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Comprehensive model for simultaneous MRI
determination of perfusion and permeability
using a blood-pool agent in rats
rhabdomyosarcoma

Abstract To present a new compart-
mental analysis model developed to
simultaneously measure tissue perfu-
sion and capillary permeability in a
tumor using MRI and a macromolec-
ular contrast medium. Rhadomyosar-
comas were implanted subcutaneously
in 20 rats and studied by 1.5-T MRI
using a fast gradient echo sequence
(2D fast SPGR TR/TE/α 13 ms/1.2
ms/60°) after injection of a macro-
molecular contrast medium. The left
ventricle and tumor signal intensities
were converted into concentrations
and modeled using compartmental
analysis, yielding tumor perfusion F,
distribution volume Vdistribution, vol-

ume transfer constant Ktrans, rate
constant of influx kpe, and initial
extraction (fraction) E. Tumor perfu-
sion was F=43±29 ml·min−1·100 g−1.
The permeability study allowed the
measurement of kpe=0.37±0.12 min−1

and Ktrans=0.01±0.0031 min−1. The
blood volume could be assimilated
to the distribution volume
(Vdistribution=2.9±1.01%) since the
capillary leakage was small. The
simultaneous assessment of perfusion
and permeability allowed quantifica-
tion of the initial extraction (fraction)
E=2.34±1.05%. Quantification of
both tumor perfusion and capillary
leakage is feasible using MRI using a
macromolecular blood pool agent.
The method should improve tumor
characterization.
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Introduction

Use of contrast enhancement in imaging provides a means
of evaluating both tissue function and tissue morphology.
Contrast enhancement of a lesion can be linked to the
development of blood vessels leading to an increase in
blood volume and blood flow, defining tissue perfusion.
Enhancement can also be related to the extravasations of
contrast medium (CM) across the microvascular endothe-
lial barriers toward the interstitial tissue, defining capillary
permeability [1]. Kinetic analysis of enhancement may

discriminate between perfusion and permeability and
improve the specificity of imaging examinations. In benign
vascular malformations, there is an increase in perfusion
with normal permeability [2]. In aggressive tumors, the
increase in permeability and perfusion is necessary for its
continued growth. Hyperpermeability and the high number
of cancer microvessels in these lesions are mediated by
angiogenesis factors, including the vascular endothelial
growth factor secreted by the tumor cells [3]. Use of an
antiangiogenic compound targeting these factors seems to
offer a promising new approach to cancer treatment [4].
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However, the monitoring of their therapeutic effect re-
quires new highly sensitive imaging tools, capable of re-
flecting the changes in the vascular characteristics of
tumors. Detection of early decreases in permeability and
perfusion, before any morphological modifications, could
help evaluating the efficiency of these new antiangiogenic
compounds [5].

Three physiological components in tracer distribution
can be resolved. The first component is perfusion, which
corresponds to the intravascular distribution of the tracer.
Perfusion is characterized by the blood flow per unit mass
of tissue F (ml·min−1·100 g−1) and the fractional plasma
volume per unit of tissue νp (%). The second component is
permeability, which describes exchanges across the capil-
lary membrane. Absolute and relative permeability can be
characterized by any of the following: the influx rate con-
stant from plasma to interstitial water space kpe (min−1),
the efflux rate constant from interstitial space to plasma
kep (min−1) or the influx volume transfer constant Ktrans

(min−1) equal to the product of the transfer constant and
the blood volume. Perfusion and permeability are linked,
and the initial extraction fraction E (%) is a useful pa-
rameter reflecting both components. Diffusion in the in-
terstitial space is a third component of biodistribution.
Diffusion could be indirectly characterized by the volume
of distribution of a tracer into this space, which is the
fractional extravascular extracellular space per unit of
tissue νe (%).

The abnormally high number and permeability of mi-
crovessels in cancers can be assessed quantitatively using
MRI enhanced with CM. Three main models have been
used for assessment to microcirculation parameters [6].
The Kety [7] model applied to MRI data by both Larson et
al. [8] and Tofts and Kermode [9], yielding Ktrans and νe.
However, the direct vascular contribution to the tumor
signal was ignored in the model leading to an overes-
timation of the permeability Ktrans. A second model in-
cluded a vascular term [10] and has been used to analyze
MR data in number of studies [11], and allowed mea-
surement of νb in addition to permeability. The third
model, recently described by St. Lawrence and Lee [12],
potentially enables the estimation of F and Ktrans separately.
However, the estimates obtained using this model varied
as a function of the starting values used for the curve
fitting and different combinations of parameter produced
very similar solutions [6].

This study describes a new model of compartmental
analysis using contrast-enhanced MRI in a rat rhabdomyo-
sarcoma model, allowing assessing microcirculation in
tumor, along with tissue perfusion and capillary perme-
ability. We also quantified the behavior of a blood pool
agent in the tumor.

Materials and methods

Animal and tumoral model

All animal experiments were performed in accordance
with the National Institutes of Health recommendations.
Ten 12-week-old female AG-Wistar rats (Charles River,
Germany), weighting 160–180 g were used. Experiments
were performed under anesthesia by means of intraperi-
toneal injection of a 50/50 mix of xylazine (10 mg/kg,
Rompun, Bayer, Leverkusen, Germany) and ketamine (50
mg/kg, Imalgene, Bayer). The tumor model was a rhab-
domyosarcoma [13] implanted subcutaneously bilaterally
in the flanks of each animal (at the level of the heart) by
means of injection of 0.2 ml cell S4MH (provided by
M.F. Poupon, Institut Curie, Paris, France) diluted in 1 ml
fetal calf serum. For each tumor 2×105 cells were injected.
Tumors were allowed to grow to approx. 10 mm (range
8–19 mm) in diameter before MRI was performed. Typ-
ically rhabdomyosarcomas were imaged 10 days after
implantation. For CM injection during MRI a 23-gauge
butterfly cannula was inserted into a tail vein of each
animal.

Macromolecular contrast medium

P792 (Vistarem, Laboratoire Guerbet, Roissy Charles de
Gaulle, France) is a prototypic macromolecular CM [14,
15]. It is a gadolinium chelate with a molecular weight of
6.47 kDa, considered to be a rapid clearance blood pool
agent. The relaxation of Vistarem was 29 l·mmol−1·s−1 at
37°C and 1.5 T, which is ten times superior to the re-
laxation of the gadoterate meglumine (Gd-DOTA, Dotar-
em, Laboratoire Guerbet), a conventional extracellular
paramagnetic contrast agent. Vistarem was used for tissue
perfusion and capillary permeability measurements at a
dose of 0.015 mmol/kg.

Magnetic resonance imaging

MRI was performed with a 1.5-T scanner (Signa Horizon
LX2, General Electric, Buc, France) using the body coil for
transmit and a knee coil for reception. Animals were placed
supine in the knee coil (30 cm long, 20 cm inner diameter).
Phantoms containing dilutions of macromolecular CM
were included in the field of view next to each animal.
Sixteen phantoms with increasing concentrations from 0 to
6 mmol Gd/l Vistarem were used. Unmineralized water
was used for dilution. A fast spin-echo sequence in the
axial plane was performed to find the best slice level in-
cluding the left ventricle and both tumors.

For the dynamic postcontrast study tumors were ex-
amined using a T1-weighted, high temporal resolution,
two-dimensional gradient-refocused acquisition in a steady-

2498



state spoiled gradient recalled sequence. Images were
obtained with the following parameters: TR 13 ms, TE 1.2
ms, 25° flip angle, 256×128 matrix, 5 mm section
thickness, 14×3.5 cm field of view (phase field of view
0.25), voxel size 0.5×1×5 mm, Nex=1, and acquisition
time 0.6 s per slice. Ten initial pre-CM images and 300
dynamic post-CM images were acquired over 3 min to
monitor contrast enhancement. Inflow artifacts were re-
duced using a presaturation slab (thickness of 25 mm and a
10-mm gap between saturation slab and imaged slice).
Saturation parameters were defined empirically and care
was exercised in selecting thickness and gap to avoid im-
aged slice saturation.

Data analysis

All raw amplitude images were saved and transferred to
a workstation for processing. Signal intensity values for
each time point were measured in regions of interest de-
fined in the tumors, the left ventricle, and the gadolinium
phantoms. The signal intensity values of phantoms were
used to correct for spectrometer variations over time and
to convert signal intensity values of the left ventricle and
tumors into concentrations for the compartmental analy-
sis. The T1 value of each phantom at 0.47 T and 37°C
was measured with a spectrometer (Minispec NMS 120,
Bruker). They were converted by means of specific re-
laxivity r1 of the macromolecular CM to obtain their T1
at 1.5 T [16]. Using the signal intensity measured on MRI
during the dynamic acquisition and the calculated T1
value for each phantom of macromolecular CM, curves
linking T1 and signal intensity were fitted using the in-
verted signal intensity equation of two-dimensional fast
spoiled gradient recalled acquisition sequences:

The steady-state Bloch equation for a two-dimensional
fast spoiled gradient recalled sequence [17] is:

IS¼ m0: sin � � exp
�
� TE

T2�
�
:

1� exp � TR
T1

� �
1� cos � � exp � TR

T1

� �
(1)

That for the inverted steady-state Bloch equation is:

1

T1
¼ 1

TR
� ln 1� cos � � IS

1� IS
(2)

where T1 is the longitudinal relaxation time measured with
the spectrometer, TR the repetition time, α the flip angle,
and IS the MRI signal intensity. The term m0 is a
calibration constant that includes the proton density, the
sensitivity of the coils, and the gain of the MR imager.
Inversion of Eq. (1) allows elimination of m0. This
equation should also include an exp(−TE/T2*) term. It was

assumed equal to one because the TE was very small
compared to T2*. These fitted curves were used to obtain
the relaxation rate values (1/T1) from the signal intensity
values of the left ventricle and tumors during the dynamic
acquisition in MRI. Pre- and post-CM relaxation rates
(1/T1) were obtained with the same technique. Changes
in the relaxation rate between the pre- and post-CM re-
gion of interest at any time [Δ1/T1(t)] were calculated
according to:

�1
�
T1 tð Þ ¼ 1

T1post tð Þ �
1

T1pre
(3)

where T1pre is the value of T1 before injection of any
tracer. We assumed Δ1/T1(t) to be directly proportional
to the gadolinium concentration C(t):

�1
�
T1 tð Þ ¼ r1 � C tð Þ (4)

where C(t) is the tracer concentration in voxel (mmol·l−1)
and r1 the relaxivity (l·mmol−1·s−1). Δ1/T1(t) is also
proportional to the CM amount (qvoxel; mmol), per voxel
volume (Vvoxel; l):

�1
�
T1 tð Þ ¼ r1 � qvoxel tð Þ

Vvoxel
(5)

Kinetic analysis of Δ1/T1(t) data from the tumor and left
ventricle was performed with a compartmental and nu-
merical modeling program (SAAM II, SAAM Institute,
Seattle, Wash., USA). According to the CM biodistribu-
tion in the capillary and interstitial space, an open bi-
compartmental pharmacokinetic model was created with
capillary and interstitial compartments (Fig. 1). We as-
sumed that the exchanges from capillary to interstitial
space symbolized by the influx rate constant k3,2 (min−1)

Fig. 1 The perfusion-permeability model. An open two-compart-
ment model was used to describe the transport of CM through the
capillaries and its monodirectional diffusion between the plasma (qp
mean amount) and the interstitial space (qe mean amount)
symbolized by the influx rate constant k3,2 through the capillary
wall; qa CM amount in the feeding artery; k2,1 rate constant of influx
from artery to capillary; k0,2 rate constant of efflux from the
capillary to the venous system
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are governed by diffusion following the concentration
gradient. We assumed that the reflux of the blood pool
agent from the interstitial space back to the capillary is
negligible at the early phase (first pass and preequilib-
rium) when CM interstitial concentration is near zero
[18]. The capillary compartment receives the arterial in-
flux rate constant k2,1 (min−1). The constant k0,2 sym-
bolizes the venous efflux rate constant. In this model the
differential equation describing the variations in the
amount of CM over time in the capillary and interstitial
compartments followed two equations such as the fol-
lowing. For the capillary compartment this was:

d qp tð Þ� �
dt

¼ k2;1 � qa tð Þ � k3;2 � qp tð Þ � k0;2 � qp tð Þ (6)

where qp and qa (mmol) are, respectively, the plasmatic
amounts of CM within the capillary and the arterial
compartments, k2,1×qa (mmol·min−1) the arterial input
amount of CM in the capillary compartment, k3,2×qp
(mmol·min−1) the CM amount that passed from the cap-
illary to the interstitial space, and k0,2×qp (mmol·min−1)
the venous output amount of CM. For the interstitial
space it was:

d qe tð Þð Þ
dt

¼ k3;2 � qp tð Þ (7)

where qe (mmol) is the CM amount in the interstitial
compartment, and k3,2×qp (mmol·min−1) the influx CM
amount in interstitial space.

SAAM II solved the model and fitted it to the observed
values of Δ1/T1 obtained from MRI in the tumors and
left ventricle (including the first 150 s), yielding k2,1, k3,2,
k0,2 and the variation over time of the amount of tracer
within the interstitial and capillary compartments. The
blood flow (F), the fractional plasma volume (νp), the
volume transfer constant (Ktrans), the influx rate constant
(kpe), and the extraction fraction (E) were deduced from
k2,1, k3,2, and k0,2 using Fick’s general equation of mass
balance which, applied to the open two-compartmental
model, describes the transport of a contrast medium
through the plasma compartment and its leakage into the
interstitial space [19]:

d qp tð Þ� �
dt

¼ F �Mvoxel � Ca tð Þ � Cv tð Þð Þ
�P � S �Mvoxel � Cp tð Þ � Ce tð Þ� � (8)

where F is the flow of plasma per unit mass (ml·min−1·
100 g−1), Mvoxel the mass of the tissue in the voxel (g), P
the permeability constant per unit concentration difference
and per unit area of semipermeable membrane, S the area
of the membrane per unit mass of tissue (PS product;

ml·min−1·100 g−1). Ca, Cv, Cp, and Ce are the concentra-
tions of CM in arterial plasma, venous plasma, capillary
plasma, and the extravascular extracellular space, respec-
tively (mmol l−1). The product F×Mvoxel×(Ca–Cv) is the
arterial amount of CM received by the capillary com-
partment (mmol·min−1), P×S×Mvoxel×(Cp–Ce) represents
the exchanges of CM between the capillary and interstitial
space (mmol·min−1). All parameters were obtained by
analogy between Eqs. (6) and (8) using the flow and the
permeability components as described in the Appendix.

Comparison with literature values

Statistical analysis was performed using Stat-View 5.0
(SAS Institute, Cary, N.C., USA) on a workstation. Our
volume transfer constants and fractional blood volumes
were compared to values found in the literature with
Vistarem as CM in experimental breast cancer with com-
parable histological tumor grade implanted in Sprague–
Dawley rats [20]. In this study Turetschek et al. [20]
employed a two-compartment bidirectional model to assess
Ktrans and νp. There was no study measuring blood flow in
tumor with Vistarem available in the literature. For this
reason our values of F were compared to values obtained in
experimental breast cancer implanted on Fisher rats with
fluorescent microspheres publish by Daldrup et al. [21].
Our values of perfusion and permeability were compared
with literature values using the nonparametric Mann–
Whitney test. For each rats mean values of Ktrans, F, and νp

of the couple of tumors were calculated to respect the
assumptions of independence between samples.

Results

Of the 20 rhabdomyosarcomas in ten rats, 19 were suc-
cessfully studied with this early phase model; one exhibited
insufficient growth (less than 5 mm) and was excluded
from the study. Macroscopic examination showed well-
encapsulated, vascular soft tumors with a small central
area of necrosis.

The macromolecular CM was well tolerated by the rats.
After injection of CM the enhancement in the left ventricle
was noticeably higher than in the subcutaneous rhabdo-
myosarcomas as shown in (Fig. 2c,d). The signal-to-noise
ratio (SNR) was found to be 6.0 in heart and 15.7 in tumor
before injection. The SNR in left ventricle and tumor,
calculated between 100 and 160 s (when enhancement
plateaus) were found to be 9.5 and 32.0, respectively. The
low achieved SNR here was probably due to a relatively
small dose of administered contrast agent and the small
distribution volume of the macromolecule in the tumor
tissue. The curves of SI measured over time obtained from
the dynamic MRI data in the left ventricle after intravenous
bolus administration of macromolecular CM were con-
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verted into Δ1/T1 kinetics, which were proportional to
concentrations curves (Fig. 3). The kinetics of the Δ1/T1
value in the left ventricle presented a pre-CM phase, the
first pass lasting 5 s, a second pass, and a preequilibrium
phase. Figure 4a presents a representative least squares fit
of the model with Δ1/T1 measures of dynamic MRI data
obtained in the tumor. In tumor theΔ1/T1 values increased
substantially until 60–80 s after injection, with a fast in-
crease during the first pass followed by a slower increase.
Figure 4b shows typical capillary and interstitial space
adjusted responses using the SAAM II software of the early
phase model with macromolecular CM. As predicted by
the assumption of monodirectional exchanges, all Δ1/T1

values of the interstitial compartment increased continu-
ously. The Δ1/T1 value of the capillary space showed a
rapidly increasing component corresponding to the first
pass and a less rapidy increasing component during the
second pass, followed by a declining component. This last
declining part ofΔ1/T1 of the capillary space, whereasΔ1/
T1 in the interstitium continuously increased, was indi-
cative of a substantial microvascular leakage with progres-
sive accumulation of CM in the interstitial space of the
tumor. It appeared from this curves that the equilibrium
phase should be reached after 140 s following injection.

Table 1 shows values obtained with the model for the
influx rate constant from plasma to interstitial space
(kpe=0.37±0.12 min−1), influx volume transfer constant
into interstitial space (Ktrans=0.01±0.0031 min−1), blood
flow (F=43 ±29.4 ml·min−1·100 g−1), fractional plasma
volume (νp=2.94±1.01%), and extraction ratio of macro-
molecular CM in tumor (E=2.34±1.05%).

The accuracy of the technique was evaluated by com-
parison with results found in the literature [20, 22] for
Ktrans, F, and νp. Higher perfusion values in rhabdomyo-
sarcomas were found in our study than those published by
Daldrup et al. [21, 22] in experimental breast cancer in-
vestigated using fluorescent microspheres (F=24 ml·min−1·
100 g−1, P=0.01). Our permeability and fractional plasma
volume assessments were compared to results found in
experimental breast cancer with Vistarem by Turetschek
et al. [20]. Similar permeability values (Ktrans=0.006 min−1,
P>0.05) were found between rhabdomyosarcoma and
breast cancer with high Scarff–Bloom–Richardson score
(SBR >6). However, permeability values were significantly
lower (Ktrans=0.004 min−1, P<0.001) in breast cancer with
lower score (SBR<5). No difference in fractional plasma
volume was found between our results and those reported
by Turetschek et al. (νp=0.04, P>0.2).

Fig. 2 Axial MRI images of
tumors at the level of the heart.
Clusters 2a, 2b MRI images at
1.5-T obtained with the fast spin
echo sequence for localization.
ROI (white areas) were placed
on a transverse slice through the
heart, dorsal and ventral tumors.
Clusters 2c (precontrast) and 2d
(15 s postcontrast) present in a
different animal representative
axial T1-weighted SPGR
images of a subcutaneous rhab-
domyosarcoma using the mac-
romolecular CM. Note the very
strong enhancement in the left
ventricle relative to the tumor

Fig. 3 Example of Δ1/T1 kinetics in blood and tumor as a function
of time. Δ1/T1 values were obtained from signal intensities
measured with ROI defined in heart and tumor as shown Fig. 2b.
Signal intensities were converted into Δ1/T1 using a calibration
curve established with phantoms of dilution of CM. Arterial curves
showed a first pass followed by a second pass. Rhadomyosarcoma
shows a slowly increasing enhancement over time, whereas the
enhancement of blood vessels in the field of view decreased
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Discussion

The present study defines a new pharmacokinetic model,
that simultaneously considers capillary blood supply and
leakage of macromolecular contrast medium from the
plasma to the interstitial tissue compartment. Our meth-
od combines fit of completion into the capillary and

the extravascular space, and perfusion and permeability
measurements.

We quantified blood flow (F=43 ml·min−1·100 g−1), and
fractional plasma volume (νp=3%). Perfusion was quan-
tifiable using a macromolecular CM with a slow leakage
into the extravascular space. In pharmacokinetic analysis,
when a macromolecular CM is used, the initial rising
phase in the measured tumor enhancement time course
after CM injection is attributed to the vascular fraction of
the tissue. In addition, tracer concentration changes in the
vascular compartment depend more on flow than perme-
ability with a macromolecular CM. Thus we were able to
obtain blood flow from the completion of capillary space.
With a small molecular CM interstitial permeability is not
negligible in the early phase, and the separation of the
plasmatic and interstitial phases is more difficult. Frac-
tional plasma volume was quantified using the biodistri-
bution of the macromolecular CM. With the low rate of
extravasation of the macromolecular CM the dilution vol-
ume of CM can be equivalent to the plasma volume, at
least at an early phase postinjection. The permeability was
estimated using the influx volume transfer constant into
the interstitial space (Ktrans=0.01 min−1) and the influx
rate constant from plasma to interstitial space (kpe=0.37
min−1). Permeability was measurable after the first pass,
when the intravascular component was no longer domi-
nant. The extraction fraction, reflecting both perfusion and
permeability, could be quantified with the early phase
model. We found a low extraction fraction (E=2%) in the
subcutaneous rhabdomyosarcoma with the macromolecu-
lar CM.

In the literature reports of simultaneous analysis of
perfusion and permeability using MRI are rare. While per-
meability is usually accurately characterized (e.g., with

Table 1 Perfusion and permeability parameters obtained with the
early phase model using the macromolecular contrast media

Rat
no.

Tumor
no.

F (ml min−1

per 100 g)
kpe
(min−1)

Ktrans

(min−1)
νp (%) E (%)

1 1 23.5 0.22 0.0069 3.14 2.95
2 46.0 0.34 0.0093 2.73 2.02

2 3 103.8 0.39 0.0175 4.50 1.69
4 125.0 0.21 0.0114 5.42 0.91

3 5 73.0 0.60 0.0140 2.33 1.92
6 45.9 0.29 0.0123 4.23 2.67

4 7 30.0 0.18 0.0058 3.24 1.94
5 8 32.7 0.37 0.0128 3.47 3.92

9 20.0 0.43 0.0091 2.11 4.53
6 10 47.5 0.47 0.0092 1.96 1.94

11 18.3 0.35 0.0102 2.92 5.59
7 12 24.0 0.25 0.0060 2.39 2.49

13 19.9 0.42 0.0099 2.36 4.98
8 14 33.7 0.40 0.0066 1.64 1.94

15 32.3 0.23 0.0086 3.76 2.67
9 16 46.0 0.51 0.0120 2.36 2.62
10 17 36.6 0.47 0.0083 1.76 2.26

18 22.1 0.48 0.0128 2.67 5.81
Mean
±SD

43.3±29.4 0.37
±0.12

0.0102
±0.0031

2.94
±1.01

2.34
±1.05

Fig. 4 Typical tumor Δ1/T1 curve over time. a Typical Δ1/T1
measures over time obtained in the tumor after intravenous bolus
administration of macromolecular CM in rats, as well as the least
square fit of the dynamic MRI data using our early-phase model.
The Δ1/T1 value in the tumor increased rapidly during the first pass
followed by a slower increase and the steady state. The equilibrium
phase was reached after 140 s postinjection. b Capillary (circle) and
interstitial (square) curves generated by the application of the

compartmental model to the total tumor enhancement. It is indi-
cative of a substantial microvascular leakage with progressive ac-
cumulation of CM in the interstitial space of the tumor. Transport
through the capillary wall was governed by the CM gradient be-
tween plasma and interstitial space, which gradient decreases during
the course of the experience. For this reason the interstitial curve
showed a slight inflexion after 130 s
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Ktrans), few additional parameters are measured. Perfusion
measurements in extracerebral tissues are not common.
Brix et al. [19] published a two-compartmental model for
assessing perfusion and permeability using computed
tomography, yielding perfusion and permeability param-
eters. Unfortunately, such a study is limited in clinical
practice by its high radiation exposure for patients.

The SAAM II software for compartmental analysis was
used to compute our imaging data. The following assump-
tions were made to simplify our equations: (a) the volume
of the voxel in the left ventricle contained only blood, and
therefore Vplasma/Vvoxel=Vplasma/Vblood=1-hematocrit. (b)
Because we used a macromolecular CM with low leakage,
it could be assumed that exchanges were monodirec-
tional between compartments. We neglected the reflux
of this blood pool agent from the interstitial space back
to plasma at the initial phase postinjection, when the CM
capillary concentration was much higher than the CM
interstitial concentration. This assumption was in agree-
ment with results published by Daldrup–Link and Brasch
[23]. Tardivon et al. [18] found that invasive carcinomas
do not show a washout pattern up to 35 min after P792
injection but rather a slowly increasing enhancement over
time, whereas the enhancement of blood vessels in the
field of view decreased.

Bolus injections of macromolecular CM have not yet
been approved in humans. However, macromolecular CM
was essential for the implementation of the early phase
model. The slow pharmacokinetics of macromolecular CM
allowed adequate sampling of the first pass in MRI, which
was not possible with small molecular CM. The first results
in clinical studies in patients using Vistarem show excellent
tolerance, which is encouraging for the future application
of our models in humans.

There is no suitable validation method in functional
imaging. The blood flows measured in the rhadomyosar-
coma implanted in our rats were higher than perfusion
values found by Daldrup with microspheres in experi-
mental breast cancer developed in rat. This difference may
be due to specific histological differences between the two
cancers. Our perfusion values may be overestimated by the
assumption of tissue density value (ρ=1) [24, 25]. Similar
Ktrans were found in our tumors and in experimental breast
cancers with high SBR score implanted in rats [20].
However, in this study Turetschek et al. found also per-
meability values for breast cancer model with lower ma-
lignancy grade (SBR score), which differed significantly
from our results. These findings are in good agreement
with the hypothesis of an increase in capillary permeability
in cancer [23]. No significant difference was found be-
tween our fractional plasma volumes and values reported
by Turetschek et al. (for all SBR scores). This finding may
indicate that fractional plasma volume is a less sensitive
surrogate of malignancy than Ktrans.

Conclusion

The proposed kinetic analysis of dynamic MRI data allows
simultaneous quantification of perfusion and permeability.
This approach offers promising prospects for quantitative
characterization of tissue microcirculation. In our labora-
tory we used this technique to investigate anti-vascular
endothelial growth factor treatment (Astra-Zeneca Phar-
maceuticals, Alderly Park, UK). We observed a significant
decrease in blood flow, blood volume, and permeability
24 h after administration of treatment [26]. In the future our
model may be applied to monitor changes in tumor mi-
crovascular characteristics after treatment in patients, after
validation in animal models, improving the standard mor-
phological imaging by adding a functional dimension.
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Appendix

The blood flow (F), the fractional plasma volume (νp), the
volume transfer constant (Ktrans), the influx rate constant
(kpe), and the extraction fraction (E) were deduced from
k2,1, k3,2, and k0,2, using Fick’s general equation of mass
balance, which applied to the open two-compartmental
model describes the transport of a contrast medium through
the plasma compartment and its leakage into the interstitial
space [19]:

Equation (8) can also be written as:

1

Vvoxel
� d qp tð Þ� �

dt
¼ F �Mvoxel

Vvoxel
� Ca tð Þ � CV tð Þð Þ

�P � S �Mvoxel

Vvoxel
� Cp tð Þ � Ce tð Þ� � (9)

where Vvoxel is the volume of a voxel. Using the tissue
density of the voxel (ρ=M/V) Eq. (9) becomes:

1

Vvoxel
� d qp tð Þ� �

dt
¼ F � � � Ca tð Þ � CV tð Þð Þ

�P � S � � � Cp tð Þ � Ce tð Þ� � (10)

By analogy with Eq. (6) of the model, Eq. (10) can be
written:

1

Vvoxel
� d qp tð Þ� �

dt
¼ F � � � Ca tð Þ � P � S � �
� Cp tð Þ � Ce tð Þ� �� F � � � Cv tð Þ

(11)
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Cv(t), the concentration in venous plasma at the exit of the
capillary, is assumed to be equal to the concentration in
capillary plasma Cp(t) giving:

1

Vvoxel
� d qp tð Þ� �

dt
¼ F � � � Ca tð Þ � P � S � �
� Cp tð Þ � Ce tð Þ� �� F � � � Cp tð Þ

(12)

All parameters were obtained by analogy between Eq. (6)
(derived from our compartmental model used with SAAM
II) and Eq. (12) (derived from general equation of mass bal-
ance) separating the flow and the permeability components:

For flow, the analogy of the amount of CM received by
the capillary compartment yields:

Vvoxel � F � � � Ca tð Þ , k2;1 � qa tð Þ (13)

In other words, in Eq. (13), the left side (derived from the
general equation of mass balance) is considered equivalent
to the right side (derived from our imaging compartmental
model).

In MRI the extracellular CM concentration is measured
in the whole blood volume (Cb). Therefore a correction of
Cb by the hematocrit (Ht approx. 0.45) is necessary:

qa tð Þ ¼ Vvoxel � Ca tð Þ ¼ Vvoxel � Cb tð Þ
1� Ht

(14)

Using Eq. (14), Eq. (13) becomes:

F � � � Ca tð Þ , k2;1 � Ca tð Þ ¼ k2;1 � Cb tð Þ
1� Ht

(15)

The product F×ρ×Ca(t) is equivalent to the product
k2,1×Cb(t)/(1-Ht). Therefore estimation of k2,1 from ex-
perimental data [Cb(t)] allows deduction of volume blood
flow:

F � � , k2;1
1� Ht

(16)

The tissue density (ρ) is assumed to be equal to 1 according
to literature values [24, 25].

For permeability, the analogy of exchanges between
compartments yields:

Vvoxel � P � S � � � Cp tð Þ � Ce tð Þ� � , k3;2 � qp tð Þ (17)

Replacing qp by νp×Cp(t)×Vvoxel, Eq. (17) can be
simplified into:

P � S � � � Cp tð Þ � Ce tð Þ� � , k3;2 � �p � Cp tð Þ (18)

When using a macromolecular CM with a low leakage rate,
we can assume that the concentration in the extravascular
extracellular space is negligible in comparison with the
concentration in the capillary at the beginning of the ex-
periment. The rate constant kpe is deduced from:

P � S � �
�p

, k3;2 tð Þ (19)

P×S×ρ is equal to Ktrans
, and the ratio Ktrans/νp is equal to

kpe(t).

For blood volume, the analogy of the venous output
yields:

Vvoxel � F � � � Cp tð Þ , k0;2 � qp tð Þ (20)

Replacing qp(t) by νp×Cp(t)×Vvoxel Eq. (20) can be
simplified into:

F � � � Cp tð Þ , k0;2 � �p � Cp tð Þ (21)

The plasma volume νp is deduced as follows:

�p , F � �
k0;2

(22)

The extraction fraction E is calculated according to the
model of Renkin [27] and Crone [28] of capillary per-
meability such as:

E ¼ 1� exp �Ktrans

F

��
(23)
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