positron emitting 
labeled huMV833 to evaluate the biodistribution and 
clearance of the unlabeled humanized anti-VEGF antibody 
huMV833 in a phase I clinical trial in patients with 
advanced solid tumors [115]. Cai and colleagues success-
fully demonstrated the ability of Copper-64-DOTA-
VEGF121 to image vascular endothelial growth factor 
expression in vivo [116]. Hsu and colleagues used 64Cu-
DOTA-VEGF121 fused with the recombinant plant toxin 
gelonin (rGel) for both imaging and treatment in animal 
tumors. The authors found that 64Cu-DOTA-VEGF121/rGel 
was able to image VEGF receptor expression and also 
cause tumor neovascular damage [117].The iodinated IgG1 
monoclonal antibody against VEGF, 124I-VG76e, demon-
strated good tumor localization in fibrosarcoma xenographs 
[118]. However, it has not been studied in anti-angiogenic 
therapy evaluation. 

Given these early results, targeting VEGF and VEGF 
receptor expression as a means of monitoring the effects of 
anti-angiogenic therapy would appear to be an attractive 
option. However, quantitative VEGF/VEGF-R targeting has 
not to date been evaluated as a marker of tumor angiogenic 
activity in human therapeutic trials. 

5.5.2 Integrin Alpha-v-Beta-3 

Integrins are a family of transmembrane molecules which 
mediate numerous cell-cell and cell-matrix interactions, 
such as cell adhesion, proliferation and apoptosis of tumor 
cells and of activated endothelial cells. One prominent 
member of this receptor class is integrin αvβ3, which is 
highly expressed in endothelial cells during angiogenesis. 
Its expression in normal vasculature and other organs, 
however is weak. A common feature to many members of 
the integrin family binding of the tripeptidic sequence Arg-
Gly-Asp (RGD). Radiolabeled RDG peptide imaging 
therefore constitutes a promising strategy to evaluate 
integrin expression in vivo and to serve as a non-invasive 
means of assessing tumor neovasculature. 

Sivolapenko and colleagues, used Technetium-99 m-RGD 
to evaluate patients with metastatic melanoma [119] demon-
strating detection sensitivity of 77.3%, including 75% of the 
lymph node metastasis and all the solid organ metastasis. 
PET imaging with 18F-Galacto-RGD has been used to 
evaluate angiogenesis, demonstrating significant correlation 
between radiotracer accumulation and αvβ3 receptor  density  
by immunohistochemistry and Western blot in animal tumor 
models [120]. Beer at al found strong correlations between 
radiotracer uptake and imunohistochemistry staining inten-
sity of αvβ3 vessels  [121]. 18F-Galacto-RGD was used to 
non-invasively monitor tumor growth and angiogenesis in 
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mice with gliobastoma multiforme [122]. Jung and col-
leagues [123], used a novel 99mTc-RDG compound— 
Glucosamino (99m)Tc-d-c(RGDfK)—to image fibrosarcoma 
and lung carcinoma xenographs. In addition to the favorable 
integrin imaging characteristics, the authors also found that 
in mice treated with paclitaxel there was decreased radio-
tracer uptake. This finding was associated with delayed 
tumor growth as well as decreased tumor alpha(v)beta3 
integrin expression. 

6 Ultrasound methods 

Ultrasonography (US) utilizes high frequency sound ways 
to produce images. Alterations in tissue acoustic properties 
create interfaces that reflect the emitted sound waves, which 
are then received back by the transmitter. The time delay 
between sound wave emission and detection correlates with 
the depth of the various reflected surfaces. 

Vascular depiction in US can be achieved through of 
Doppler imaging to detect moving reflectors, representing 
the surfaces of red blood cells in flowing blood. Thus, 
vascular-based imaging through various Doppler tech-
niques (color, power, etc.) is a routine methodology for 
identifying and depicting pathology in large vessels. 
However, flow-sensitivity limits the ability of Doppler US 
to identify vessels smaller than approximately 50 μm [124]. 
Nevertheless, large feeding vessels in tumors can be 
reliably imaged by Doppler US methods, and qualitative 
Doppler US assessment can be used as an adjunct in the 
detection and characterization of malignant breast and 
prostate lesions [125, 126]. 

The advent of microbubble contrast agents has greatly 
improved the ability of US to probe tumor vascular 
architecture. US microbubble contrast agents are on the 
order of 1–10 μm in diameter. The bubbles consist of a gas 
center (usually air or a perfluoronated hydrocarbon), with a 
shell of variable composition (lipid, protein, or polymer) 
[127]. These agents remain entirely intravascular. However, 
their high reflective index increases the relative US signal 
in both gray scale and Doppler modes. The addition of an 
US contrast agent with specialized imaging techniques (e.g. 
pulsed inversion imaging) can effectively decrease the 
minimal vessel size depicted by US. As such, quantitative 
US imaging can be used to interrogate the status of tumor 
neovasculature. Furthermore, the transmitted US wave can 
be used to intermittently destroy the contrast agent in a 
focal region of tissue. Repetitive cycles of destruction/ 
detection can be put into place such that the rate of new 
contrast agent entry into the tissue of interest can be 
measured as a gauge tumor blood flow. 

Quantitation schemes for assessing tumor vascularity 
from US images vary. Doppler US images may be assessed 

for total number of pixels with flow, weighted by the 
relative or absolute flow velocities [128, 129]. Similar 
schemes can be applied with contrast-enhanced images. 
Blood flow measures may be estimated with or without 
intermittent bubble destruction [130–132]. However, repro-
ducibility studies in humans are to date lacking and the use 
of US techniques to interrogate the tumor neovasculature 
and the effects of targeted therapy have been performed 
mostly in animal studies. 

Nevertheless, both contrast-enhanced and non-enhanced 
US can be used to depict tumor vascular alterations in 
humans undergoing anti-vascular therapies [133]. Berlottoto 
and colleagues demonstrated decreases in tumor blood 
flow and volume in human hepatocellular carcinoma 
(HCC) 15 days after administration of thalidomide [131]. 
In another study of thalidomide in HCC [134], higher 
tumor vascular indices pre treatment were predictive of 
response, and marked decreases in tumor vascular indices 
were seen in 4/5 patients with subsequent objective tumor 
response by CT. Given the wide availability of US, and the 
potential for repetitive assessment of tumor vascularity, the 
use of US as a probe of human tumor vasculature in 
vascular targeted therapies is expected to increase. Howev-
er, standard quantitation methods are needed, especially due 
to the potential of operator-dependence on resulting 
quantitation of tumor vascular metrics. Furthermore, tumors 
within certain anatomic regions (lung, bone) may be less 
amenable to US interrogation. 

7 Optical (Near-IR) imaging methods 

Diffuse optical tomography (DOT) is a new imaging tool 
with great potential to monitor the status of tumor neo-
vasculature and the vascular effects of targeted and non-
targeted therapies. DOT utilizes non-ionizing radiation (i.e. 
near-IR light), evaluating the absorption and scattering 
patterns of tissues at multiple near-IR wavelengths. DOT 
evaluation of tumors provides several unique physiologic 
and hemodynamic parameters, including total hemoglobin 
concentration, blood oxygen saturation, blood flow, scat-
tering, and tissue water and lipid content [135, 136]. DOT 
is technologically simple, inexpensive and rapid. It can be 
used as a portable device, facilitating the bedside evaluation 
of tumors, and can be performed repeatedly over short 
intervals, facilitating longitudinal studies of fast acting 
agents such as VDAs. 

The use of optical imaging with exogenously added 
near-IR absorbers can further enhance the optical contrast 
of tumors. Currently, Indocyanine Green (ICG) is the only 
FDA-approved compound suitable for DOT, having an 
absorption and fluorescence spectra in the near-IR spectral 
window (600–1,000 nm). Based on absorption [137, 138] 
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and fluorescence contrast [139], higher concentration of 
ICG have been shown in breast tumors relative to that of 
normal tissue, likely due to higher contrast delivery and/or 
delayed contrast washout. 

Despite its advantages, there are current shortcomings to 
DOT evaluation of tumor in practice. Few centers currently 
perform DOT studies in humans, and equipment varies 
between investigators, preventing standardization and ham-
pering comparison of results from different centers. Due to 
absorption and scattering properties of near-IR light, DOT 
can only be used to probe tumors that are relatively 
superficial to the skin surface or an accessible internal 
cavity (e.g. transrectal optical probes for prostate cancer). 
Nevertheless, DOT has been successfully used to assess 
and monitor tumors in a variety of sites in humans, 
including breast [140–144], head and neck [145], and 
prostate [146]. These studies demonstrate the reliability of 
DOT for identifying tumors, and have demonstrated the 
capability of DOT to monitor physiologic changes in breast 
tumors after neoadjuvant chemotherapy [140–144] (Fig. 3). 
With its sensitivity to both tumor perfusion and oxygena-
tion, DOT may be an ideal imaging modality for probing 
tumors before and during radiation therapy [145] or  
photodynamic therapy [146]. In addition, DOT has been 
used to monitor the anti-vascular effects of CA4P in a 
mouse model of melanoma [147], demonstrating significant 
decreases in both blood flow and tumor oxygenation 1 h 
after drug administration. 

8 Summary: Implications for tumor vascular 
assessment in human studies 

As we have discussed, a wide range of imaging modalities 
has been utilized in an attempt to monitor the status of 
tumor neovasculature in the setting of vascular targeted 
therapies in human trials. To date, no one method has 
emerged that satisfies all of the requirements for routine use 
in human studies. 

Several methods exist for direct assessment of tumor 
vascular physiology. PET studies with labeled water is a 
promising avenue for tumor vascular assessment, but is 

limited to sites accessible to cyclotron facilities due to the 
short half-life of 15O as a positron emitter. DCE-MRI is a 
methodology that has been applied widely, due to the ease 
of use with modern MR imaging equipment and the routine 
availability of gadolinium contrast agents. However, the 
complexity of MR image intensity standardization, and the 
non-linear relationship between gadolinium concentration 
and image enhancement have challenged the ability of the 
MRI community to devise uniform methods for DCE-MRI 
image acquisition and quantification. Other high-resolution 
cross-sectional techniques for assessing tumor neovascula-
ture, such as perfusion-CT and arterial spin-labeled MRI 
show promise, but remain less well studied that the 15O 
PET or DCE-MRI techniques. 

Other modalities, such as microbubble contrast enhanced 
US or near-IR optical techniques have been used in selected 
centers for tumor vascular assessment. These techniques 
offer several advantages, including portability and the 
possibility of repeated measures in the setting of treatment 
with fast acting vascular disruptive agents. However, 
uniform methodologies have not been devised or tested, 
and each method may be limited with respect to the 
anatomic areas accessible for tumor vascular interrogation. 

Molecular imaging offers additional promise for assessing 
tumor angiogenesis through targeting of key molecules 
involved in the development and maintenance of tumor 
angiogenesis. However, the ability of these targets to be 
reproducibly quantified via SPECT or PET imaging remains 
unknown. 

As the role of vascular targeted therapy continues to 
grow in oncology, there will be increasing demands on the 
development and deployment of robust non-invasive means 
of assessing tumor response to these therapies. Therefore, 
continued incorporation of these imaging methodologies 
into single- and multi-site clinical trials of targeted agents 
should be encouraged. However, critical evaluation of the 
performance of these biomarkers should be mandated. 
These include testing the repeatability of image-derived 
metrics, evaluating the robustness of novel imaging 
protocol implementation across platforms, and determining 
the true relationship between alteration in image metrics 
and the degree of neovascular inhibition in vivo. 

Fig. 3 Representative image slices from DOT of a patient with breast constructed based on tumor-to-normal ratios of total hemoglobin 
cancer, before and after the first cycle, and after the third cycle of concentration, blood oxygen saturation and scattering for representative 
docetaxel. Patient had previously received four cycles of Doxorubicin– measure of tumor-to-normal ratio. Images demonstrate clear shrinkage 
Cyclophosphamide as part of the neoadjuvant regimen. Optical index is and decrease of optical index over time (Personal Data, Regine Choe) 
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