
Volume 10 Number 4 April 2008 pp. 354–362 354
www.neoplasia.com
Tumor Vascularity Assessed By
Magnetic Resonance Imaging and
Intravital Microscopy Imaging1
Jon-Vidar Gaustad*, Kjetil G. Brurberg*,
Trude G. Simonsen*, Camilla S. Mollatt*
and Einar K. Rofstad*

*Group of Radiation Biology and Tumor Physiology,
Department of Radiation Biology, Institute for Cancer
Research, Norwegian Radium Hospital, Montebello,
Oslo, Norway
Abstract
Gadopentetate dimeglumine (Gd-DTPA)–based dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) is considered to be a useful method for characterizing the vascularity of tumors. However, detailed studies
of experimental tumors comparing DCE-MRI–derived parametric images with images of the morphology and
function of the microvascular network have not been reported. In this communication, we describe a novel MR-
compatible mouse dorsal window chamber and report comparative DCE-MRI and intravital microscopy studies of
A-07-GFP tumors xenografted to BALB/c nu/numice. Blood supply time (BST) images (i.e., images of the time from
when arterial blood enters a tumor through the supplying artery until it reaches a vessel segment within the tumor)
and morphologic images of the microvascular network were produced by intravital microscopy. Images of E·F (E is
the initial extraction fraction of Gd-DTPA and F is perfusion) were produced by subjecting DCE-MRI series to Kety
analysis. The E·F images mirrored the morphology (microvascular density) and the function (BST) of the micro-
vascular networks well. Tumor regions showing high E·F values colocalized with tumor regions showing high
microvascular density and low BST values. Significant correlations were found between E·F and microvascular
density and between E·F and BST, both within and among tumors.
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Introduction
Human and experimental tumors develop a highly heterogeneous
physiological microenvironment during growth characterized by oxy-
gen and nutrient depletion, low energy status, extracellular acidosis,
and interstitial hypertension [1]. This hostile microenvironment
causes resistance to treatment and may promote malignant progres-
sion, invasive growth, and metastatic dissemination [2,3]. The physio-
logical parameters of the tumor microenvironment are determined
primarily by the blood perfusion, which is inadequate and heteroge-
neous in most tumors, primarily because of severe structural and archi-
tectural abnormalities in the microvascular network [1–4].

It has been suggested that gadopentetate dimeglumine (Gd-DTPA)–
based dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) may be a useful noninvasive diagnostic method for characterizing
the vascularity of tumors. The uptake of Gd-DTPA in tumor tissue de-
pends on several vascular and nonvascular parameters, including blood
perfusion, microvascular density, vessel wall permeability, cell density,
extracellular volume fraction, and extracellular matrix density [5]. A
variety of qualitative, semiquantitative, and quantitative strategies are
being used for analyzing DCE-MRI series of tumors [6]. The most
promising quantitative methods are based on the use of pharmacoki-
netic models of the uptake of Gd-DTPA in the tumor tissue [6,7].
However, the parameters derived from these models describe the ki-
netics of Gd-DTPA distribution rather than true tumor physiology
and are thus only surrogate parameters for physiological parameters.
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It is thus generally accepted that the validity of the DCE-MRI–derived
parameters and parametric images used for characterizing the physiologi-
cal microenvironment of tumors needs to be evaluated carefully [6,7].
A commonly used evaluation strategy is to compare DCE-MRI–

derived parameters with histologic parameters of the imaged tumors
[8–13]. Thus, correlations have been found between DCE-MRI–
derived parameters and microvascular density in breast carcinoma [8],
cervical carcinoma [9], and cerebral glioma [10]. Moreover, DCE-
MRI–derived parameters have been shown to correlate with the expres-
sion of vascular endothelial growth factor-A in breast carcinoma [11,12]
and colorectal carcinoma [13]. However, the correlations were, in gen-
eral, weak possibly because the DCE-MRI–derived parameters used in
these studies were not adequate measures of tumor vascularity or be-
cause the biopsies used for preparation of histologic sections were not
representative for the imaged tissue.
The potential usefulness of Gd-DTPA–based DCE-MRI in charac-

terizing the microenvironment of tumors is currently being evaluated
in our laboratory by using human tumor xenografts as preclinical
models of human cancer [14–17]. Our studies have shown that high-
ly reproducible images of E·F (E is the initial extraction fraction
of Gd-DTPA and F is blood perfusion) and λ (λ is proportional to
extracellular volume fraction) can be obtained by subjecting DCE-
MRI series to Kety analysis [14,15]. We have also performed experi-
ments showing that E·F may be correlated to microvascular density
and fraction of radiobiologically hypoxic cells in human melanoma
xenografts [16,17]. These experiments provided significant evidence
that DCE-MRI may be a useful imaging method for characterizing
the microenvironment of tumors. However, because microvascular
density is a global parameter and measurement of fraction of radio-
biologically hypoxic cells requires tumor disaggregation, our studies
did not allow a direct comparison of E·F images and images of the
tumor microenvironment.
Detailed studies of the microenvironment of tumors can be per-

formed by the use of window chamber preparations and intravital
microscopy techniques [18–22]. These methods are particularly use-
ful for providing high-resolution images of the morphology and func-
tion of tumor microvascular networks. DCE-MRI studies of tumors
growing in window chamber preparations have not been reported
thus far, probably because MR-compatible window chambers are
not available. An MR-compatible mouse dorsal window chamber
was recently constructed by the Group of Radiation Biology and Tu-
mor Physiology at the Norwegian Radium Hospital. In the present
communication, we describe this window chamber and report com-
prehensive studies comparing DCE-MRI–derived E·F images with
optical images of tumor vascularity. The main purpose of the work
was to investigate to what extent E·F images reflect morphologic and
functional images of the microvascular network of tumors. The mor-
phologic parameters used in our work included vessel length density,
vascular area fraction, and interstitial distance, whereas blood supply
time [BST (i.e., the time required for arterial blood to flow from the
main tumor-supplying artery to a downstream tumor microvessel
segment)] [23] was used as functional parameter.
Materials and Methods

Mice
Adult (8–10 weeks of age) female BALB/c nu/nu mice, bred and

maintained as described elsewhere [23], were used as host animals
for dorsal window chamber preparations. The animal experiments
were approved by the Institutional Committee on Research Animal
Care and were done according to the Interdisciplinary Principles and
Guidelines for the Use of Animals in Research, Marketing, and Edu-
cation (New York Academy of Sciences, New York, NY).

Cells and Multicellular Spheroids
A-07 human melanoma cells [24] were constitutively transfected

with green fluorescence protein (GFP) by lipofection. The transfected
cells (A-07-GFP) were grown as monolayers in RPMI 1640 (25 mM
HEPES and l-glutamine) supplemented with 13% bovine calf serum,
700 μg/ml genetecin, 250 μg/ml penicillin, and 50 μg/ml streptomy-
cin. Multicellular spheroids of A-07-GFP cells were produced and
maintained by using a liquid-overlay culture technique [25]. Monolayer
cultures and spheroids were incubated at 37°C in a humidified atmo-
sphere of 5% CO2 in air and subcultured twice a week.

Anesthesia
Window chamber implantation, intravital microscopy, and DCE-

MRI were carried out with anesthetized mice. Fentanyl citrate (Janssen
Pharmaceutica, Beerse, Belgium), fluanisone (Janssen Pharmaceutica),
and midazolam (Hoffmann-La Roche, Basel, Switzerland) were ad-
ministered i.p. in doses of 0.63, 20, and 10 mg/kg, respectively.

Window Chamber Preparations
Window chambers were implanted into the dorsal skin fold of mice

by using a procedure similar to that described by Papenfuss et al. [26].
Briefly, the chamber consisted of parallel frames, and after implanta-
tion, these frames sandwiched an extended double layer of skin (Fig-
ure 1). Before the chamber was implanted, a circular hole with a
diameter of ∼6.0 mm was made in one of the skin layers. A plastic
window with a diameter of 6.0 mm was attached to the frame
on the surgical side with a clip to provide visual access to the fas-
cial side of the opposite skin layer. The frames and the clip were in-
house-made of polymer material (Victrex PEEK; Victrex Technology
Centre, Thornton Cleveleys, UK). The composite chamber had a
total weight of 1.0 g. Tumors were initiated by implanting an
A-07-GFP spheroid with a diameter of 100 to 200 μm onto the fas-
cial side of the intact skin layer. After surgery, the mice were given
buprenorphine (Temgesic; Schering-Plough, Brussels, Belgium) i.p.
in a dose of 0.12 mg/kg.

Intravital Microscopy
Tumor vascular morphology and blood flow were imaged by using

an inverted fluorescence microscope equipped with filters for green
and red lights (IX-71; Olympus, Munich, Germany), a black and
white CCD camera (C4742-95; Hamamatsu Photonics, Hamamatsu,
Japan), and appropriate image acquisition software (Wasabi; Hamamatsu
Photonics). Tetramethylrhodamine isothiocyanate dextran (TRITC-
dextran) with a molecular weight of 155 kDa (Sigma Aldrich, St.
Louis, MO) was used as vascular tracer. A 0.2-ml bolus of TRITC-
dextran (50 mg/ml) was injected into the lateral tail vein, and first-
pass imaging movies were recorded at a frame rate of 18 frames per
second (fps) by using a ×1.25 objective lens, resulting in a time reso-
lution of 55.6 milliseconds, a field of view of 6.89 × 5.51 mm2, and
a pixel size of 10.8 × 10.8 μm2. Afterwards, the entire vasculature
network was mapped by recording 9 to 16 single frames with a ×4
objective lens, resulting in a field of view of 2.15 × 1.72 mm2 and
a pixel size of 3.4 × 3.4 μm2. During imaging, the mice were kept
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[24]. Bioscope imaging studies have demonstrated that the intra-
tumor heterogeneity in the uptake of freely diffusible radioactive
blood flow tracers is similar to that of Gd-DTPA in A-07 tumors, sug-
gesting that the E for Gd-DTPA is uniformly close to unity [31].
Moreover, DCE-MRI measurements have revealed that the effec-
tive microvascular permeability constants for macromolecules and
20-nm-diameter superparamagnetic iron oxide particles are extremely
high in A-07 tumors [32,33].
The most commonly used pharmacokinetic model for analyzing

DCE-MRI data of tumors is the model known as the generalized ki-
netic model of Tofts [6]. This model is the model of choice when
studying tumors with low, unknown, or heterogeneous microvascular
permeability for Gd-DTPA. The parameters of the Kety model (E·F
and λ) are related to the parameters of the Tofts model [K trans (the
volume transfer constant of Gd-DTPA) and ve (the distribution vol-
ume of Gd-DTPA per unit volume of tissue)] by the following ex-
pressions: E·F = K trans/[ρ · (1 − Hct)] and λ = ve/[ρ · (1 − Hct)],
where ρ is the density of the tissue and Hct is the hematocrit. In
the present communication, we chose to use the Kety formulation,
primarily because E·F is preferable to K trans as a parameter for tumor
vascularity in tumors where the uptake of Gd-DTPA is known to
be limited purely by the blood flow. K trans has a per-minute unit
and is simply a rate constant with no direct physical or physiological
meaning. Conversely, the unit of E·F is ml/g per minute, implying
that numerical values of E·F can be compared directly with numer-
ical values of tumor blood perfusion. In an earlier study of 200- to
700-mm3 intradermal A-07 tumors, median E·F was found to range
from 0.05 to 0.39 ml/g per minute with a mean value of 0.20 ml/g
per minute [17]. Interestingly, these values are similar to those
achieved when tumor blood perfusion was measured with inva-
sive methods in intradermal A-07 tumors [34]. Median E·F of the
tumors studied here ranged from 0.40 to 1.31 ml/g per minute with
a mean value of 0.76 ml/g per minute and was thus higher than those
mentioned above, most likely because the window chamber tumors
studied here were substantially smaller than the intradermal tumors
studied earlier. This suggestion is consistent with the observation
that intradermal A-07 tumors with volume >200 mm3 have a mean
fraction of radiobiologically hypoxic cells of 5% to 10% [16,35],
whereas radiobiologically hypoxic cells cannot be detected in intra-
dermal A-07 tumor with volume <200 mm3 [36].
The DCE-MRI was performed by using a voxel size of 0.31 ×

0.31 × 2.0 mm3 and a time resolution of 14 seconds. Previous studies
in our laboratory of intradermal A-07 tumors have shown that the
signal-to-noise ratio at this voxel size is sufficiently high to provide
well-defined Gd-DTPA concentration versus time curves and that the
initial rising part of the Kety curves is determined precisely at this
time resolution [14,16,17,30]. These observations were confirmed
in the present study of A-07-GFP window chamber tumors.
Adequate evaluation of the usefulness of DCE-MRI in character-

izing the vascularity of tumors requires comparisons of DCE-MRI–
derived parameters with morphologic as well as functional parameters
of the microvascular network. Several morphologic and functional
parameters are being used for describing the microvascular network
of tumors growing in window chambers [18–21]. In the work re-
ported here, microvascular density, measured as total vessel length
per μm2 tumor area, length of large vessels per μm2 tumor area, vas-
cular area fraction, and interstitial distance, was used as morphologic
parameter, and BST was used as functional parameter. By using these
parameters, it was possible to characterize the morphology and function
of the microvascular network of the tumors in a single experiment, and
most importantly, our strategy made it possible to compare DCE-
MRI–derived parametric images with morphologic and functional
microvascular images of whole tumors.

The calculation of microvascular density and the computation of
BST images required production of vascular masks. As demonstrated
in Figure 3, our algorithms produced vascular masks of high quality
(i.e., small vessels were detected as well as large vessels, and the diameter
of the vessels was retained in the masks). A weakness of our approach
is, however, that the vascular masks represented two-dimensional pro-
jections of the three-dimensional tumor vasculature. Calculation of
microvascular density from two-dimensional vascular masks results in
an overestimation of the microvascular density because of contributions
from out-of-plane vasculature. The magnitude of the overestimation
may depend on the parameter used for microvascular density, and con-
sequently, four different parameters were used for microvascular density
in the present work. However, when comparing DCE-MRI–derived
parametric images with intravital microscopy-derived images of tumor
vascularity, high depth resolution of the intravital microscopy images is
not crucial because MR scans also have a substantial thickness (2 mm
in the study reported here).

The function of the tumor microvascular networks was assessed by
measuring BST. Previous work has shown that this parameter can be
measured with high accuracy in any pixel within the vascular net-
work of tumors growing in ∼250-μm-thick window chamber pre-
parations and that a time resolution of 55.6 milliseconds (18 fps)
is sufficient to demonstrate that BST increases gradually along in-
dividual vessel segments in the tumor tissue [23]. In the present
work, we demonstrate that BST can be assessed with similar accuracy
also in many hemispherical window chamber tumors, as illustrated in
Figure 6. The calculation of high-quality BST images requires that
the great majority of the pixels within the vascular mask show fluo-
rescence intensity versus time curves with a well-defined peak (cf.,
Figure 6A, right panel). However, this requirement was not fulfilled
in all hemispherical tumors studied here. Some tumors, particularly
large tumors with highly irregular microvascular networks, showed
regions with very delayed blood supply (i.e., regions that were not
reached by the TRITC-dextran bolus until after a lag time of up
to 20 seconds), as illustrated in Figure 5B. The peak of the fluores-
cence intensity versus time curves in these regions was poorly defined,
and consequently, it was not possible to produce high-quality BST
images and frequency distributions. For these tumors, only rough es-
timates of the BST values could be produced from the delay in con-
trast appearance.

If E·F is going to be a clinically useful parameter for noninvasive char-
acterization of the vascularity of tumors, images of E·F have to reflect
morphologic and functional images of the tumor microvasculature. Ide-
ally, significant correlations between E·F and microvascular parameters
should exist within heterogeneous tumors as well as across individual
tumors, both for whole tumors and tumor subregions. Our study
showed unequivocally that E·F images mirror morphologic and func-
tional images of the microvasculature of A-07-GFP tumors well. Thus,
strong correlations were found between E·F and microvascular den-
sity, both for whole tumors and tumor subregions, regardless of whether
microvascular density was measured as total vessel length per μm2 tumor
area, length of large vessels per μm2 tumor area, vascular area fraction,
or interstitial distance. Interestingly, E·F showed the strongest correla-
tion with the density of large-diameter vessels, possibly because tumor
blood perfusion is influenced strongly by these vessels. Moreover, E·F
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was found to reflect the intratumor and intertumor heterogeneity in
BST. Thus, tumors showing high and homogeneous E·F values showed
low and homogeneous BST values. In heterogeneous tumors, regions
showing high E·F values colocalized with regions showing low BST val-
ues and regions showing low E·F values colocalized with regions show-
ing high BST values, regardless of whether BSTwas assessed accurately
or just estimated from the delay in contrast appearance.

In conclusion, the work reported here strongly suggests that paramet-
ric images providing information on the morphology and function of
the microvasculature of tumors can be obtained by Gd-DTPA–based
DCE-MRI. The possibility that DCE-MRI may be developed to be
a useful noninvasive diagnostic method for characterizing the micro-
vasculature of human tumors merits clinical investigation.
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