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ABSTRACT

Background: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease with poor outcome.
Resistance to treatment is associated with impaired vascularity, extensive hypoxia, and interstitial
hypertension. In this study, the potential of dynamic contrast-enhanced (DCE)-MRI as a method for
assessing the microvascular density (MVD), the fraction of hypoxic tissue, and the interstitial fluid pres-
sure (IFP) of PDACs was investigated.

Material and methods: Intramuscular BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 PDAC xenografts were
used as preclinical models of human PDACs. DCE-MRI with Gd-DOTA as contrast agent was conducted
with a 7.05-T scanner, and the DCE-MRI series were analyzed voxelwise by using the Tofts pharmacoki-
netic model. Tumor MVD and hypoxia were measured in histological preparations by using pimonida-
zole as a hypoxia marker and CD31 as a marker of endothelial cells. IFP was measured with a Millar
catheter.

Results: K™ (the volume transfer constant of Gd-DOTA) increased with increasing MVD and decreased
with increasing hypoxic fraction, but was not associated with IFP. Any association between v, (the frac-
tional distribution volume of Gd-DOTA) and MVD, hypoxic fraction, or IFP could not be detected.
Conclusions: This study shows that DCE-MRI is a useful modality for assessing important features of
the microenvironment of PDAC xenografts and thus provides the basis for future preclinical and clinical
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DCE-MRI investigations of PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth lead-
ing cause of cancer-related deaths worldwide [1]. Surgical
resection is the only curative treatment option, but most
cases are too advanced for surgery at the time of diagnosis.
The majority of the patients receive gemcitabin or
FOLFIRINOX chemotherapy alone or in combination with
radiation therapy [2,3], resulting in a five year survival of only
~6% [1]. Several approaches of targeted treatment have
been explored, however, with limited therapeutic effect [4,5].

The low survival rate of PDAC patients is primarily due to
resistance to treatment caused by the tumor microenviron-
ment. The microenvironment of PDACs is characterized by a
highly desmoplastic stroma encompassing up to 90% of the
tumor [3,4], heterogeneous vascularization [6], regions with
hypoxic tissue [7], and interstitial hypertension [8]. Treatment
strategies targeting the desmoplastic tumor stroma have not
been beneficial to PDAC patients thus far [4,9]. Low micro-
vascular density (MVD) and reduced blood flow have been
shown to be signs of tumor aggressiveness [10-12], and high
MVD in peripheral hot spots has been found to correlate

with poor prognosis, suggesting that highly heterogeneous
microcirculation aggravates the outcome [6,13]. It has also
been revealed that poor prognosis is associated with severe
hypoxia in the primary tumor [14-16]. Moreover, the intersti-
tial fluid pressure (IFP) has been reported to be elevated
[17-19], and it has been suggested that highly elevated IFP
together with a dense and extensive stroma may cause
resistance to treatment by inhibiting the distribution of che-
motherapeutic agents [19].

Multi-detector computed tomography is the most com-
monly used imaging modality in the diagnostics of PDAC;
however, magnetic resonance imaging (MRI) employing con-
trast agents has been found to be equally profitable [20].
Although preclinical studies have suggested that dynamic
contrast-enhanced (DCE)-MRI may be useful for assessing the
therapeutic response of PDAC [21-23], detailed studies com-
paring DCE-MRI-derived parametric images with parameters
of the tumor microenvironment have not been reported thus
far. The aim of this study was to evaluate to what extent
DCE-MRI can provide information on tumor MVD, hypoxia,
and IFP in PDAC xenografts.
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Material and methods
Tumor models

BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 human PDAC xeno-
grafts grown in adult (8-12 weeks of age) female BALB/c nu/
nu mice were used as tumor models. Tumors were initiated
from cells cultured in RPMI-1640 (25 mm HEPES and L-glutam-
ine) medium supplemented with 13% bovine calf serum,
250 mg/l penicillin, and 50 mg/l streptomycin. Approximately
2.5x10° cells in 20-30pl of Hanks' balanced salt solution
were inoculated intramuscularly in the left hind leg. The ani-
mal experiments were approved by the Institutional
Committee on Research Animal Care and were performed
according to the Guidelines for the Welfare and Use of
Animals in Cancer Research [24].

Magnetic resonance imaging

MRI was carried out on 12-16 tumors of each model when
the tumor volume was judged to be ~700 mm? from caliper
measurements. The exact tumor volume was determined
from the MR images, and the mean values+standard error
were  763+55mm> (BxPC-3), 737+47mm’ (Capan-2),
745+ 50mm?® (MIAPaCa-2), and 621 +£28 mm? (Panc-1).

A Bruker Biospec 7.05-T bore magnet and a mouse quad-
rature volume coil (Bruker Biospin, Ettlingen, Germany) were
used for imaging. The tumors were positioned in the isocen-
ter of the magnet and were imaged with axial slices covering
the entire volume. The mice were given gas anesthesia
(~4.0% Sevofluran in O,; Baxter, IL, USA) at a flow rate of
0.51/min during imaging. Respiration rate and body core
temperature were monitored continuously by using an
abdominal pressure sensitive probe and a rectal temperature
probe (Small Animal Instruments, New York, NY, USA). The
body core temperature was kept at 37°C by automated hot
air flow regulation, and the gas anesthesia was adjusted
manually to maintain a stable respiration rate.

Anatomical T,-weighted images were obtained prior to
DCE-MRI by using a fast spin echo pulse sequence (RARE)
with a repetition time (TR) of 2500 ms, an echo time (TE) of
35ms, an image matrix of 128 x 128, a field of view (FOV) of
3 x3cm?, a slice thickness of 0.7 mm, a slice gap of 0.3mm,
2 averages, and fat suppression. DCE-MRI with Gd-DOTA
(Dotarem, Guerbet, Paris, France) as contrast agent was per-
formed as described elsewhere [25,26]. Briefly, a fast spin
echo pulse sequence (RARE) with TRs of 200, 400, 800, 1500,
3000, and 5000ms, a TE of 85ms, an image matrix of
128 x 128, a FOV of 3 x3cm? a slice thickness of 0.7 mm,
and a slice gap of 0.3mm was applied to measure pre-con-
trast T;-values (T;o-map). Gd-DOTA was diluted to a concen-
tration of 0.06 M and administered in the tail vein in a bolus
dose of 5.0ml/kg body weight during a period of 5s by
using an automated infusion pump (Harvard Apparatus,
Holliston, MA, USA). A three-dimensional SPGR pulse
sequence (3D-FLASH) with a TR of 10ms, a TE of 2.07ms, a
flip angle (o) of 20°, an image matrix of 128 x 128 x 10, and
a FOV of 3x3x1cm® was used to produce dynamic
Ti-weighted images at a temporal resolution of 14.8s.
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Numerical values of the volume transfer constant
(K'™") and the fractional distribution volume (v.) of the
contrast agent were determined on a voxel-by-voxel basis
by using the Tofts pharmacokinetic model [27] as
described earlier [25]. Briefly, the pharmacokinetic analysis
was based on the entire tumor volume without including
peritumoral fibrotic tissue, blood vessels, or edema.
Regions of interest (ROls) encompassing the tumor tissue
were depicted in the T,-weighted anatomical images
acquired prior to the DCE-MRI, and these ROIs were trans-
ferred to the T;-weighted images (Figure 1(a)). Parametric
images of K™ and v, were then produced by using in-
house-made software developed in Matlab (MathWorks,
Natick, MA, USA).

By subjecting tumors and normal muscle tissue to DCE-
MRI twice, we have shown that highly reproducible paramet-
ric images are obtained by using the imaging and analysis
procedures described here (Supplementary Figure S1).

Histological examinations

Sections were cut from three different positions in each
tumor and stained with hematoxylin and eosin or immunos-
tained for hypoxia or blood vessels [28]. Pimonidazole [1-[(2-
hydroxy-3-piperidinyl)-propyll-2-nitroimidazole], injected as
described previously [29], was used as a marker of tumor
hypoxia, and CD31 was used as a marker of endothelial cells.
An anti-pimonidazole rabbit polyclonal antibody (Professor
Raleigh, University of North Carolina, NC, USA) or an anti-
mouse CD31 rabbit polyclonal antibody (Abcam, Cambridge,
UK) was used as primary antibody. Diaminobenzidine was
used as chromogen, and hematoxylin was used for counter-
staining. Microvessels were defined and scored manually as
described by Weidner [30]. Fraction of hypoxic tissue was
assessed by image analysis [29] and was defined as the area
fraction of the viable tissue showing positive pimonidazole
staining.

Interstitial fluid pressure

IFP was measured twice in each tumor by using a Millar SPC
320 catheter equipped with a 2F Mikro-Tip transducer (Millar
Instruments, Houston, TX, USA). The probe was inserted into
the central part of the tumors, first from the lateral side and
then from the posterior side. The mean of the two IFP values
was utilized in the further analyses. Before measurements,
the mice were anesthetized with 0.63 mg/kg fentanyl citrate,
20mg/kg fluanisone, and 10mg/kg midazolam. By using
these doses and by keeping the body core temperature at
37°C with a heating pad, it was ensured that tumor blood
perfusion and the physiological conditions of the mice dur-
ing the IFP measurements were similar to those during the
MRI [31].

Statistical analysis

Comparisons of data were carried out by using the Student’s
t-test (single comparisons) or by one-way ANOVA followed
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Figure 1. Anatomical and parametric MR images and data of PDAC xenografts. (a) T,-weighted image, T,-weighted image acquired for calculation of T;o-map, and
pre- and post-contrast (recorded 1 min after the administration of Gd-DOTA) T;-weighted images acquired for calculation of K™" and v, parametric images. Tumor
region of interest (outlined in black in the images) was depicted in the anatomical T,-weighted image and was transferred directly to the other images since the
geometrical setting was the same for the different pulse sequences. The images refer to a representative BxPC-3 tumor. Scale bar: 5mm. (b) K™" and v, images
and the corresponding K™ and v, frequency distributions of the same BxPC-3 tumor. The images refer to a central tumor cross-section, whereas the frequency dis-
tributions refer to the entire tumor volume. Voxels with unphysiological v, values (i.e. v, > 1.0) are highlighted in white in the lower panel images, and these voxels
are excluded in the corresponding frequency distributions. Median values are indicated by vertical lines in the frequency distributions. Scale bars: 5 mm. (c) Fraction
of voxels showing unphysiological v, values and fraction of tumor tissue showing fibrosis and/or necrosis in BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 tumors.
Columns and bars: mean = SEM [n = 12-16 (left panel); n = 12-20 (right panel)]. (d) Median K" and median v, in BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 tumors.
The panels show data where all voxels are included (Uncorrected) and data where voxels with unphysiological v, values are excluded (Corrected). Columns and
bars: mean = SEM (n = 12-16).

by the Bonferroni's test (multiple comparisons) when the rank-sum test (single comparisons) or the Kruskal-Wallis
data complied with the conditions of normality and equal ANOVA on ranks test followed by the Dunn’s test (multiple
variance. Under other conditions, comparisons were carried comparisons). The Pearson product moment correlation test
out by non-parametric analysis using the Mann-Whitney was used to search for correlations between parameters.



Probability values of p<.05, determined from two-sided
tests, were considered significant.

Results

Parametric images of K™ and v. and the corresponding
K" and v, frequency distributions of a representative BxPC-
3 tumor are presented in Figure 1(b). Supplementary Figure
S2 shows similar data for the other three tumor models
included in this study. For some voxels, our algorithms pro-
duced unphysiological values of v, (i.e. ve>1.0), and these
voxels are depicted in white in the images and are omitted
in the histograms in the lower panels of Figure 1(b) and
Supplementary Figure S2. The intratumor heterogeneity in
K" and v, was substantial in all tumor models. K™"* gener-
ally showed higher values in the tumor periphery than in
central tumor regions, whereas high v. values were seen
both peripherally and centrally. Voxels with unphysiological
Ve values tended to co-localize with tumor regions showing

(a) Hematoxylin/Eosin  (b)

MIAPaCa-2

Pimonidazole (c)
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fibrotic and/or necrotic tissue. Quantitative studies revealed
that the fraction of voxels with unphysiological v, values was
similar to the fraction of tumor tissue showing fibrosis and/or
necrosis (Figure 1(c)).

The fraction of voxels with unphysiological v, values was
generally low (Figure 1(c)), and median K" and v, were not
altered significantly by excluding these voxels (Figure 1(d)).
The further analysis was carried out by using the corrected
K™ and v, frequency distributions. The four tumor models
differed significantly in K™" and v. (Figure 1(d)). BxPC-3
showed higher K™ than the other tumor models (p <.001),
and the K™" of MIAPaCa-2 was higher than that of Capan-2
and Panc-1 (p <.001). BxPC-3 also showed higher v, than the
other models (p<.001), and the v, of Capan-2 was higher
than that of MIAPaCa-2 and Panc-1 (p <.001).

Representative images illustrating the histological appear-
ance of the tumor models are presented in Figure 2. BxPC-3
and Capan-2 showed differentiation, whereas MIAPaCa-2 and
Panc-1 were non-differentiated (Figure 2(a)). All tumor

CD31

Figure 2. Histological appearance of PDAC xenografts. (a) Preparations stained with hematoxylin and eosin showing the level of differentiation. Scale bar: 200 pm.
(b) Preparations immunostained for pimonidazole to visualize tumor hypoxia. Arrow: fibrotic/necrotic tissue. Scale bar: 1000 um. (c) Preparations immunostained for

(D31 to visualize blood vessels. Scale bar: 100 pm.
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Figure 3. Tumor microenvironment, K™", and v, of PDAC xenografts. (a) Fraction of hypoxic tissue, microvascular density (MVD), and interstitial fluid pressure (IFP)
in BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 tumors. Columns and bars: mean = SEM (n = 12-20). (b) Median K"™" and (c) median v, versus hypoxic fraction, MVD,
and IFP for PDAC xenografts. Points and bars: mean = SEM [n = 12-16 (DCE-MRI parameters); n = 12-20 (microenvironmental parameters)]. The DCE-MRI parameters
and the microenvironmental parameters were measured in different cohorts of tumor-bearing mice.

models showed foci of pimonidazole-positive cells in mor-
phologically intact tissue, and positive pimonidazole staining
was always seen in tissue surrounding fibrotic and necrotic
tumor regions (Figure 2(b)). Staining for CD31 showed that
blood vessels were located in connective tissue rather than
in parenchymal tissue, and this was particularly prominent in
BxPC-3 tumors (Figure 2(c)). Quantitative analyses revealed
that the fraction of hypoxic tissue and the MVD differed
among the tumor models (Figure 3(a)). BxPC-3 showed lower
hypoxic fraction (p <.01) and higher MVD (p <.05) than the
other tumor models, and MIAPaCa-2 had lower hypoxic frac-
tion than Capan-2 and Panc-1 (p <.05) and higher MVD than
Panc-1 (p <.05).

All tumor models showed highly elevated IFP. Mean IFP
differed among the models from 22.9 mmHg to 40.2 mmHg
(Figure 3(a)), and these values were significantly higher than
the mean IFP of 0.8 mmHg measured in muscle tissue with-
out tumors (p<.001). Moreover, the IFP was lower in
MIAPaCa-2 than in the other tumor models (p <.005), and
BxPC-3 showed lower IFP than Capan-2 (p <.01).

To investigate whether DCE-MRI may have the potential
to provide information on the tumor microenvironment of
PDACs, mean of median K'™" and mean of median v, were
plotted versus mean fraction of hypoxic tissue, mean MVD,
and mean IFP. K™" decreased with increasing hypoxic frac-
tion and increased with increasing MVD, whereas there

was no correlation between K'™" and IFP (Figure 3(b)).
Furthermore, there was no correlation between v, and hyp-
oxic fraction, MVD, or IFP; however, v, tended to decrease
with increasing hypoxic fraction and to increase with increas-
ing MVD (Figure 3(c)).

The differences in K™, v,, hypoxic fraction, and MVD
between the individual tumors of each model were small
compared with the differences between the models. To
investigate whether DCE-MRI may be sufficiently sensitive to
detect microenvironmental differences between individual
tumors of the same model, DCE-MRI was carried out on 12
BxPC-3 tumors before the hypoxic fraction and MVD of the
tumors were measured in histological preparations. K™
decreased with increasing hypoxic fraction and increased
with increasing MVD also in this experiment (p <.001; Figure
4(a)), and moreover, there was no correlation between v,
and hypoxic fraction or MVD (p >.05; Figure 4(b)).

Discussion

Several preclinical models are currently being used in studies
of PDAC, including genetically engineered mouse (GEM)
models, ectopic or orthotopic patient-derived xenograft mod-
els, and subcutaneous cell line-derived xenograft models
[32]. GEM models have the advantage that the tumors arise
spontaneously in the pancreas of immune-competent mice,
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Figure 4. K™", v, and microenvironmental parameters of BxPC-3 PDAC xenografts. Median K™ (a) and median v, (b) versus fraction of hypoxic tissue and micro-

vascular density (MVD). Points: single tumors. Curves: linear regression lines.

allowing studies of the interaction between the tumor micro-
environment, the pancreas, and an intact immune system
[33]. The main disadvantages of GEM models are that the
tumor cells are of murine origin and that the intertumor het-
erogeneity is low compared with that of human PDACs.
Xenograft models have the advantage that the tumors con-
sist of human malignant cells, and furthermore, by using a
panel of models derived from different patients, patient-rele-
vant intertumor heterogeneity can be achieved. Four intra-
muscular cell line-derived xenograft models differing in
differentiation were used in the present DCE-MRI study. The
tumors were transplanted to an intramuscular site on the
mouse leg to avoid tissue movement due to respiration dur-
ing the MRI.

These tumor models have several microenvironmental fea-
tures in common with GEM models of PDAC and human
PDACs. The tumors develop a dense collagen-rich extracellu-
lar matrix [26], consistent with the observation that collagen
| is up-regulated in human PDAC [34]. In BxPC-3 and Capan-2
tumors, the collagen fibers appear in thick filament bundles,
whereas in MIAPaCa-2 and Panc-1 tumors, the collagen is
seen as a dense network of thin fibers surrounding single
tumor cells [26]. The tumor microvessels are embedded in
the connective tissue as seen in GEM PDAC models [35].
Quantitative studies have revealed that human PDACs may
differ considerably in MVD and that the MVD can approxi-
mate that of the normal pancreas in some patients [11,36].
The mean MVD of the tumor models included in our study
ranged from 99 to 162 (#/mm?), which is similar to the range
of 88-177 (#/mm?) found in a comprehensive study involving
52 PDAC patients [37].

Studies of IFP and hypoxia in human PDAC are sparse;
however, a small study involving seven patients showed that

the pO, is significantly reduced compared with that in the
normal pancreas [7]. The mean fraction of hypoxic tissue in
the PDAC models studied here ranged from 7% to 25%,
which is similar to the range of 0-25% measured in an exten-
sive study involving orthotopic patient-derived xenograft
models from 16 PDAC patients [14]. Furthermore, our PDAC
models showed mean IFP values ranging from 23 to
40 mmHg, and these values are similar to those measured in
other intramuscular tumor models [38] and in some GEM
models of PDAC [17], but lower than those of 75-130 mmHg
measured in other GEM PDAC models [8]. It should be noted,
however, that the validity of the high IFP values reported
by Provenzano et al. [8] has been questioned by Chauhan
et al [17].

The DCE-MRI data were analyzed by applying the Tofts
pharmacokinetic model [27]. This model is based on several
assumptions that have been described in detail by Tofts
et al. [27]. We have shown that the Tofts model gives good
fits to Gd-DOTA concentration-versus-time curves for single
voxels in the viable tissue of the PDAC models studied here
[26], suggesting that the assumptions of the model are
adequately fulfilled in vascularized PDAC tissue. However, the
model breaks down in poorly and non-vascularized tumor
regions, and when it breaks down, our algorithms produce
unphysiologically high values for v,, often higher than 1000
[39]. The present study revealed that voxels in tumor regions
with fibrotic and/or necrotic tissue showed unphysiological
Ve values and that the fraction of voxels with v, > 1.0 was
associated with the fraction of fibrotic and/or necrotic tissue.
Because the fraction of voxels with unphysiological v, values
was relatively low (usually <15%), the median values of the
K"™" and v, frequency distributions were not changed sig-
nificantly by excluding these voxels, suggesting that it may



1760 @ C.'S. WEGNER ET AL.

not be necessary to correct for fibrotic and necrotic tissue
when calculating the median K"™" and median v, of PDACs.

The BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 cell lines
were established from four different PDAC patients, and con-
sequently, the xenografted tumors initiated from these cell
lines are preclinical models of four human PDACs. Most likely,
the microenvironmental differences between these models
are caused primarily by genetic differences between their
tumor cells. The individual tumors of each model also devel-
oped different microenvironments, although they were initi-
ated from the same cell suspension and thus should be
genetically similar. The differences between the microenvir-
onments of these tumors were probably a consequence of
stochastic processes involved in the initiation of tumor angio-
genesis. K™ increased with increasing MVD and decreased
with increasing hypoxia, both when the different models
were considered and when the individual tumors of the
BxPC-3 model were examined. These data suggest that DCE-
MRI may be a useful imaging modality for assessing vascular
density and extent of hypoxia in PDAC.

On the other hand, neither K™" nor v, correlated with
IFP in this study, an observation that is consistent with stud-
ies having revealed that the IFP of tumors does not correlate
with tumor oxygen tension [40,41] and the suggestion that
tumor IFP is independent of the extent of tumor hypoxia
[38]. Although weak correlations between K""- and v.-
related MR parameters and IFP have been reported for some
melanoma xenograft models [31], other MR parameters may
be more appropriate for non-invasive assessment of the IFP
of PDACs. The outward peritumoral fluid flow velocity at the
tumor surface (vo) is an interesting MR parameter in that
respect, because significant correlations have been found
between v, and IFP in cervix carcinoma xenografts [42] and
between vy and outcome of treatment in locally advanced
carcinoma of the uterine cervix [43].

The potential of DCE-MRI as a non-invasive method for
assessing the fraction of hypoxic tissue in tumors has been
studied extensively in our group by using melanoma and cer-
vix carcinoma xenografts as preclinical models of human can-
cer [39,44,45]. These studies showed that K™" is a stronger
predictor of tumor hypoxia than v, similar to what was
observed for PDAC xenografts in the present study.
Moreover, the shape of the plot of K" versus hypoxic frac-
tion reported here for PDAC xenografts is qualitatively similar
to that reported for the melanoma and cervix carcinoma xen-
ografts [39,44]. In all three tumor types, the K™"-versus-hyp-
oxic-fraction curve was steep in the low-hypoxia range and
flattened out at larger hypoxic fractions, suggesting that
K" may have larger power to discriminate between tumors
differing in hypoxic fraction in the low-hypoxia range than in
the high-hypoxia range.

These MR similarities are also interesting because the mel-
anoma, cervix carcinoma, and PDAC xenografts differed con-
siderably in histological appearance [26,46-49]. The PDAC
and cervix carcinoma xenografts both developed substantial
stroma, but the connective tissue was more extensive and
the density of collagen fibers was higher in the PDAC than in
the cervix carcinoma xenografts. Furthermore, many blood
vessels were located within the connective tissue rather than

in the tumor parenchyma, a feature that was not so pro-
nounced in the cervix carcinoma xenografts as in the PDAC
xenografts. The melanoma xenografts showed a sparse
stroma with little collagen, and the majority of the blood ves-
sels were not separated from the tumor parenchyma by con-
nective tissue. A dense extracellular matrix of collagen and
other proteins may limit the transvascular and interstitial
transport of MR contrast agents in tumors [50,51]. The simi-
larity of the present observations on PDAC xenografts and
our previous findings on melanoma and cervix carcinoma
xenografts suggests that the barrier to the transport of Gd-
DOTA in PDAC xenografts is not so substantial that the
assumptions of the Tofts model are not adequately fulfilled.
The associations between K™ and fraction of hypoxic tissue
may thus be qualitatively similar for tumor types differing
significantly in stromal content and extracellular matrix dens-
ity and, if so, the interpretation of K™" images in clinical
DCE-MRI of malignant tissues will be less demanding.

MRI is currently being used in attempts to detect malig-
nant tissue in the pancreas at an early stage and to provide
anatomical information on advanced PDACs [20]. This preclin-
ical study suggests that DCE-MRI may have the potential to
provide microenvironmental information on PDACs in add-
ition to anatomical information, particularly information on
tumor hypoxia. If our observations can be verified in clinical
investigations, DCE-MRI could be used to monitor changes in
tumor oxygenation induced by therapeutic interventions (e.g.
antiangiogenic treatment), select patients for radiation ther-
apy trials involving hypoxia modifications, and guide person-
alized treatment of PDAC. Consequently, the potential of
DCE-MRI as a non-invasive imaging modality for assessing
the oxygenation status of PDACs merits to be evaluated thor-
oughly in clinical investigations.

Some small clinical studies investigating the potential of
quantitative DCE-MRI in the diagnostics of PDAC have been
reported recently [52-54]. The K™" values of the primary
tumors were found to be lower than those of the adjacent
normal pancreatic parenchyma in all studies, but even
though all analyses were conducted by using the two-com-
partment pharmacokinetic model of Tofts, the mean K"
value of the PDACs differed among the studies by a factor of
~240. Although some of this variability can be attributed to
methodological differences such as differences in image
acquisition parameters and the use of different contrast
agents, these studies illustrate that quantitative DCE-MRI of
PDAC is challenging. Several problems were identified,
including the assessment of an adequate arterial input func-
tion and accurate tumor delineation [52-54]. The most ser-
ious problem is probably tumor motion during the DCE-MRI
[52]. Tumor motion is caused by patient breathing and
movement of abdominal organs and complicates voxel-by-
voxel analysis of DCE-MRI series. Adequate solutions to these
problems are required and standardized DCE-MRI protocols
need to be established before reproducible DCE-MRI-derived
parametric images of PDACs can be produced.

In summary, K™" was found to increase with increasing
MVD and to decrease with increasing fraction of hypoxic tis-
sue in PDAC xenografts, whereas a significant correlation
between K™ and |IFP could not be detected.



The association between K™" and fraction of hypoxic tissue
was qualitatively similar to those we have reported previ-
ously for melanoma and cervix carcinoma xenografts. Taken
together, our data show that K™" may have the power to
assess the extent of hypoxia in tumors, and furthermore,
they suggest that DCE-MRI may be a clinically useful imaging
modality for assessing the hypoxic fraction of tumors regard-
less of the extent and density of the extracellular matrix.
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