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Abstract

Object We evaluated the relationship of dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI)-derived
pharmacokinetic parameters and contrast agents with differ-
ent molecular weights (MW) in a pancreatic tumor mouse
model.

Materials and methods Panc02 tumors were induced in mice
at the hind leg. DCE-MRI was performed using Gadolinium
(Gd)-based contrast agents with different MW: Gd-DOTA
(0.5kDa), P846 (3.5kDa), and P792 (6.47 kDa). Quantitative
vascular parameters (AUC, K" V,, and V},) were calcu-
lated according to a modified Tofts two-compartment model.
Values for all contrast groups were compared for tumor and
control (muscle) tissues.

Results Values for K™ and V, were significantly higher in
tumor tissue than in muscle tissue. When comparing contrast
agents, lowest absolute K" values were observed using
P792. The relative increase in K" in tumor tissue com-
pared with normal tissue was highest after the use of P792. In
both tumor and normal tissues, K "#" decreased with increas-
ing molecular weight of the contrast agent used.
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Conclusion It was demonstrated that values for the differ-
ent DCE-MRI vascular (permeability) parameters are highly
dependent on the contrast agent used. Due to their potential to
better differentiate tumor from muscle tissue, higher molec-
ular weight contrast agents show promise when evaluating
tumors using DCE-MRI.
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Introduction

Pancreatic cancer (PC) accounts for more than 35,000 deaths
in the United States annually (36,800 estimated deaths in
2010). Five-year survival rate from 1999 until 2005 was about
6% [1]. Development, growth, and metastasis of malignant
pancreatic tumors are regulated by angiogenesis, the gen-
eration of new blood vessels from preexisting vasculature
[2—4]. The newly grown capillary vessels differ from normal
capillaries. Several studies have demonstrated that vessels of
malignant tumors have an increased permeability caused by
morphologic endothelial changes [5-7]. As the process of
neo-angiogenesis plays an important role in the growth and
spread of tumors, it is also recognized as a significant inde-
pendent predictor of overall survival rate [8]. Measurement
of angiogenesis can serve as a prognostic marker in oncology.

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) combined with pharmacokinetic modeling is a
promising noninvasive imaging technique for the in vivo
characterization of tumor angiogenesis and for the in vivo
evaluation of therapy-induced microvascular changes [7,9—
12]. We have previously shown that T 1-weighted DCE-
MRI using a macromolecular contrast agent (CA) allows
quantification of several kinetic parameters that relate to
tumor physiology [13,14].
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The main parameter of interest is neovascular permeabil-
ity, which is known to be a sensitive surrogate marker of
tumor angiogenesis [15]. The relevant kinetic parameter is
the (endothelial or volume) transfer constant or K" _ Clin-
ical studies in a variety of cancer types have demonstrated
that DCE-MRI with kinetic modeling allows to differentiate
benign from malignant tumors and, importantly, to provide
a tool for early therapy response imaging and quantifica-
tion [16-22]. The physiological significance of the calculated
K™ depends on a number of variables, the most impor-
tant of which are the size and physicochemical properties of
the CA used. Indeed, when using a small, highly diffusible
CA, the measured K" will mainly reflect tissue perfusion
rather than microvascular permeability. The choice of the
CA is therefore to be adapted to the specific tumor model
and physiological property under scrutiny.

This study was designed to evaluate DCE-MRI-based
kinetic modeling using contrast agents with different molec-
ular weights in a mouse model of pancreatic cancer.

Materials and methods
Animal model

Male HsdOla/MF1 mice (n = 30, 4-6 weeks old, 16-20¢g
body weight) were obtained from Harlan Laboratories (the
Netherlands) and housed in standard facilities at the
Department of Laboratory Medicine, Ghent University,
Belgium. All procedures were in compliance with the
guidelines and regulations for use, maintenance, and care
of animals and approved by our institutional committee
for animal care, Faculty of Medicine, Ghent University,
Belgium.

Panc 02 cells (Panc 02 is a murine ductal pancreas car-
cinoma cell line, established in 1984 in female C57B1/6
mice; Panc 02 cells were provided by the Department of
Surgery, University of Heidelberg, Germany) were cul-
tured in RPMI1640 medium (Invitrogen Corporation, Gibco,
Merelbeke, Belgium) supplemented with 10% fetal calf
serum (Invitrogen Corporation), 4 mM L-glutamine, 50 pL/ml
penicillin, and 50 pg/ml streptomycin (Invitrogen Corpo-
ration) and incubated at 37°C in a humidified atmosphere
of 5% CO,. Once in exponential growth phase, the cells
were harvested using trypsin/EDTA, washed, suspended in
phosphate-buffered saline (PBS) and counted.

One million Panc 02 cells (in 50wl PBS) [23] were
injected subcutaneously in the right hind leg (thigh) of male
HsdOla/MF1 mice. All animals were observed daily for gen-
eral appearance, behavior, and tumor growth. Growth of the
subcutaneous tumors was visually evaluated using a vernier
calliper. Tumor surface area (cm2) was calculated as [tumor
width (horizontal diameter) x tumor length (vertical diame-
ter)].
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MRI

MRI was performed 24-28 days after tumor inoculation on a
Siemens Magnetom Symphony 1.5-Tesla scanner (Siemens
AG, Erlangen, Germany) with a wrist coil (four-channel
high-resolution coil, 10cm diameter, Siemens Invivo 1.5-T,
Siemens AG, Erlangen, Germany). Animals were sedated
with ketamine/xylazine during MRI procedures. First, a lo-
calizer was performed (slice thickness 10mm, matrix size
128 x256 mm, field of view 200mm, echo time 5ms, rep-
etition time 15ms, flip angle 40°). Imaging comprised a
single axial slice that was positioned through both upper
limbs and the center of the tumor as localizer. Before contrast
injection, 7’1 zero time maps were constructed from 2 spin
echo sequences with different repetition times (1,000 and
318 ms, respectively). This was followed by a 72-weighted
sequence before contrast administration for tumor localiza-
tion and visualization of extratumoral tissues. Details of the
sequence were as follows: temporal resolution 24 s, field of
view 113 mm, matrix size 192 x 256, slice thickness 3 mm,
echo time 67 ms, repetition time 1,210ms, and flip angle
150°. Dynamic imaging was performed using an IR-Turbo-
FLASH sequence centered through both upper limbs and the
center of the tumor. Details of the pulse sequence were as fol-
lows: repetition time 1,100 ms, field of view 100 mm, matrix
size 128 x 256 mm, slice thickness 5 mm, echo time 4.08 ms,
inversion time 560 ms, and flip angle 12°.

A bolus of contrast was manually injected into the tail vein
after the 4th scan. In total, 500 images were obtained for a
total scan time of 550s.

MRI contrast agents
Each animal was randomly assigned to one of the three DCE-
MRI contrast agents (CA) involved in this study: Gd-DOTA,

P846, and P792. All contrast agents were obtained from
Guerbet Research (Roissy, France).

Table 1 Properties of the MR contrast agents used

Gd-DOTA®  P846P P792¢
Molecular weight (kDa) 0.5 3.5 6.5
T1 Relaxivity (mM~'s~1)* 3.4 32 27
Dose (wmol Gd/kg) 100 25 40
Tumor area (cm?) 1354+0.59 1.95+0.75 1.64 +£0.97
p-value 0.5882 0.387b¢ 0.206%

The letters a, b and ¢ were used to facilitate comparison of tumor area
groups in the last line of the table (p-values)

kDa, kiloDalton

* At 1.5 Tesla and 37°C. Tumor areas were expressed as mean = stan-
dard deviation
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Fig. 1 Molecular structure of
the contrast agents used

The physicochemical properties and dosages used are
summarized in Table 1. The used dosages were determined
empirically by the manufacturer, taking into account differ-
ences in 7'1 relaxivity of the compounds [24,25].

Gd-DOTA (gadoterate meglumine) is a paramagnetic
ionic extracellular CA used in daily practice. P846 is a low
diffusion agent, consisting of a macrocyclic gadolinium che-
late (Fig. 1). The product is renally excreted, but extravasa-
tion through normal endothelium is slow due to its physical
size. P792 (gadomelitol) is a macromolecular Gd-DOTA der-
ivate, originally developed as a blood pool agent with rapid
clearance and mainly free renal elimination. The molecular
structure of the agents is illustrated in Fig. 1.

Analysis of MRI images

Postprocessing was performed using the research mode of
a commercially available software tool (MIStar™, Apollo
Medical Imaging, Melbourne, Australia). Both a qualita-
tive description of the tissue enhancement curve and a two-
compartment pharmacokinetic approach according to Tofts
and Kermode were implemented [26]. In each tumor, regions
of interest (ROIs) were manually tracked to cover the entire
tumor circumference (ROI 1) and normal muscle tissue
(ROI 2). In each ROI, the area under the enhancement curve
(AUC, until 5505 after contrast arrival) was calculated.

The IR-TurboFLASH signal intensity varies with the lon-
gitudinal and transverse relaxation rates Rj(= 1/71) and
Ry % (= 1/T2x) as follows:

S(R1, R3) = Mysin(x)
1 —2exp(—R;TI) + exp(— R TR)
1 + cos(x) exp(—R1TR)

exp(—TgR3)

[26,27]. My is a scaling factor, comprising equilibrium mag-
netization and proton density. TI is the inversion time, TR is
the repetition time, and « is the flip angle. For DCE-MRI,
the relation between relaxation rate and contrast agent con-

Gd-DOTA

centration C is generally assumed to be linear:
Ry = Rio+nC

where R| is the relaxivity coefficient of the contrast agent and
R1p is the native relaxation rate (= 1/Tj¢), available from
the precontrast 7' 1-mapping experiment. Pharmacokinetic
modeling was based on the modified Tofts two-compartment
model, which accounts for a vascular input component and
defines a vascular space and an extravascular, extracellular
space (EES). The kinetic behavior of the injected CA is mod-
eled as a diffusive transport process based on Fick’s law.
The tissue CA concentration, Cy, is given by:

_ Ktrans

t !
Ci = vpCp(1) + Ktrans/ Cp(t)e v =gy’
0

where K" (x 1,000/min) denotes the transfer constant,
Vp the fractional vascular space (x 1,000, dimensionless),
Ve the fraction of the interstitial space (x 1,000, dimension-
less) entered by the CA, and Cp the plasma concentration
(in mM). In each tumor, the pixel with the most representa-
tive arterial input function was manually selected from the
femoral artery of the tumor-bearing leg or the opposite leg to
provide C,(¢). Tissue concentrations were calculated based
on the 7'1 maps. These data, together with the selected arte-
rial input function, were used as the input for a curve fit-
ting routine resulting in parametric maps of K" and V.
In the Gd-DOTA group, 8/10 animals had exploitable MRI
data, with 5 and 7 animals for the P846 and P792 groups,
respectively. Quantitative values for all pixels in the differ-
ent regions of interest described above were exported to a
spread sheet for further analysis. Tumor-to-muscle ratios are
presented in Fig. 4.

Statistics
Data are expressed as mean =+ standard deviation, unless

stated otherwise. Differences between two groups of contin-
uous data were assessed by the independent-sample Student’s
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Fig. 2 Typical enhancement
pattern after 4, 7, 200, and 500
images following the injection
of P792 after image 4. The
tumor is located in the right
lower limb (mouse in prone
position). A vitamin A pearl is
used to aid in positioning the
tumor

t-test or the nonparametric Mann—Whitney U -test. The mean
tumor surface areas were compared for all contrast groups
using one-way ANOVA. Statistical significance was defined
as p < 0.05. All statistics were calculated using SPSS for
Windows (version 15.0, IBM Corporation, New York, USA).

Results

Molecular structures of the used contrast agents are depicted
in Fig. 1. Tumor areas for the different contrast agent groups
are shown in Table 1. No significant differences in tumor
area were found between the different contrast groups.

Different temporal enhancement patterns were observed
according to the CA used. When DCE-MRI was performed
with P792, the largest agent, slow enhancement of the
tumor was observed with a peak after approximately 5 min
(Figs. 2, 3). Normal muscle showed very little enhancement
when using P792. As expected for an agent that was origi-
nally developed as a blood pool contrast agent, the vascular
input signal intensity did not return to baseline after 550s.

AUC values were higher in tumor tissue than the levels
observed in muscle tissue, although no significant difference
was found when P846 was used as a contrast agent (Table 2).
Tumor/muscle tissue enhancement was lowest when using
P846 (Fig. 4).

Values of K™ decreased with the increase in molecu-
lar weight of contrast agents, a result that was confirmed by
other authors [28]. Use of the lowest molecular weight agent
Gd-DOTA resulted in the highest K" values, whereas
use of P792, the highest molecular weight product, resulted
in a low volume transfer coefficient. Following this trend,
values of K™ for P846 were intermediate between the

@ Springer

150

11

100

Mean (Intensity)

50

Jlllllll

100 200 300 400 500
Time (sec)

Fig. 3 a Regions of interest encompassing the tumor (/), muscle (2),
and feeding artery (3). b Typical enhancement over time in muscle
(black curve), tamor (red curve), and arterial input (blue curve)

values obtained with P792 and Gd-DOTA. Mann—Whitney
U -test was used to compare parameters across contrast agents
(p-values of 0.000, 0.06, and 0.007 were obtained when
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Fig. 4 Comparison of DCE-MRI vascular parameters for different
contrast agents; tumor-to-muscle ratios are shown (mean + standard
deviation). AUC =area under enhancement curve; K" = volume

Table 2 DCE-MRI vascular

Gd-DOTA P846 P792
transfer constant; Ve = interstitial leakage space fraction; V), ={rac-
tional plasma volume. Significant differences between groups are indi-

cated with *(p < 0.05)

KLl‘ans Ve Vp
(x 1,000/ min) (fraction x 1,000) (fraction x 1,000)

parameters for the different AUC
contrast agents
Gd-DOTA
Tumor 682 £ 295
Muscle 413 £221
p-value 0.001
P846
Tumor 411 £ 248
Muscle 315 + 217
p-value 0.162
P792
Results (mean + standard Tumor 557£332
deviation are expressed as Muscle 293 + 194
K081 000/ min; V,*1,000 p-value 0.003

and V,*1,000)

174 £ 129 487 £ 402 178 £ 113
64.9 £57.1 169 £ 113 141 +£ 103
0.003 0.007 0.475

744 +£37.3 102 £ 37.0 273£174
26.9 +£19.7 389 £21.1 33.8£203
<0.001 <0.001 0.234

163 £ 12.5 52.0 £24.0 2224825
1.81 £ 1.47 18.8 + 6.90 17.9 £9.40
<0.001 <0.001 0.118

comparing Gd-DOTA/P792, Gd-DOTA/P846, and P846/P792,
respectively). When comparing tumor tissue with reference
tissue, as illustrated in Fig. 4 and Table 2, values for K1
were significantly lower in control tissue, for all contrast
agents studied.

The obtained results for the fraction of the intersti-
tial leakage space V. follow the same trend as the values
for K'ans: Jowest values were demonstrated after the use

of P792, the highest values were seen using Gd-DOTA.
Again, the use of P846 resulted in intermediate V. values
(Mann—Whitney U-test p-values were 0.000, 0.000 and
0.086 for GAd-DOTA/P792, Gd-DOTA/P846, and P846/P792,
respectively). Also, a significant reduction in V; was noticed
in control tissue (Table 2). This reduction was compara-
ble for all contrast agents. As an exception, no signifi-
cant difference between tumor and muscle tissue could be
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observed for V,. Highest V}, values were obtained with Gd-
DOTA.

Figure 4 illustrates the discriminatory properties of the
contrast agents used. Calculation of the AUC did not improve
differentiation between tumor tissue and normal muscle.
Howeyver, the tumor/muscle ratio of the transfer constant was
significantly higher for P792 than for P846 or Gd-DOTA
(p < 0.001, Mann—Whitney U -test). No significant differ-
ences were observed in the estimated plasma or interstitial
volume ratio.

Discussion

The main advantage of dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) is its noninvasive nature,
allowing the calculation of several vascular parameters.
These parameters (K", V, and V},) can be used to char-
acterize individual tumor types; for example, to distinguish
malignant from benign tissue and to monitor tumor response
to antitumoral therapy noninvasively.

Currently, only contrast agents with low molecular weight
are used in clinical settings. These products show rapid
extravasation through both tumor and normal blood vessels.
Contrast agents with high molecular weight show only lim-
ited extravasation through normal blood vessels. The higher
permeability of most tumor vasculature allows these contrast
agents to penetrate the tumor and thus provide better tumor
detection/identification with DCE-MRI.

In this study, the influence of contrast agents with interme-
diate molecular weight on the selective DCE-MRI contrast
enhancement in Panc02 pancreas tumors was investigated,
using normal muscle tissue as control. The results were com-
pared with the clinically used contrast agent Gd-DOTA. Our
results demonstrate that the values of vascular parameters
K '™ and V, are dependent on the size and molecular weight
of the used contrast agent.

The significantly lower values of K" in muscle tissue
compared with tumor tissue indicate a larger vascular per-
meability of the contrast agent in tumor tissue. It is gener-
ally accepted that low molecular weight gadolinium-based
contrast agents often overestimate tumor blood volume and
vascular permeability because of their rapid extravasation
from blood to the extracellular space in tumor tissue [29].
On the other hand, macromolecular contrast agents have been
shown to provide more accurate tumor characterization and
are better able to differentiate tumor vascular permeability
[30]. Our results indicate that this can also be applied for
contrast agents with intermediate molecular weight, such as
P792 and—to a lesser extent—P846. Intermediate molecu-
lar weight contrast agents have restricted diffusion through
the endothelium, but can pass freely through the glomeru-
lar membrane [10]. The uptake of P792 and P846 is more
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strongly influenced by capillary permeability, while that of
the low molecular weight Gd-DOTA is more heavily influ-
enced by perfusion [31]. The potential of higher molecular
weight contrast agents to discriminate tumor from muscle tis-
sue is also reflected in the lower obtained p-values for these
contrast agents, as illustrated in Table 2.

The relative increase in tumor K ™" (compared with mus-
cle tissue) was also calculated: an increase with a factor
~ 2.7 was obtained for Gd-DOTA and P846, whereas a 9-fold
increase was observed for P792. However, absolute K"
values were lowest using P792.

For the kinetic analysis of the MRI images, one ROI was
drawn around the entire tumor perimeter and another ROI
was drawn on the contralateral thigh muscle tissue. Differ-
ences in tumor vascular properties between the core and the
rim of the tumor were found by other authors [9]. However, in
this study, no significant differences in DCE-MRI parameters
were found between tumor core and rim (data not shown).

When interpreting the obtained values for the vascular
kinetic parameters, the balance between blood flow and cap-
illary permeability in the tissue of interest has to be taken
into account [32]. K3 is a function of flow (perfusion) and
permeability [33]. In high-permeability situations, K 4% rep-
resents the blood plasma flow. In cases of low permeability,
K" s influenced more by the permeability surface area,
and concentration of contrast agent mainly depends on the
ability of the contrast agent to penetrate the target tissue.
This ability is strongly influenced by molecular weight (and
molecular volume) of the used contrast agent. The assump-
tion that K™ represents the tumor microvessel permeabil-
ity surface area product when using higher molecular weight
contrast agents, and that flow is represented when low molec-
ular weight contrast agents are used, seems supported in this
study: use of the lowest MW agent Gd-DOTA resulted in the
highest absolute K 'S values. This result was also confirmed
by other authors [9].

In contrast to the data obtained for K" and V., no
significant differences between tumor and muscle tissue
were observed for V},. Other authors have also reported this
discrepancy for V, or comparable parameters [28]. K"
appears to be a more sensitive parameter than V), for the eval-
uation of DCE-MRI kinetics. However, small sample size
(n =5 for P846) and large experimental errors—combined
with the inherent relatively low signal-to-noise ratio of MR
imaging—may contribute to this lack of statistical signifi-
cance.

Conclusion
The influence of using gadolinium-based contrast agents

with different molecular weights on the dynamic contrast-
enhanced MRI kinetic parameters K%, V., and Vp was
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investigated in a Panc02 pancreatic tumor model in mice. Two
contrast agents with intermediate molecular weight (P846,
3.5kDa and P792, 6.47kDa) and one with low molecular
weight (Gd-DOTA, 0.5kDa) were used in this study.

We demonstrated that values for K3 and V, are highly
dependent on the molecular weight of the contrast agent used.
Our results indicate that, compared with low MW products,
intermediate MW contrast agents (such as P792 and P846)
are better able to differentiate tumor from muscle tissue.
Intermediate MW contrast agents can provide a tool for early
therapy response imaging and quantification.

Acknowledgments This study could not have been conducted with-
out the invaluable contribution of Philippe Robert, Experimental Imag-
ing Division Manager of the Research Department of Guerbet Group,
Paris, France, and special thanks for providing the contrast agents inves-
tigated in this study.

References

1. Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010.
CA Cancer J Clin 60:277-300
2. Folkmanl] (1992) The role of angiogenesis in tumor growth. Semin
Cancer Biol 3:65-71
3. McDonald DM, Choyke PL (2003) Imaging of angiogenesis: from
microscope to clinic. Nat Med 9:713-725
4. Weidner N, Folkman J, Pozza F, Bevilacqua P, Allred EN, Moore
DH, Meli S, Gasparini G (1992) Tumor angiogenesis: a new
significant and independent prognostic indicator in early-stage
breast carcinoma. J Natl Cancer Inst 84:1875-1887
5. Daldrup H, Shames DM, Wendland M, Okuhata Y, Link TM,
Rosenau W, Lu Y, Brasch RC (1998) Correlation of dynamic con-
trast-enhanced MR imaging with histologic tumor grade: compar-
ison of macromolecular and small-molecular contrast media. AJR
Am J Roentgenol 171:941-949
6. Schwickert HC, Stiskal M, Roberts TP, van Dijke CF, Mann J,
Muhler A, Shames DM, Demsar F, Disston A, Brasch RC
(1996) Contrast-enhanced MR imaging assessment of tumor capil-
lary permeability: effect of irradiation on delivery of chemotherapy.
Radiology 198:893-898
7. Padhani AR (2002) Functional MRI for anticancer therapy assess-
ment. Eur J Cancer 38:2116-2127
8. Dvorak HF, Nagy JA, Dvorak JT, Dvorak AM (1988) Identifica-
tion and characterization of the blood vessels of solid tumors that
are leaky to circulating macromolecules. Am J Pathol 133:95-109
9. de Lussanet QG, Langereis S, Beets-Tan RG, van Genderen MH,
Griffioen AW, van Engelshoven JM, Backes WH (2005) Dynamic
contrast-enhanced MR imaging kinetic parameters and molecular
weight of dendritic contrast agents in tumor angiogenesis in mice.
Radiology 235:65-72
10. Fan X, Medved M, Foxley S, River JN, Zamora M, Karczmar GS,
Corot C, Robert P, Bourrinet P (2006) Multi-slice DCE-MRI data
using P760 distinguishes between metastatic and non-metastatic
rodent prostate tumors. Magn Reson Mater Phy 19:15-21
11. Turetschek K, Floyd E, Helbich T, Roberts TP, Shames DM,
Wendland MF, Carter WO, Brasch RC (2001) MRI assessment of
microvascular characteristics in experimental breast tumors using
anew blood pool contrast agent (MS-325) with correlations to his-
topathology. J Magn Reson Imaging 14:237-242
12. Brurberg KG, Benjaminsen IC, Dorum LM, Rofstad EK
(2007) Fluctuations in tumor blood perfusion assessed by dynamic
contrast-enhanced MRI. Magn Reson Med 58:473-481

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Ceelen W, Boterberg T, Smeets P, Van Damme N, Demetter P,

Zwaenepoel O, Cesteleyn L, Houtmeyers P, Peeters M, Pattyn P
(2007) Recombinant human erythropoietin alpha modulates the
effects of radiotherapy on colorectal cancer microvessels. BrJ Can-
cer 96:692-700

Ceelen W, Smeets P, Backes W, Van Damme N, Boterberg T,
Demetter P, Bouckenooghe I, De Visschere M, Peeters M, Pattyn P
(2006) Noninvasive monitoring of radiotherapy-induced micro-
vascular changes using dynamic contrast enhanced magnetic res-
onance imaging (DCE-MRI) in a colorectal tumor model. Int
J Radiat Oncol 64:1188-1196

Brasch RC, Li KCP, Husband JE, Keogan MT, Neeman M, Padhani
AR, Shames D, Turetschek K (2000) In vivo monitoring of tumor
angiogenesis with MR imaging. Acad Radiol 7:812-823

Taylor JS, Tofts PS, Port R, Evelhoch JL, Knopp M, Reddick WE,
Runge VM, Mayr N (1999) MR imaging of tumor microcircu-
lation: promise for the new millennium. J] Magn Reson Imaging
10:903-907

Yuh WT (1999) An exciting and challenging role for the advanced
contrast MR imaging. ] Magn Reson Imaging 10:221-222

Chang EY, Li X, Jerosch-Herold M, Priest RA, Enestvedt CK,
Xu J, Springer CS Jr, Jobe BA (2008) The evaluation of esopha-
geal adenocarcinoma using dynamic contrast-enhanced magnetic
resonance imaging. J Gastrointest Surg 12:166—175

de Lussanet QG, Backes WH, Griffioen AW, Padhani AR,
Baeten CI, van Baardwijk A, Lambin P, Beets GL, van Engelshoven
IJM, Beets-Tan RG (2005) Dynamic contrast-enhanced magnetic
resonance imaging of radiation therapy-induced microcirculation
changes in rectal cancer. Int J Radiat Oncol Biol Phys 63:1309-
1315

Ocak I, Bernardo M, Metzger G, Barrett T, Pinto P, Albert PS,
Choyke PL (2007) Dynamic contrast-enhanced MRI of prostate
cancer at 3 T: a study of pharmacokinetic parameters. AJR Am
J Roentgenol 189:849

Yankeelov TE, Gore JC (2009) Dynamic contrast enhanced mag-
netic resonance imaging in oncology: theory, data acquisition, anal-
ysis, and examples. Curr Med Imaging Rev 3:91-107

Yankeelov TE, Lepage M, Chakravarthy A, Broome EE, Niermann
KJ, Kelley MC, Meszoely I, Mayer IA, Herman CR, McManus K,
Price RR, Gore JC (2007) Integration of quantitative DCE-MRI
and ADC mapping to monitor treatment response in human breast
cancer: initial results. Magn Reson Imaging 25:1-13

Casneuf VF, Demetter P, Boterberg T, Delrue L, Peeters M,
Van Damme N (2009) Antiangiogenic versus cytotoxic therapeutic
approaches in a mouse model of pancreatic cancer: an experimen-
tal study with a multitarget tyrosine kinase inhibitor (sunitinib),
gemcitabine and radiotherapy. Oncol Rep 22:105-113

Port M, Corot C, Rousseaux O, Raynal I, Devoldere L, Idee JM,
Dencausse A, Le Greneur S, Simonot C, Meyer D (2001) P792:
a rapid clearance blood pool agent for magnetic resonance imag-
ing: preliminary results. Magn Reson Mater Phy 12:121-127
Jacquier A, Bucknor M, Do L, Robert P, Corot C, Higgins CB,
Saeed M (2008) P846, a new gadolinium based low diffusion mag-
netic resonance contrast agent, in characterizing occlusive infarcts,
reperfused ischemic myocardium and reperfused infarcts in rats.
Magn Reson Mater Phy 21:207-218

Tofts PS (1997) Modeling tracer kinetics in dynamic Gd-DTPA
MR imaging. JMRI-J Magn Reson Imaging 7:91-101

De Naeyer D, De Deene Y, Ceelen WP, Segers P, Verdonck P
(2011) Precision analysis of kinetic modelling estimates in
dynamic contrast enhanced MRI. Magn Reson Mater Phy 24:51—
66

Wu X, Jeong EK, Emerson L, Hoffman J, Parker DL, Lu
ZR (2010) Noninvasive evaluation of antiangiogenic effect in a
mouse tumor model by DCE-MRI with Gd-DTPA cystamine
copolymers. Mol Pharm 7:41-48

@ Springer



232

Magn Reson Mater Phy (2011) 24:225-232

29. BraschRC (1992) New directions in the development of MR imag-
ing contrast media. Radiology 183:1-11

30. van Dijke CF, Brasch RC, Roberts TP, Weidner N, Mathur
A, Shames DM, Mann JS, Demsar F, Lang P, Schwickert
HC (1996) Mammary carcinoma model: correlation of macro-
molecular contrast-enhanced MR imaging characterizations of
tumor microvasculature and histologic capillary density. Radiol-
ogy 198:813-818

31. Fan X, Medved M, River JN, Zamora M, Corot C, Robert P,
Bourrinet P, Lipton M, Culp RM, Karczmar GS (2004) New model
for analysis of dynamic contrast-enhanced MRI data distinguishes
metastatic from nonmetastatic transplanted rodent prostate tumors.
Magn Reson Med 51:487-494

@ Springer

32. Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp

33.

MYV, Larsson HB, Lee TY, Mayr NA, Parker GJ, Port RE, Taylor J,
Weisskoff RM (1999) Estimating kinetic parameters from dynamic
contrast-enhanced T(1)-weighted MRI of a diffusable tracer: stan-
dardized quantities and symbols. J Magn Reson Imaging 10:223—
232

Choyke PL, Dwyer AJ, Knopp MV (2003) Functional tumor imag-
ing with dynamic contrast-enhanced magnetic resonance imaging.
J Magn Reson Imaging 17:509-520



	Assessment of neovascular permeability in a pancreatic tumor model using dynamic contrast-enhanced (DCE) MRI with contrast agents of different molecular weights
	Abstract
	Introduction
	Materials and methods
	Animal model
	MRI
	MRI contrast agents
	Analysis of MRI images
	Statistics

	Results
	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


