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Abstract: Angiogenesis, the growth of new capillary blood vessels, is central to the 

growth of tumors. Non-invasive imaging of tumor angiogenesis will allow for earlier 

detection of tumors and also the development of surrogate markers for assessing response 

to treatment. Steady state magnetic resonance imaging with magnetic nanoparticles is one 

method to assess angiogenesis. In this article we explain the theory behind steady state 

magnetic resonance imaging and review the available literature. 
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1. Introduction 

Tumor growth and metastasis formation are dependent on angiogenesis, the process of new blood 

vessel formation [1]. Typically tumor-associated angiogenesis goes through two phases, an avascular 

and a vascular phase that are separated by the “angiogenic switch”. The avascular phase of tumors 

corresponds to small occult lesions that stay dormant and subside on diffusion of nutrients from the 

host microvasculature. After reaching a certain size (usually around 1–2 mm), a small subset of 

dormant tumors enter the vascular phase in which exponential tumor growth ensues. Angiogenesis is a 

complex multistep process regulated by many factors. At the onset of angiogenesis, a number of  

pro-angiogenic growth factors (e.g., vascular endothelial growth factors, platelet derived growth factor, 

fibroblast growth factors) and proteolytic enzymes (e.g., metalloproteinases, cathepsin cysteine 
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proteases, plasmin) are secreted into the interstitium. This leads to degradation of basal membrane 

surrounding the pre-existing vasculature, along with proliferation and migration of smooth muscle and 

endothelial cells. All these events lead to the alignment and organization of endothelial cells to form 

new vessels and a vascular network within the tumor [2–4]. 

Tumor angiogenesis is not simply the production of an increased number of blood vessels to serve a 

growing tumor mass. Although the main purpose of tumor angiogenesis can be considered to maintain 

a cancer’s blood supply, the process occurs in an unmitigated fashion, and the resultant vascular 

network is highly abnormal [1]. This profoundly aberrant vasculature dramatically alters the tumor 

microenvironment and influences heavily the ways in which cancers grow and progress, escape the 

host’s immune system, metastasize, and respond to anticancer therapies [5]. 

The heterogeneity in vessel distribution and haphazard anatomical arrangement of the vasculature 

cause spatial and temporal heterogeneity in blood flow, with areas of hypervasularity adjacent to 

hypovascular ones [6]. Also, the structural abnormalities of the tumor vasculature lead to a marked 

increase in vessel leakiness. As a consequence, there is a protein and fluid build-up in the tumor 

interstitium. This excess extravasation of protein increases the extravascular oncotic pressure, dragging 

further fluid into the interstitial space [6,7]. Furthermore, there is an absence of functional intratumoral 

lymphatic vessels, resulting in the impaired clearance of extracellular fluid and hence interstitial 

hypertension within tumors. The raised intratumoral interstitial fluid pressure (IFP) reduces the 

hydrostatic pressure gradient between the intravascular and extravascular compartments such that the 

two essentially equilibrate, which reduces transvascular flow. Moreover, the mechanical stress from 

the solid mass of proliferating cancer cells and the matrix is able to collapse tumor vessels, closing the 

lumen through compressive forces [8]. This combination of regional poor perfusion, raised IFP, and 

areas of vascular collapse produces regional hypoxia and acidosis within tumors [9], with major 

implications for tumor sensitivity to therapy. Hypoxia is a well-known mediator of cancer cell 

resistance to conventional radiotherapy and cytotoxics [10,11]. Moreover, the poor blood supply and 

raised intratumoral IFP (leading to a reduction in transvascular flow) impair the delivery of systemically 

administered therapies, such as conventional cytotoxics and monoclonal antibodies, to tumors [6,12]. 

With the discovery of vascular endothelial growth factor (VEGF) as a major driver of tumor 

angiogenesis, efforts were focused on novel therapeutics aimed at inhibiting VEGF activity, with the 

goal of regressing tumors by starvation. Unfortunately, clinical trials of anti-VEGF monotherapy in 

patients with solid tumors have been largely negative [13]. Intriguingly, the combination of anti-VEGF 

therapy with conventional chemotherapy has improved survival in cancer patients compared with 

chemotherapy alone [14,15]. In 2001, a “vascular normalization” hypothesis was proposed to explain 

this paradox [16]. The normalization hypothesis suggests that by correcting the abnormalities in 

structure and function of tumor vessels (rather than destroying vessels completely) a normalization of 

the tumor microenvironment and ultimately control tumor progression can be achieved due to 

improved response to intravenous as well as radiation therapy [5]. 

In clinical practice, angiogenesis is assessed in terms of microvessel density as determined on 

surgical biopsy specimens [17]. Whereas biopsies provide information only from particular regions 

within the tumor, the vasculature of high-grade tumors is highly heterogeneous [4]. Necrotic areas 

exhibit sparse and degraded vessels, whereas angiogenic areas are characterized by high vessel 

density [18], large vessel diameters [19], and increased permeability. In vivo imaging methods for 
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monitoring microvasculature non-invasively are therefore of major interest for both tumor detection 

and the development of surrogate markers for assessing response to treatment (Figure 1). 

Figure 1. Effect of treatment on tumors in patients who completed entire combined 

treatment regimen, and surgery. (a) Endoscopic and pathological evaluation of rectal 

tumors. Surgical specimens showed grade II tumor regression in patients 1–5 and grade III 

in patients 6, by Mandard criteria. Endoscopic image (instead of surgical specimen) was 

taken for patients 6, 3.5 weeks before surgery. BV, bevacizumab. (b) Representative 

functional CT images of blood perfusion before treatment (day 0), after bevacizumab 

(day 12) and after completion of treatment (day 104) in patient 5. (c) Tumor FDG uptake 

before treatment (pretreatment), 12d after bevacizumab treatment and 6–7 weeks after 

completion of all neoadjuvant therapy (presurgery). Saggital projections of FDG-PET 

scans for patient 1 are shown. Tumor is outlined in box, posterior to the bladder. Reprinted 

with permission from Macmillan Publishers Ltd: Nature Medicine, Willet et al. Direct 

evidence that the VEGF-specific antibody bevacizumab has antivascular effects in human 

rectal cancer. 2004, 10, 145–147. 

 

Imaging angiogenesis has been focused into three different arenas: (1) steady state blood volume 

determinations of neovascular density using magnetic nanoparticles; (2) kinetic imaging using 

dynamic tracking of contrast administration by ultrasound, computed tomography or magnetic 

resonance imaging; and (3) specific molecular markers of angiogenesis. This article will focus on 

steady state imaging of angiogenesis using magnetic nanoparticles, which as described below, does not 

suffer from some of the pitfalls associated with kinetic techniques (i.e., two vs. three compartment 

modeling, tradeoffs between spatial and temporal resolution, ability to image in areas constrained by 

motion), and offers high spatial resolution imaging of the blood pool with sophisticated analyses of 

microvascular volume and vessel size.  
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2. Steady State Imaging Using Magnetic Nanoparticles 

Ultrasmall super paramagnetic iron oxide (USPIO) (a.k.a. magnetic nanoparticle (MNP)) is a steady 

state blood pool agent that creates contrast in magnetic resonance imaging (MRI) through magnetic 

susceptibility variations proximal to the vascular network [20–23], which results in changes in inherent 

and induced transverse relaxation times defined as T2 and T2*, respectively. Accurate evaluation of 

R2*(1/T2*) or R2(1/T2) necessitate defining two or more points on the natural or induced transverse 

relaxation decay curve. Addition of contrast agent increases R2*(1/T2*) thus causing limits on 

sampling as the T2* is shortened. It can be shown that: 

ΔR2* or ΔR2 ∝ log [Spost/Spre] 

where, Spre ad Spost are pre- and post-contrast MRI signal intensity [24]. A fundamental assumption is 

that the change in the transverse relaxation rate ([ΔR2 = 1/ΔT2] and [ΔR2* = 1/ΔT2*]) relative to the 

preinjection baseline is proportional to the perfused local blood volume per unit tumor volume (V) 

multipled by a function (f) of the plasma concentration of the agent (P) [25–27]. 

ΔR2 = kf(P)·V 

Therefore, the capability of MNP to modulate the effective transverse relaxation rate, R2*, is 

exploited where the difference image of R2* before and after administration of MNP will be useful in 

determining microvessel density [28].  

A gradient echo (GE) MRI sequence allows blood volume (BV) assessment in relatively shorter 

data acquisition times and has the advantage of minimizing artifacts associated with flow effects.  

A recent report with a brain tumor model also showed that the R2* is more sensitive to the MNP 

induced susceptibility change [29] and can be used to estimate tumor BV. Although BV is linearly 

proportional to ΔR2 and ΔR2*, the proportionality constant was shown to be contrast agent  

dose-dependent [30]. The apparent BV values of tissues with different composition of arteries, 

capillaries, and veins were shown to be different [30] since ΔR2 and ΔR2* are affected by vessel 

size [31]. The ΔR2 peaks for vessels 1–2 µm in diameter whereas ΔR2* is fairly independent of vessel 

size beyond 3–4 µm. These studies thus provide the rationale for spin-echo imaging being more 

sensitive to microvasculature, while gradient-echo imaging is more sensitive to total vasculature.  

3. Translational Studies 

For magnetic nanoparticles to be useful in the assessment of tumor angiogenesis, it is important that 

the particles stay within the intravascular system, can characterize with tumor microvasculature and 

can monitor response to antiangiogenic therapy. Furthermore, can targeted nanoparticles be 

synthesized that target specific markers of angiogenesis. 

3.1. Are Magnetic Nanoparticles Truly Intravascular Agents? 

Bremer et al. first utilized intravital microscopy to determine whether a prototype magnetic 

nanoparticle agent (MION) truly had intravascular distribution in tumor microenvironment [25]. For 

these experiments a green fluorescent protein expressing 9 L tumor model was utilized, in which tumor 

microvasculature is clearly outlined against fluorescent tumor cells, even at very high spatial 
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resolution, which demonstrated that MION selectively enhanced the vascularity without any 

significant leakage into tumor interstitium during time of observation (30 min). They also found that 

steady state measures of vascular volume fraction (VVF) with MRI allow for volumetric, in vivo, non-

invasive assay of microvascular density in experimental tumor models. 

Another study by Lemasson assessed whether USPIO extravasated in their tumor model within the 

time frame of the MR session [32]. They found that the extravascular concentration of USPIO in the 

tumor was, at most, 0.3% of the plasma concentration twenty minutes after injection. This result 

validated the main hypothesis of vessel size index (VSI) and BVf (blood volume fraction) 

measurement: that USPIO remains as an intravascular contrast agent. 

3.2. Can Steady State MRI Characterize Tumor Microvasculature? 

A study was performed by Valable et al. [33] found a significant correlation between BVfMRI and 

BVfhisto (P < 0.005) and VSIMRI and VSIhisto (P <0.0001) in two rat models of glioma, however MRI 

provided estimates that are larger by a factor of ~2. Another study by Beaumont et al. [34], also found 

that the blood volume fraction estimates (steady-state MRI approach) were larger than histologic 

estimates (BVfhisto). Studies by Guimeraes et al. on nude mice implanted with renal cell [35] and 

pancreatic cancer [36] (Figure 2), found excellent correlation between VVF and MVD (R2 = 0.95 and 

0.85, respectively). 

Figure 2. T1-weighted MRI of mice with pseudocolorized VVF maps superimposed over 

the center of the tumor within the left flank prior to (a) and following (b) the 

administration of ShH antibody. Note the heterogeneity of signal intensity and color spread 

at baseline, with marked decrease in vascularity in the post-treated mouse as compared to 

pre-baseline. (c) 3dimensional VVF map of the mouse tumor in the left flank. (d) VVF was 

quantified in all treated mice and correlated histologically to anti-CD-31 microvessel 

density. Note the excellent correlation of VVF to MVD. Figure from Guimaraes et al. 

(unpublished data).  
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3.3. Can Steady State MRI Monitor Response to Anti-Angiogenic Therapy? 

Guimeraes et al. [35] also studied the effect of anti-angiogenic therapies (rapamycin (mTOR 

inhibitor) and sorafenib (VEGF inhibitor) on renal cell carcinoma using MRI with magnetic 

nanoparticles. They found that the VVF in all treatment arms differed from control (P < 0.05) and 

declined weekly with treatment (Figure 3). 

Figure 3. T1-weighted MRI of mice with pseudocolorized VVF maps superimposed over 

the center of the tumor within the right flank for each treatment arm (control (a),  

sorafenib (b), and Rapamycin (c)) of the trial at baseline, and at the end of therapy. Note 

the heterogeneity of signal intensity and color spread throughout all cohorts at baseline, 

with marked decrease in vascularity in the rapamycin (b) and sorafenib (c) treated animals 

as compared to control (a). Of note, only 3 mice survived all 3 weeks of therapy within the 

rapamycin treated arm. Figure from Guimaraes et al. (unpublished data) 

 

Persigehl et al. [22] investigated steady state blood volume measurements for early quantitative 

monitoring of anti-angiogenic treatment of fibrosarcoma bearing nude mice. They found that the VVF 

measured with USPIO-enhanced MR imaging correlated well with the grade of tumor thrombosis, 

necrosis or both. Moreover, the MR data were in line with independent perfusion measurements 

obtained by using fluorescent intravascular microspheres. A second study by the same group found 

that for responders there was a significant decrease in ΔR2* and VVF compared with the control 

group, whereas ΔR2* and VVF remained nearly unchanged for nonresponders [37].  

Another study by Guimaraes et al. [36] tested whether MR imaging measures of VVF using 

magnetic iron oxide nanoparticles were sensitive to the anti-angiogenic effect of targeted sonic 

hedgehog (Shh) therapies in a pancreatic cancer xenograft model. They found that in response to  

anti-Hh treatment, tumors showed a decrease in VVF compared with controls (P < 0.001). 

Lemasson et al. [32] performed a study on nude mice implanted with human glioma cells 

comparing cytotoxic and anti-angiogenic drug effects using multiparametric MRI. In mice treated with 

an anti-angiogenic therapy (Sorafenib), the tumoral VSI was significantly larger than in the untreated 
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group. Also in the Sorafenib group, tumoral BVf decreased from treatment onset, whereas it remained 

stable in the untreated groups. VSI and BVf in the cytotoxic group did not differ from the values 

measured in the untreated group. 

A study by Hyodo et al. [28] to evaluate the anti-angiogenic effect of Sunitinib in squamous cell 

carcinoma tumor bearing mice revealed ~46% reduction in tumor blood volume 4 days after start of 

Sunitinib treatment.  

Ring et al. evaluated whether “steady state” MRI using a robust multiecho ΔR2* MR relaxometry 

technique was suitable for the early assessment of rahbdomyosarcoma-bearing mice treated with 

bevacizumab [38]. They found that the bevacizumab resulted in a significant reduction of the ΔR2* 

values compared with the control group, reflecting a significant decrease of the VVF by 33%. 

Immunohistochemistry confirmed the MR results showing an approximately 25% reduction of the 

MVD after treatment. 

3.4. Can targeted Nanoparticles Bind to Markers of Angiogenesis? 

A study using arginine-glycine-aspartic acid (RGD) nanoparticles targeting integrins on BT-20 

tumor found three factors associated with the ability of nanoparticles to target tumor cell integrins—

tumor cell integrin expression; nanoparticle pharmacokinetics; and tumor vascularization [39].  

Zhang et al. conjugated the RGD peptide, which binds to the ανβ3integrin receptor, to  

3-aminopropyltrimethoxysilane-coated magnetic nanoparticles and administered them to nude mice 

bearing tumors with different levels of ανβ3 integrin-positive vessels. Results showed that RGD 

nanoparticles targeted to the tumor vessels and the change in T2 relaxation was related to the degree of 

expression of ανβ3integrin detected by 1.5T MR scanner [40]. A further study on melanoma-bearing 

mice, found that the percentage of MR signal-enhanced voxels was low and increased in animal 

receiving ανβ3- and Robo4-targeted nanoparticles [41]. The same group demonstrated the use of a new 

paramagnetic nanoparticle formulation targeted to α5β1-integrin positive neovasculature for both 

delivering anti-angiogenic therapy and detecting the tumor response [42].  

4. Conclusions 

Angiogenesis is an essential factor of tumor blood supply and consequently disease progression. 

Assessing angiogenesis is important when determining tumor grade and prognosis. Anti-angiogenic 

treatment is an emerging strategy not only to suppress the tumor growth by shutting off the nutrient 

and oxygen supply to tumors but also to improve the efficiency of cytotoxic drugs and radiotherapy via 

transit vascular normalization. Imaging has an important role in identifying patients who are likely to 

benefit from these new anti-angiogenic treatments and also to assess response to treatment. 
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