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Non-invasive measurement of haemodynamic parameters and imaging of neovasculature architecture
is of importance in determining tumour prognosis, in directing tissue sampling and in assessing
treatment efficacy. In the current research we investigated a dual tracer nuclear magnetic resonance
(NMR) technique to map the tumour vascular (VVF) and interstitial volume fraction (IVF) non-
invasively in vivo. We hypothesised that a NMR signal emanating after intravenous administration of
a vascular paramagnetic probe (MPEG-PL-GdDTPA) can be maximised so that additional signal
after administration of a second interstitial probe (GADTPA) would only reflect the IVF but not the
VVFE. The method and its assumptions were verified and experimental conditions optimised both in
phantoms and in Cé6 glioma bearing rats. Data derived from in vivo studies show tumoral VVF and
IVF values that are consistent with histology data and literature values; the relative ranking order of
values was tumour > muscle >brain. Image maps showed intratumoral and intertumoral hetero-
geneity of both parameters at submillimetre pixel resolution. The method is applicable to a wide
variety of tumour models and can theoretically be performed repeatedly to study tumour growth or

involution during therapy. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
PREVIOUS RESEARCH has well established that tumour neo-
vascularity is heterogeneous, both temporally and spatially
[1] and that tumour vessels are often abnormally permeable
to even large molecules and particles [2,3], presumably
because of the presence of highly permeable interendothelial
junctions, transendothelial channels and discontinuous or
absent basement membranes. The objective assessment of
neovascular parameters is of prime biomedical interest both
for predicting outcome [4-6] and assessing therapeutic
efficacy of anti-angiogenic drugs. Morphological (diameter,
density, architecture) and functional parameters (blood
flow, vascular volume fraction, permeability, interstitial
volume fraction) of tumour vasculature have been exten-
sively studied in transparent chamber models [1,7] or by
injection of fluorescent dyes or polymers into tumour ves-
sels followed by sacrifice of an experimental animal
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[1,8,9]. Although the first method allows intravital obser-
vation, results must interpreted cautiously [1] and may
often not be applicable to tumours grown in anatomical
locations not readily accessible to i viwo microscopy or in
larger tumours.

Recent advances in nuclear magnetic resonance (NMR)
imaging have led to the implementation of high resolution
non-invasive imaging techniques that can be readily applied
to tumour imaging. However, because image information is
primarily dependent on local proton relaxation rates in a
given tissue, the use of tracers is considerably more complex
than with optical or other imaging techniques. Within the last
few years different iz vivo NMR techniques have been devel-
oped to measure tumoral vascular volume fraction (VVF) in
animals, including fluorine NMR imaging of F19 fluorinated
blood substitutes [10], fast NMR imaging after GADTPA
injection [11], or NMR imaging with macromolecular para-
magnetic probes [12]. Many of these techniques are either
not directly applicable to humans because of the unavail-
ability of suitable vascular tracers or require extensive
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computational manipulation and ultrafast imaging to extract
first pass kinetic principles.

We have established a simple method that allows 2 and 3
dimensional mapping of the tumour VVF and tumour inter-
stitial volume fraction (IVF) independently during the same
imaging session. The method is based on sequential injec-
tions of a large molecular weight (MW) paramagnetic marker
(>500kDa) followed by a low MW (<1kDa) marker.
Although VVF measurements after injection of the first probe
are dose independent, we hypothesised that a high-dose can
sufficiently decrease T1 relaxation time of blood so that the
addition of a second, interstitial probe would allow additional
estimation of IVF. The goal of the current study was to show
the feasibility of the proposed method, determine tumoral
heterogeneity of image maps and compare the obtained
values to those published in the literature.

MATERIALS AND METHODS
Cell culture and tumour model

C6 rat glioma cells, a N-nitrosomethylurea-induced cell
line obtained from the American Tissue Culture Collection
(ATCC, CCL 107, Rockville, Maryland, U.S.A.), were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Cellgro,
Mediatech, Washington, DC, U.S.A.) in standard tissue cul-
ture flasks (Falcon, Becton Dickinson, Lincoln Park, New
Jersey, U.S.A.). The media was changed every 3 days. Prior
to intracerebral stereotactic implantation, cells were mobi-
lised from plates with a cell rake, counted and spun to a
volume of 10 pL.

Female Fischer 344 rats (n=12; Charles River Breeding
Laboratories, Wilmington, Massachusetts, U.S.A.) weighing
between 200 and 250 g were used for intracerebral implanta-
tion of C6 cells. Cells (10° cells in 10pL) were stereo-
tactically implanted into the right cerebral hemisphere. A
linear skin incision was made over the bregma and a 1 mm
burr hole was drilled into the skull approximately 0.5 mm
posterior and 3.5 mm lateral to the bregma. A Hamilton 10-
pl gas-tight syringe (Hamilton, Reno, Nevada, U.S.A.) was
then used to inject 5l of the 9L cell suspension (approxi-
mately 106 cells suspended in DMEM) into the putamen at a
depth of 4mm from the dural surface. The injection was
made over 5min and the needle was withdrawn slowly over
another 5min. The burr hole was occluded with bone wax
(Ethicon, Inc., Somerville, New Jersey, U.S.A.) to prevent
leakage of CSF and the skin was closed with a suture. The
contralateral hemisphere was kept intact, so that it could
serve as a normal control in each animal studied. The animal
protocol was approved by the Institutional Review Commit-
tee on Animal Care and was conducted in accordance with
national animal welfare guidelines.

Paramagnetic NMR probes

Two paramagnetic, gadolinium (Gd) containing probes
were used: an intravascular probe and an interstitial probe.
The intravascular probe was a methoxy polyethylene glycol
(MPEG)-poly-L-lysine-Gd-DTPA graft copolymer [13].
Briefly, the agent consists of a central polylysine (PL, 36 kKD
average MW) chain to which were grafted protective methoxy
poly (ethylene glycol) (MPEG, 5KkD average MW) side
chains. One part of the poly-L-lysine aminogroups were
modified with DTPA to yield MPEGg,-PL,7o-DTPA, g7, as
confirmed by elemental analysis (calculated MW 560 kDa;
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Table 1). This agent has a systemic half-life in rodents of 36 h
(human 20.6*1.6h) and shows virtually no leakage into
tumours within the first 10 min after intravenous (i.v.) injec-
tion (time frame necessary for current experiments), however,
after several hours, the agent does accumulate in tumour
interstitium, similar to other long circulating macromolecular
compounds because of high tumour vascular permeability
and lack of lymphatic clearance from tumours [3]. The active
drug compound, labelled with °*™Tc, has also been tested
in clinical trials [14] as an intravascular probe for human
imaging applications. The drug compound had no measur-
able effect on cardiovascular parameters in rabbits or humans
(A. Bogdanov, Massachusetts General Hospital, U.S.A.) or
microvascular parameters in rats [15,17]. The volume of
distribution of this agents has previously been found to be
similar to labelled red blood cells and human serum albumin
[16,17].

GdDTPA (0.538 KD) was obtained commercially (Berlex
Laboratories, Wayne, New Jersey, U.S.A.) and its pharma-
cokinetic parameters have previously been determined in
rodents: its systemic half-life is 10min, its distribution
volume is 0.2I1/kg, with 50% first pass extraction from
vascular space (Table 1) [17,18]. The distribution is thus
similar to 51CrDTPA, commonly used as a marker of the
interstitial volume space [19].

Theoretical considerations

Figure 1 summarises the theory underlying the model. The
native NMR signal intensity of a spatially encoded voxel (grey
box) reflects a variety of parameters such as proton density,
relaxation times, flow, magnetic susceptibility, etc. The NMR
signal originates from three distinct compartments in each
voxel: the intravascular compartment, the interstitial com-
partment and the intracellular compartment. Following i.v.
administration of paramagnetic vascular probe (which only
reduces T1 relaxation time of blood; ‘A’ in Figure 1) the dif-
ference in signal intensity (ASI,) in a given voxel reflects
intravascular drug concentration and thus, VVF (Figure 2)
[20]. The ASI can be maximised (i.e. by reducing T1 of
blood to below 10 msec) after which additional i.v. adminis-
tration of any paramagnetic probe does not further increase
the signal intensity originating from the vascular
compartment. If at this time, a second probe with high vascular/
interstitium extraction coefficient is given (‘B’ in Figure 1),
additional MR signal ASIg will arise from T1 reduction of
interstitial water (IVF). ASIy thus correlates with the interstitial
volume fraction while the slope of the curve reflects capillary
permeability to GADTPA (assuming a bolus injection).

Table 1. Paramagnetic probes utilised

Parameter Vascular probe Interstitial probe
Physicochemical
Formula MPEGq,-PL,7o-GdDTPA5;, GdDTPA
MW 560kDa 0.583kDa
Size 10.3+2nm <3nm
R1 18 (mM sec) ! 4.1 (mM sec) !
Protein binding None None
Biological
Ty, (rats) 36h 10 min
Vd (rats) 0.04 L/kg 0.21L/kg
Vascular extraction Negligible 50%

at first pass
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Assumptions

Prior research has validated the use of macromolecular
[12,15,17] and low molecular paramagnetic probes
[11,15,17,21,22] for determining tumoral VVF [12], capil-
lary permeability [21] and IVF, respectively, by using estab-
lished markers such as labelled red blood cells or fluorescent
dyes [10]. The theory underlying the current model builds on
previously established techniques and uses the fundamentals
of dual tracer kinetics in a multicompartment system [23].
During the first part of the study, a probe with an intra-
vascular distribution is injected where C(t) = Gyxe ~K{(C(t)
is the concentration of the probe at time t; Co is the plasma
concentration after injection; K =elimination rate constant;
and t is the time). During the second part of the study a
probe with a distribution limited to the intravascular and
interstitial space is injected with kinetics of an open two-
compartment model. Several assumptions underlie the model
and are discussed below.

Phamacokinetic parameters. The current model assumes
that during the time of imaging (approximately 10 minutes
for MPEG-PL-GdDTPA, and 5-10 min for GdADTPA) there
is little variation in blood (MPEG-PL-GdDTPA) or tissue
(GdDTPA) concentration of the probes during the measure-
ment. The model also assumes relatively rapid (minutes)
equilibrium between the vascular and interstitial space for
GdDTPA (high extraction coefficient or permeability); this is
reasonably well established for the majority of tumours
[15,17,19,22,24] but is not necessarily the case for other
tissues in which there exist diffusional barriers (e.g. brain and
some brain tumours, testes). In addition, the method
assumes no distribution of MPEG-PL-GdDTPA (‘leakage’)
into tumour interstitium during the time of the study. The
latter assumption is reasonable since tumoral accumulation of
MPEG-PL-GdDTPA has previously been shown to require
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Figure 1. Model. Spatial encoding of tumour vasculature by
NMR imaging allows sampling of small, submillimeter voxel
sizes with conventional MR imaging systems. In a given voxel
(grey shading) the change in signal intensity (SI) after injec-
tion of a vascular probe (‘A’) reflects the Gd concentration in
the vascular space and correlates with VVF. Injection of a low
MW second probe (‘B’) with a high vascular/interstitium
extraction coefficient can then be used to estimate IVF. The
technique is insensitive to blood flow because of the shortened
T1 of the vascular compartment.
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several hours (data not shown). The model also assumes that
both tracers have the same initial vascular distribution during
the two separate injections. Although tumour blood flow has
been found to be heterogeneous, the temporal closeness
between injections is expected to minimise different vascular
distributions. Finally, the model assumes that no intracellular
uptake of either probe occurs which is a likely assumption
during the short imaging time.

Correlation between drug concentration and MR signal
intensity. The NMR experiment does not directly measure
the Gd concentration in tissue but rather measures the effect
of Gd on proton relaxation times [25]. Using T1 weighted
sequences, SI is directly proportional to T1 relaxation times
of water protons in a given voxel [25]. The probes employed
in this study have concentration dependent effects on relaxa-
tion times of water protons: at low tissue concentrations
(<3 umol Gd/mL), the probes primarily decrease the long-
itudinal relaxation of water protons, visible as an increase in
SI on T1 weighted images. At unphysiologically high con-
centrations (>3 pmol Gd/mL), the probes also decrease the
transverse relaxation of water protons, visible as a decrease in
SI on T1 and T2 weighted images. Because of the complexity
of this interplay and the differences in longitudinal relaxivity
of both agents, a phantom study was initially undertaken to
determine the ASI as a function of probe concentration
(Figure 2); these data confirm that SI measurements pre-
dictably increase with concentrations up to approximately
3 umol Gd/mL.

Water exchange. If a given water molecule that has been
in close relation to a paramagnetic probe during a given time
diffuses to a significant amount into another compartment
during an imaging experiment, local drug concentration
measurements will be inaccurate [26]. In order to minimise
theoretical effects of such water exchange, we kept the repe-
tition time (TR) low (14.1 msec). In addition, a previous
study was not able to demonstrate fast transvascular water
exchange in experimental tumours [17]. Because the current
technique uses subtraction of voxels, effects related to water
exchange may be further minimised, assuming that exchange
rates are constant during signal acquisition.
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Figure 2. NMR SI of Gd containing phantoms. Changes in

NMR signal intensity (delta SI) are plotted as a function of

{Gd} for the two different paramagnetic probes (FSPGR 14.1/

3.3/30°). The higher Rl relativity of the vascular probe (H)

results in a left-shift of the curve when compared with the

interstitial probe ([]). The shaded grey area represents con-
centrations of Gd encountered in vivo.
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Image analysis. In an effort to maximise the spatial
resolution and signal-to-noise ratio (SNR) all imaging
experiments were performed with surface coils where radio-
frequency intensity (and thus, SI) decreases away from the
center of the coil. Because of this field inhomogeneity exter-
nal Gd phantoms were not used to estimate the true tissue
Gd concentration. Rather, all measurements were made to
internal standard tissue (striated muscle) at the same equidi-
stant from the coil center as the tumour.

NMR imaging

NMR imaging was performed with a 1.5 T super-
conducting magnet (Signa 5.0; GE Medical Systems, Mil-
waukee, Wisconsin, U.S.A.) using a 3 in. surface coil, a field
of view of 10 cm and a 128 x256 matrix. The pulse sequence
used consisted of an axial 3-D fast spoiled gradient recalled
sequence (3-D-FSPGR) with a TR/TE/FA of 14.1/3.3/30°.
This sequence was chosen because of its extreme T1 weight-
ing, very short TR to minimize artifacts occurring from water
exchange across the capillary wall and the presence of a
spoiler gradient to minimise build-up of phase coherence in
the transverse magnetisation [27]. The sequence was
obtained repeatedly before and after injection of the imaging
probes. During each 30 second acquisition a total of 12 con-
tiguous 700 pm slices were collected.

Three different experiments were carried out. Initially, a
phantom experiment was conducted to determine the effect
of Gd concentrations of either probe on NMR SI since there
exists a difference in relaxivity between the two agents. Sec-
ondly, experiments were carried out in vivo to determine
whether increasing i.v. concentrations of the vascular probe
would result in different VVF measurements. For this
experiment 30 pmol Gd/kg aliquots of MPEG-PL-GdDTPA
were injected during multiple acquisitions (total amount of
agent injected was 90 pmol Gd/kg resulting in blood T1
relaxation times of <50 msec [13,28]. In the last set of
experiments 90 umol Gd/kg of MPEG-PL-GdDTPA was
injected i.v. into tumour bearing animals since this dose was
determined to be optimal from preceding experiments. The
first injection was followed by i.v. injection of 200 pmol Gd/
kg of GADTPA (each injection being preceded by several
series of acquisitions to establish steady state conditions).
With the multiple acquisitions, the total scan time was
approximately 20min per animal. Following all imaging
experiments, animals were sacrificed by an overdose of phe-
nobarbital and brains were processed for histology.

Image analysis

All MR images were transferred to a Power Macintosh
7600 (Apple Computer, Cupertino, California, U.S.A.). Sig-
nal intensity measurements were subsequently measured in
regions of interest (ROI) such as tumour, brain and striated
muscle. Image analysis was performed by using NIH image
1.60/ppc (Rasband W., NIH, Bethesda, Maryland, U.S.A.)
or other programs.

Average images were obtained from 3-5 images acquired
in steady state prior to and following administration of ima-
ging probes. Subtraction maps were acquired, in which aver-
age images were subtracted always using the raw image
dataset. Pixel by pixel SI changes were calculated for ASI5_o
and ASg_a correlating with VVF and IVF respectively
(Figure 1). Since VVF and IVF of normal striated muscle are
known, tumour tissue regions were scaled to muscle and
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expressed as the relative VVF (rVVF) and relative IVF
(rIVF). Although true tumour VVF can be estimated by the
same method by scaling SI to that of blood, such
measurements are often technically difficult to obtain in
small animals because of vessel misregistration due to motion
or partial volume averaging. Data were also expressed as
regions of interest drawn from brain and tumour regions of
the maps.

Histology

Brains were removed and immersed in liquid nitrogen
immediately after imaging. Crytome sections (Leica cryo-
tome, Nussloch, Germany) of tumours were obtained at 8 um
thickness. The sections were fixed by cold ethylacetate/acet-
one/acetic acid (6:3:1) solution. Sections were then stained
with haematoxylin eosin or Mason trichrome. Morphometric
analysis of sections was performed to approximate the cellular
and extracellular fractions. Sections were digitised with a
charge coupled device (Photometrics, Tuscon, Arizona,
U.S.A.)) mounted on a Zeiss Axiovert 100 TV (Zeiss,
Wetzlar, Germany) and connected to a Power Macintosh
7600/120). Image analysis was performed using commercially
available segmentation software (ImageQuant, Molecular
Devices, Sunnyvale, California, U.S.A.; IPLabSpectrum,
Signal Analytics, Vienna, Virginia, U.S.A.).

Three tumour bearing animals also received an additional
1.v. injection of biotin modified MPEG-PL-GdDTPA imme-
diately after MR imaging to verify the intravascular distribu-
tion of the agent. The MPEG-PL precursor (30 mg, 10 mg/ml
in 0.1 M Na carbonate, pH 8.7) was treated with 100 mg of
0’-biotinyl-PEG300-succinyl succinate for 2h. After this,
DTPA cyclic anhydride in DMSO was added at 5-fold molar
excess over free amino groups and incubated for 4h. The
product was purified by extensive dialysis against 10 mM Na
citrate, 0.15M NaCl, pH 7. Brains of MPEG-PL-biotin
DTPA injected animals were stained with the avidin-biotin
complex kit (ABC kit, Vector Laboratories, Burlingame,
California, U.S.A.) and sections were mildly counterstained
with haematoxylin and eosin.

Statistical analysis

Quantitative results were analysed using the one tailed
Student’s ¢ test. Statistical significance was assigned for P
values of less than 0.05.

RESULTS

NMR signal intensiry as a function of Gd concentration

Figure 2 shows the effect of the paramagnetic probes on
NMR signal intensity of water. As predicted, low concentra-
tions of either agent (<2pumol Gd/mL for MPEG-PL-
GdDTPA and <7 pmol/mL Gd for GdADTPA) increased the
MR signal, whereas the highest concentrations tested
decreased it. At Gd concentrations of up to 2 pmol Gd/mL
experimental SI data and Gd concentrations were best fit by a
binomial function where Cgq={—b+/— (b—4ac)*5}/2a
with r? of 0.999 for either compound (for GADTPA a=71.5;
b=1413; and c=—6.5; for MPEG-PLGdDTPA a=2307;
b=3947; and ¢=9.8). In a rough approximation and for the
specific case of {Gd} <0.4 pmol/mL data could also be fitted
by a linear function with Cgq =SI/1355 and Cyjpee = SI/1931
(FSPGR 14.1/3.3/30°). The left shift of the latter curve
reflects the higher R1 relaxivity of MPEG-PL-GdDTPA
when compared to GADTPA.
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Dose response curve in vivo

Figure 3 summarises the effect of multiple sequential doses
of MPEG-PL-Gd-DTPA on NMR SI in brain and muscle
tissue. There was a stepwise increase in brain SI after each
injection which saturated after three sequential doses of
MPEG-PL-Gd-DTPA had been given (total of 90 umol Gd/
kg). These results are in accordance with phantom predic-
tions in which SI peaked at approximately 2 pmol Gd/mL of
MPEG-PL-GdDTPA (Figure 2). Assuming a rat weight of
200g and 4% plasma volume, an i.v. injection dose of
90 umol Gd/kg would result in an approximate plasma con-
centration of 2.2 pmol Gd/mL.

The rVVF (scaled to striated muscle) measurements of all
brains studied during the multiple injections of MPEG-PL-
GdDTPA were as follows: rVVF30ume 0.9310.08;
rVVFg0 umot 0.9010.13; r'VVFoq mo1 0.91 £0.12; these data
were not statistically significant from each other (P>0.5)
indicating that the measurements were dose independent. At
saturation point the additional GADTPA injection resulted in
further increase of SI of striated muscle but not of brain par-
enchyma (Figure 3) as expected as GADTPA readily crosses
muscle capillaries but not an intact blood-brain barrier.

Tumour measurements

Figure 4 represents the temporal SI changes of different
tissue compartments in a tumour bearing animal. As expec-
ted, the vascular SI increased to a maximum after injection of
the first probe and did not significantly change after injection
of the second probe (saturation). Brain tissue, likewise
showed an initial increase in SI, with no further changes after
the second injection (intact blood-brain barrier). Tumour
and muscle showed two distinct plateaus of enhancement
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Figure 3. Dose response curve. Intravenous injection of
30 umol Gd aliquots (‘A’) of the vascular probe show its effects
on NMR SI of brain and muscle. Brain SI plateaued after a
total of 90 umol Gd injection. Intravenous injection of
GdDTPA at this point (‘B’) does not further increase brain SI
because of the intactness of the blood brain barrier but it sig-
nificantly increased muscle SI because of leakage into the
interstitium.
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following injection of each probe. The absolute values of
enhancement were higher for tumour than for muscle. The
slopes of SI change were similar for tumour and muscle
indicating similar permeability characteristics of these tissues.

SI measurements (mean*S.D.) for the combined 12
tumour bearing animals (z=28 slices analysed) showed a
rVVF of tumours of 1.50+0.67 (range: 0.5-2.12; values are
relative to muscle). Assuming a true VVF of striated muscle
of 5% the tumoral vascular space would be 7.5%/g tissue in
this tumour model. The ranking of relative VVF for the tested
tissues was: tumour > muscle > brain. The relative IVF of
tumour was 4.09 £ 1.16 (range 2.52-5.94; values are relative
to muscle). Assuming a true IVF of striated muscle of 10%
[29] the tumoral interstitial space would be 40%/g tissue in
this tumour, similar to morphometric values obtained from
histological sections (37.2%7.7%) and similar to other
published data [30].

When image maps were calculated to resolve spatially VVF
and IVF at a submillimetre resolution (Figure 5) tumour
heterogeneity became apparent. VVF maps generally showed
a higher VVF in the tumour periphery than in the tumour
centre and occasionally was asymmetric throughout the
tumour (Figure 5). Tumours appeared more homogeneous
on IVF maps but intratumoral and intertumoral hetero-
geneity was present.

Pathological examination of the specimen showed no evi-
dence for tumoral necrosis or haemorrhage. Mean tumour
volume was 66 = 10 mm?3. Histology confirmed that the dis-
tribution of MPEG-PL biotin DTPA was limited to the
intravascular space without any evidence for interstitial accu-
mulation in tumours 15 min after administration.

DISCUSSION
We have reported a technique to map tumour vascular and
interstitial volume fractions in v7vo. The results demonstrate
the feasibility of the technique which utilises dual tracers and
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Figure 4. Brain tumour. Temporal SI measurements of dif-

ferent tissue compartments in a tumour bearing C6 animal.

‘A’ marks the i.v. injection of 90 umol MPEG-PL-GdDTPA
and ‘B’ marks the IV injection 200 umol GADTPA (‘B’).
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Figure 5. Regional VVF and IVF maps. (a) T1 weighted image
at start of experiment shows the tumour to appear hypointense
relative to surrounding brain. (b) VVF map where a high vas-
cular volume fraction appears white (e.g. vessels, bone mar-
row) and areas of low VVF appear dark. (c) IVF map; except
for brain (intact blood brain barrier), tissues with high inter-
stitial volume fraction appear hyperintense. (d) H&E stain of
corresponding section (magnification x1.2).

MR imaging at high spatial resolution. The method is
applicable to human tumours and should allow objective
assessment of tumour vascular parameters which may have
implications for diagnostic (prognosis, localisation of regions
for biopsy) and therapeutic (antiangiogenesis therapy, che-
motherapy, immunotherapy radiation therapy) purposes.

Tumour vascular volume fraction

The vascular space of tumours is highly variable tempora-
rily and spatially and ranges from 1% in fibrosarcoma to 28%
in lymphosarcoma [1]. The VVF measured with the current
technique are in agreement with values found in the literature
[10,31]. The relationship of VVF to vascular ‘hotspots’
determined by histology is very interesting as the later are
related to angiogenesis and metastasis [4-6] and to drug
delivery to solid tumours [3, 32, 33]. Although it may appear
intuitive that the VVF correlates with histologically deter-
mined microvascular density (using endothelial specific anti-
bodies), previous studies have shown that the former are
usually much lower than the latter [34]. For this reason, it
will be important to develop neovascular probes with endo-
thelial specificity in the future. Nevertheless, with the
increasing number of anti-angiogenic and vascular targeting
strategies undergoing clinical evaluation, VVF measurements
may yet provide an important element in assessment of
treatment efficacy.

Traditional methods of estimating VVF have mainly
included micro-angiography or optical imaging techniques
following injection of fluorescent dextrans or labelled RBC
[1]. Several attempts have been made in the past to quanti-
tate tumoral VVF and to calculate permeability surface area
n vivo [11, 12,21, 24,35, 36]. These proposed methods often
require ultrafast NMR imaging to capture first pass Kinetics
of rapidly leaking low MW agents and depend on certain
assumptions of compartment models and exchange rates
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which may be highly variable [20, 37]. The current method is
based on the recent availability of a NMR marker of the
plasma volume [13], originally developed for MR angio-
graphy and imaging of cardiovascular function. Although
other paramagnetic macromolecular markers have been used
in the past to estimate VVF [12], development of those mar-
kers for clinical applications is unlikely. Most recently
another vascular probe has become clinically available [38]
and should be useable instead of the probe employed in the
current study.

Vascular permeability and interstitial volume fraction

Extravasation of a molecule into tumour interstitium
occurs mainly by convection (proportional to vascular/inter-
stitial pressure difference) and diffusion (proportional to vas-
cular/interstitial concentration difference). Tumour vascular
permeability is one of the major factors which determines
drug delivery to tumour interstitium and thus response of
treatment [33, 39]. Since most chemotherapeutic agents have
a relatively low MW in size (usually <2kD), the para-
magnetic GADTPA probe closely resembles such agents in
MW [11,40] and IVF studies may thus provide tissue dis-
tribution and uptake information. Measuring VVF, IVF and
tumour volume will also allow the calculation of the tumour
cellular volume fraction.

Tumoral heterogeneity

Results from this study showed a certain heterogeneity of
VVF and IVF both within a given tumour, between tumours
in different animals and also between themselves. VVF was
typically highest in the tumour periphery, but not necessarily
circumferential in a given tumour. WF was also hetero-
geneous within a tumour and between tumours. Interestingly,
even direct comparison of slice matched VVF and IVF maps
showed morphological heterogeneity (Figure 5). This dis-
crepancy may be explained by several possibilities: (1) differ-
ent types of microvascular networks within tumours have
differing permeabilities to GdDTPA and MPEG-PL-
GdDTPA; (2) there exist areas of stagnant blood flow and
high interstitial tumour pressure; (3) temporal pressure dif-
ferences between the two separate injections of the probe;
and/or (4) presence of tumoral AV shunts. Irrespective of the
precise underlying cause of tumoral heterogeneity, its pre-
sence underpins the importance of experimental probing if
clinical decisions are based on tumour haemodynamic para-
meters. Since administration of each of the two paramagnetic
probes resulted in different physiologic information it appears
questionable whether the same information can be obtained
by mathematical modeling of first pass kinetics previously
performed with a single probe such as GADTPA [11].

Clinical implications

The current study raises two questions regarding the clin-
ical use of the method. The first is whether the measured
haemodynamic parameters truly reflect tumour prognosis [4—
6] and the second is whether the parameters can be effectively
used to monitor, guide and triage patients to the most
appropriate therapy. Although these answers await testing in
a clinical setting, several studies have now confirmed an
inverse relationship between tumour vascularity (determined
as microvascular density in histological specimens) and
patient survival [4-6]. Currently such determinations require
tissue sampling and histological estimates which are subject
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to spatial variability of the tumour sample. The currently
proposed method would simplify such quantitation and be
able to account for intratumour heterogeneity. It is thus not
inconceivable that the method may be used for stratification
of patients for anti-angiogenic or adjuvant therapy and to
predict therapeutic response. We are currently testing the
proposed method in a preclinical trial of anti-angiogenic
peptides.
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