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Abstract
Magnetization transfer (MT) MRI measurements were performed in 3 pancreatic ductal
adenocarcinoma (PDAC) mouse xenograft models. For each of 28 PDAC xenografts,
magnetization transfer ratios (MTR) were calculated and compared to histologic fibrosis levels
from reference standard trichrome staining. MTR was found to be significantly higher in tumors
grown using BxPC-3 cell line (39.4 ± 5.1, mean ± SD) compared to the MTR for the tumors
grown from Panc-1 (32.4 ± 2.8) and Capan-1 (27.3 ± 2.9) cell lines (P < 0.05 for each
comparison). Histologic measurements showed a similar trend with BxPC-3 tumors demonstrating
significantly higher fibrosis levels (percentage of fibrotic tissue area, 6.48 ± 2.59) when compared
to Panc-1 (3.54 ± 2.18) and Capan-1 (2.07 ± 1.60) tumors. MTR measurements were well
correlated to quantitative fibrosis levels (r = 0.69, P = 0.01). Results indicated that MTR
measurements offer the potential to serve as a valuable in vivo biomarker of desmoplasia in
PDAC.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the 4th leading cause of cancer-related
mortality in the U.S. with a 5-year survival rate of less than 5% (1). A common hallmark of
PDAC is tumor desmoplasia characterized by remarkable increases in fibrotic connective
tissue that penetrates and envelopes the neoplasm. Recent studies clearly indicate that this
altered extracellular matrix (ECM) is not a passive scaffold but rather serves to actively
facilitate disease progression (2), metastasis (3), and drug resistance (4). PDAC-associated
desmoplasia can lead to 3-fold increases in collagen deposition compared to normal
pancreatic tissues (5,6). Precise quantification of tumor fibrosis levels in PDAC may be
critically important for patient staging and for the prediction or monitoring of responses to
therapy.
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Currently, histologic analysis of biopsy samples remains the gold-standard for characterizing
desmoplasia in PDAC. However, the collection of PDAC biopsy samples is inherently
invasive, particularly given the deep visceral location of the organ. The number of biopsy
samples that can be safely collected from a single tumor is limited. Thus, given the widely
heterogenous nature of the desmoplastic reaction in PDAC, the latter sampling limitations
can lead to a gross misrepresentation of underlying fibrosis levels. New methods to permit
noninvasive quantification of fibrosis levels in PDAC would be particularly useful for serial
assessment of disease progression or for monitoring the efficacy of therapies intended to
target the tumor stroma.

Anatomic T2-weighted and T1-weighted contrast-enhanced magnetic resonance imaging
(MRI) has been widely employed to identify pancreatic malignancies (7–9). Diffusion-
weighted MRI (DWI) can serve as a non-invasive biomarker for staging hepatic fibrosis
(10,11) and recent studies have demonstrated that apparent diffusion coefficient (ADC)
measurements are correlated to tumor fibrosis levels in PDAC (12–14). However, the broad-
scale utility of DWI methods remains uncertain, particularly for staging PDAC fibrosis.
ADC changes with progressive fibrosis most likely results from associated perfusion
reductions (15,16). PDAC are often hypovascular, and the strength of this positively
correlated association between desmoplasia-associated collagen deposition and perfusion
may be widely variable. Furthermore, there remain a number of unresolved technical
difficulties associated with DWI in the abdomen, specifically, image distortion, chemical
shift artifacts, and the limited spatial resolution permitted with conventional single-shot
methods (17). Dynamic contrast enhanced (DCE) MRI methods can similarly be used to
non-invasively detect alterations to tissue microvasculature; DCE-MRI has served as a
valuable biomarker for evaluating therapy response following the administration of anti-
angiogenic and vascular-disrupting drugs (18,19). DCE-MRI has also been used to evaluate
remnant pancreatic fibrosis after pancreaticojejunostomy (20). A recent prospective study
reported that DCE measurement parameters are correlated to fibrosis levels and
microvascular density in malignant and benign solid pancreatic focal lesions (21). However,
while DCE measurements may potentially serve as a valuable fibrosis-correlated biomarker,
the development of quantitative imaging metrics independent of perfusion levels may be
particularly valuable for desmoplasia assessment in PDAC.

Magnetization transfer (MT) MRI can be used to non-invasively probe dynamic physical
processes involving the exchange of magnetization between sub-populations of free water
protons and those water protons bound to tissue macromolecules. MT-MRI studies in white
matter (22), cartilage degeneration (23) and regeneration (24), Crohn’s disease (25), and
liver fibrosis (26) have each demonstrated that magnetization transfer contrast (MTC) can be
highly sensitive to tissue collagen concentration, the primary component of desmoplasia
(27). Thus, we hypothesized that desmoplasia-associated fibrosis levels in PDAC may be
directly reflected in MT-MRI magnetization transfer ratio (MTR) measurements. The
purpose of this study was to compare non-invasive MTR measurements to invasive
histologic assessments of tumor tissue fibrosis-levels in three mouse xenograft models of
PDAC.

MATERIALS AND METHODS
PDAC Cell Lines

Three cell lines (Panc-1, BxPC-3, and Capan-1) were obtained commercially from American
Type Culture Collection (ATCC; Rockville, MD) and grown in their required growth media
per ATCC description. In short, BxPC-3 was grown in ATCC-formulated RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS); Panc-1 was grown in ATCC-
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formulated Dulbecco's Modified Eagle's Medium with 10% FBS; and Capan-1 cells were
grown in ATCC-formulated Iscove's Modified Dulbecco's Medium containing 20% FBS.

Mouse Xenograft Models
All animal studies were approved by the Institutional Animal Care and Use Committee of
Northwestern University. Six-week-old nude mice (Balb/c mice, weighing between 13 and
17 g) were obtained from Charles River (Wilmington, MA). The animals were housed in
isolators under standard conditions (temperature 22 ± 2°C, relative humidity 55 ± 10%, 12 h
dark/12 h light cycle) with unrestricted access to a balanced pellet diet and water.

The xenograft models were created via the injection of human PDAC cell lines into the left
and right flank tissues to grow tumors roughly 10 mm in size within 3–4 weeks. For each
cell line, mice were inoculated with 5 × 106 cells in 200 µL PBS in each flank. Tumor
growth was monitored daily by measuring the average tumor diameter (two perpendicular
axes of the tumor were measured using a caliper). Twenty one days following tumor
implantation, mice were anesthetized for MRI scans.

MR Imaging
Before and during MRI, animals were anesthetized by a mixture of isoflurane and oxygen
(Isoflurane Vaporizer, Vaporizer Sales and Services, Rockmart, GA). The inflow of
isoflurane was 4% for induction and 0.5–1.5% during MRI. An eye lubricant was
administered to each animal to prevent corneal desiccation while under anesthesia. Mouse
temperature was monitored continuously and controlled with a water bed. Heart rate,
respiration rate, and blood pressure were monitored with an MRI-compatible small animal
gating system (SA Instruments, Stony Brook, NY).

MRI studies were performed using a 7 Tesla, 16 cm bore size Bruker Pharmascan system
with an actively decoupled 72 mm volume coil transmitter and 38 mm mouse coil receiver
(Bruker BioSpin, Billerica, MA). Our MT MRI pulse sequence included a 20 ms Gaussian
presaturation pulse followed by a 3D spoiled gradient-echo pulse sequence (TR/TE/flip-
angle = 36 ms/2.93 ms/9°). To select off-resonance frequency and radiofrequency (RF)
power to generate significant MT contrast while minimizing direct saturation effects (28),
MT z-spectra were obtained with 25 off-resonance frequencies from 0 Hz to 100 kHz and
five RF power levels (2, 4, 8, 12, and 16 µT) (25). B0 and B1 field maps were generated to
correct the field variations for the MT measurements (29,30). To evaluate the direct
saturation effect of the MT pulse, a 5 mm diameter NMR tube (New Era, NJ) filled with 0.3
mM MnCl2 (Sigma-Aldrich, Saint Louis, MO) was placed beside the animal during the MR
scans (28). MT z-spectra during preliminary scans showed that an 8 µT Gaussian RF pulse
at 3500 Hz off-resonance was able to generate strong MT contrast while avoiding direct
saturation effects (reflected as a normalized magnetization approaching unity within the
MnCl2 z-spectrum at 3.5 kHz with 8 µT pulse). The same Gaussian pulse with an off-
resonance frequency of 100 kHz was applied to generate MR images without MT saturation.
Additional imaging parameters include: FOV = 32×32 mm2; slab thickness = 16 mm; 3D
matrix = 128 × 128 × 16; NEX = 2.

Histology
Mice were euthanized, and their tumors were excised immediately after imaging. Each
tumor was sliced through the center to produce two equally sized tumor halves. One half of
the tumor was stored in liquid nitrogen for biochemical analysis. The other half was fixed in
10% formalin, embedded in paraffin, and sliced (4 µm slice thickness). The slides were
submitted to the pathology core for Masson’s trichrome staining. These trichrome-stained
slides (one central slice from each tumor) were scanned at 20× magnification and digitized
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using TissueFAXS system (TissueGnostics, Los Angeles, CA). HistoQuest Cell Analysis
Software (TissueGnostics, Los Angeles, CA) was then used for automated measurement of
the fibrotic tissue areas within each slide (Afibrosis, distinct blue regions defined as the
fibrotic tissue area). The total tumor tissue area (Atotal) was also measured and finally the
percentage of fibrotic tissue was expressed as a ratio of the latter two area measurements:
Afibrosis / Atotal × 100. These measurements were repeated for each xenograft tumor.

MRI Data Analysis
All post processing was performed offline using the Matlab software (MathWorks, Natick,
MA). Voxel-wise MT ratio (MTR) maps were calculated as follows: 100 × (1 − Msat / M0),
where Msat represents the signal intensity for the image acquired following application of
the MT pulse, and M0 is the signal intensity image acquired without MT saturation. These
MTR maps were calibrated with the previously collected B0 and B1 field maps (31). For an
imaging slice through the center of each tumor, a region-of-interest (ROI) was drawn to
circumscribe the entire tumor (identical ROIs were transferred to Msat and M0 images as
well as corresponding MTR maps); the mean MTR value was reported for each tumor.

Statistical Analysis
Both the MRI MTR data and histologic data were expressed as mean ± standard deviation.
One-way analysis of variance (ANOVA) was used to compare MTR measurements and
fibrotic area measurements for the xenograft tumors grown from each of the three PDAC
cell lines. Post-hoc testing was performed using the Tukey method. Pearson correlation
coefficients were calculated to assess the relationship between MTR measurements and
corresponding histologic fibrosis measurements. All statistical analyses were performed
with Stata software (Stata11, Stata-Corp, College Station, Tex). Statistical significance was
defined as P < 0.05.

RESULTS
A total of twenty-eight PDAC xenografts were grown in the 14 mice (one tumor grown in
each hind limb) with 10 tumors from Panc-1 cell line, 11 tumors from BxPC-3 cell line and
7 tumors from Capan-1 cell line. Fig. 1 shows the representative photograph of a mouse with
xenograft tumors grown in both right and left flanks.

Representative MT images and corresponding MTR maps for two mouse models are shown
in Fig. 2. For the first mouse (top row), tumors in both flanks were grown using the same
Capan-1 cell line. Notice that for this example the corresponding MTR maps demonstrated
similar MT effects within both the left and right tumors (Fig. 2c, 25.22 ± 2.51 and 24.31 ±
2.19 (mean ± SD) for left and right tumors, respectively). For the second depicted mouse
(bottom row), the tumor in the right flank (lower left side of image) was grown from the
BxPC-3 cell line and demonstrated markedly higher MT effects (39.78 ± 2.84) compared to
the left flank tumor grown in the same animal but using the Panc-1 cell line (30.19 ± 3.08,
Fig. 2f).

Representative tri-chrome histology slides for Capan-1, Panc-1, and BxPC-3 xenograft
tumors are shown in Fig. 3. These slides clearly depict the fibrotic stroma seen histologically
as blue-stained bands of collagen enveloping the tumor cells in each xenograft. BxPC-3
xenografts consistently demonstrated significantly greater levels of fibrosis and associated
collagen deposition; the percentages of fibrotic tissue area measured for these specific
examples were 1.28, 4.21, and 7.39 for Capan-1, Panc-1 and BxPC-3 tumors, respectively.
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A summary of both our in vivo MTR measurements and histologic measurements of fibrotic
tissue area for each tumor type is shown in Fig. 4. MTR measurements from the 11 tumors
grown from the BxPC-3 cell line (39.4 ± 5.1, mean ± SD) were higher than MTR
measurements in 10 tumors grown from Panc-1 cell line (32.4 ± 2.8) and the 7 tumors from
Capan-1 cell line (27.3 ± 2.8), Fig. 4a. BxPC-3 MTR measurements were significantly
different compared to both Panc-1 and Capan-1 measurements (P = 0.001 and < 0.000,
respectively); a significant difference was also found between MTR measurements in Panc-1
and Capan-1 xenografts (P = 0.038). Histologic trichrome measurements showed a similar
trend (Fig. 4b) with tumors grown from the BxPC-3 cell line demonstrating significantly
higher fibrotic areas (percentage fibrosis area, 6.48 ± 2.59, mean ± SD) when compared to
Panc-1 fibrotic areas (3.54 ± 2.18) and Capan-1 (2.07 ± 1.60), respectively. BxPC-3 fibrotic
tissue area measurements were significantly higher when compared to both Panc-1 and
Capan-1 measurements (P = 0.014 and P = 0.001, respectively); however, no significant
difference was found between fibrotic tissue area measurements in Panc-1 and Capan-1
xenografts (P = 0.329). A direct comparison of MTR measurements to corresponding
histologic fibrotic area measurements across all tumor types further illustrated these
relationships (r = 0.69, P = 0.01; Fig. 5).

DISCUSSION
Desmoplasia plays a significant role in the pathogenesis and drug-resistance of PDAC. Non-
invasive methods to monitor collagen deposition associated with PDAC desmoplasia may be
important for predicting response to chemotherapy and/or detecting response to therapies
that target the tumor stroma. Multiple prior studies have clearly demonstrated that MT-MRI
measurements can be sensitive to tissue collagen contents (23–25,27). During the current
study, in vivo MT-MRI measurements were performed in three mouse xenograft models of
PDAC. Resulting MTR measurements were significantly different for these three tumor
models and corresponding histology measurements demonstrated significantly different
collagen levels for each tumor type. Further translational studies remain necessary to
validate the efficacy of these methods in clinical patients but these initial encouraging results
strongly suggest the feasibility of using MTR measurements as a non-invasive biomarker of
tumor associated desmoplasia in PDAC.

MRI of MT processes can be used to non-invasively assess the proportion (sub-population)
of protons in cells and tissues that are bound to macromolecules (31). MT-MRI generates
contrast that is primarily determined by the fraction of large macromolecules or immobilized
phospholipid cell membranes within the imaged tissues (31). In this study, we found that
MTR measurements in tumors generated from the BxPC-3 cell line were much higher than
those from Panc-1 and Capan-1 tumors. These findings were consistent with histologic
trichrome measurements of mean fibrotic area in the corresponding xenograft tissue
samples; BxPC-3 tumors each showed significantly higher fibrosis levels than the tumors
resulting from the other two PDAC cell lines.

Recent studies report that tumors in gemcitabine-resistant patients are enriched in stromal
pathways (3,4) and targeting the stroma has been proposed as a novel strategy to improve
drug delivery and chemotherapeutic efficacy in PDAC (4). Quantitative or semi-quantitative
information about the desmoplastic stroma, characterized by abundant extracellular matrix
synthesis and extensive collagen production, may be particularly valuable for predicting
gemcitabine therapy response in PDAC patients. The results from the current study indicate
that MT-MRI may serve as a valuable non-invasive tool for predicting response to
gemcitabine chemotherapy. Furthermore, the results from this study and previous studies in
Crohn’s disease models (25) suggest that MT-MRI approaches might be broadly applicable
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to a number of different fibrotic diseases with potential utility for probing fibrous dysplasia
in bone (32) and fibrous lesions of the breast (33).

There were several limitations in this study. First, these were performed with xenograft
models rather than transgenic models or clinical patients with in situ pancreatic disease.
Nonetheless, these xenograft models and associated cell lines have been highly valuable for
prior studies of PDAC desmoplasia (4,34,35) thus we anticipate that these MT methods will
remain effective for fibrosis assessments within tumors located in the pancreas; however,
future translational validation studies remain necessary. As indicated in the MT-MR images
(Fig. 2), both muscle and other benign tissues may have similar MT levels to tumors, which
could make utilization of these techniques difficult in diagnostic settings. In addition,
different pancreatic cancer etiologies may have different total protein content, which could
give rise to different MT-MRI contrast. Future studies could be valuable in patients to
evaluate the relationship between MT-MRI measurements and histologic tumor protein
content. Second, the current study was performed with ROI-based measurements that
encompassed the entire tumor slice for both MRI and histology measurements. The latter
approach mitigates difficulties associated with the co-registration of histology slides to
corresponding in vivo MRI measurements. However, while useful for establishing a global
relationship between desmoplasia-associated collagen deposition and MTR measurements,
this approach neglects the heterogeneous nature of tumor fibrosis. Future studies may be
valuable to investigate the potential to use MT-MRI methods to further probe the intra-
tumoral heterogeneity of collagen deposition. Great care was taken to extract a tumor
pathology sample at the center of each tumor for comparison to the central tumor MR
imaging slice. However, inherent imprecision associated with this manual orientation and
slicing process may have been problematic; the latter unknown along with the significant
difference between MRI slice thickness (1.0 mm) and histology tissue slice thickness (4 µm)
may have been a key source of variability between the MRI and histology measurements
within individual animals. Future studies using multi-slice whole tumor measurements and
histologic whole tumor collagen measurements with western blot (protein immunoblot) (25)
and/or enzyme-linked immunosorbent assay (ELISA) (36) could be particularly valuable.
These are widely used analytical techniques that can be used to detect specific proteins in a
given sample of tissue homogenate or extract.

In conclusion, these studies in mouse xenograft models demonstrate that MT effects in
PDAC are well correlated to underlying tumor tissue fibrosis levels. These MT-MRI
measurements could potentially serve as a non-invasive biomarker of tumor-associated
desmoplasia. Translational studies are now needed to validate these methods in PDAC
patients.
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Figure 1.
Xenograft tumors (arrows) grown using PDAC cell lines injected subcutaneously in mouse
flanks. For this example, tumor in the left flank was grown from Panc-1 cell line and the
tumor in the right flank was grown from BxPC-3 cell line.
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Figure 2.
Coronal MR images of xenograft mouse models; images in the top row are from a mouse
with Capan-1 tumors in both right and left flanks whereas bottom row images depict a
mouse with BxPC-3 tumor in right flank, Panc-1 tumor in left flank. These images were
acquired using a 3D GRE sequence with RF saturation pulses applied at 100 kHz (a, d) and
3.5 kHz (b, e) off-resonance. The saturation pulse applied 3.5 kHz off-resonance generated
substantial MT effects across the imaging volume. Corresponding MTR maps are shown at
right (c, f). The two Capan-1 tumors in the first mouse demonstrated similar MT effects
(black and white arrows, c). For the second mouse, the BxPC-3 tumor demonstrated
markedly higher MT effects compared to the left flank Panc-1 tumor (black and white
arrows, respectively, f). Skeletal muscle (◊) also demonstrated strong MT effects.
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Figure 3.
Masson-trichrome stained histology slices from tumors grown using each of the three PDAC
cell lines: (a) Capan-1, (b) Panc-1 and (c) BxPC-3. Fibrotic stroma is depicted as blue-
stained bands of collagen. Large FOVs (top row) show the overall distribution of fibrotic
tissue within these central tumor slices and inset positions 1–3 (shaded boxes).
Corresponding 20× magnification images at these inset positions clearly demonstrate the
increased levels of fibrosis and associated collagen deposition within BxPC-3 tumors.
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Figure 4.
Box-and-Whisker plots for MTR measurements (a) and histologic fibrotic tissue area
measurements (b) for each of the three cell lines: Capan-1, Panc-1 and BxPC-3. The
horizontal line through each box represents the mean value and box represents data from the
25th to the 75th percentile (middle 50% of observations). The whiskers represent data from
the minimum to the maximum excluding outlier values that are displayed as separate dots.
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Figure 5.
Graph shows the relationship between MTR measurements and histologic fibrotic tissue area
measurements for tumors grown from the Capan-1 (n = 7), Panc-1 (n = 10), and BxPC-3 (n
= 11) cell lines. The shaded region represents the 95% confidence interval for linear
regression of fibrosis on MTR (r = 0.69, P = 0.01).
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