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Abstract
Purpose Pancreatic ductal adenocarcinoma (PDAC) is a molecularly heterogeneous tumor entity with no clinically established 
imaging biomarkers. We hypothesize that tumor morphology and physiology, including vascularity and perfusion, show variations 
that can be detected by differences in contrast agent (CA) accumulation measured non-invasively. This work seeks to establish 
imaging biomarkers for tumor stratification and therapy response monitoring in PDAC, based on this hypothesis.
Methods and materials Regional CA accumulation in PDAC was correlated with tumor vascularization, stroma content, and 
tumor cellularity in murine and human subjects. Changes in CA distribution in response to gemcitabine (GEM) were monitored 
longitudinally with computed tomography (CT) Hounsfield Units ratio (HUr) of tumor to the aorta or with magnetic resonance 
imaging (MRI) ΔR1 area under the curve at 60 s tumor-to-muscle ratio (AUC60r). Tissue analyses were performed on co-registered 
samples, including endothelial cell proliferation and cisplatin tissue deposition as a surrogate of chemotherapy delivery.
Results Tumor cell poor, stroma-rich regions exhibited high CA accumulation both in human (meanHUr 0.64 vs. 0.34, 
p < 0.001) and mouse PDAC (meanAUC60r 2.0 vs. 1.1, p < 0.001). Compared to the baseline, in vivo CA accumulation 
decreased specifically in response to GEM treatment in a subset of human (HUr −18%) and mouse (AUC60r −36%) tumors. 
Ex vivo analyses of mPDAC showed reduced cisplatin delivery (GEM: 0.92 ± 0.5 mg/g, vs. vehicle: 3.1 ± 1.5 mg/g, p = 
0.004) and diminished endothelial cell proliferation (GEM: 22.3% vs. vehicle: 30.9%, p = 0.002) upon GEM administration.
Conclusion In PDAC, CA accumulation, which is related to tumor vascularization and perfusion, inversely correlates with 
tumor cellularity. The standard of care GEM treatment results in decreased CA accumulation, which impedes drug delivery. 
Further investigation is warranted into potentially detrimental effects of GEM in combinatorial therapy regimens.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the 
deadliest tumor diseases worldwide [1], with poor prognosis (5 
years survival for all stages is only 10%) [2] and low probabil-
ity for curative surgery (< 20%) [3]. The two major reasons for 
treatment failure of PDAC are late diagnosis and a highly com-
plex tumor microenvironment that reduces therapeutic effects. 
The PDAC microenvironment consists of diverse populations 
of embedded cancer and other associated cells (i.e., fibroblastic, 
stellate, endothelial, neuronal, immune), remaining ducts and sub-
stantial extracellular matrix.
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PDACs are sparsely vascularized and, due to abundant 
matrix formation, often exhibit elevated intra-tumoral pres-
sure and thus vascular collapse [4, 5]. Poor perfusion of 
PDAC has a significant clinical impact, as it contributes to 
reduced drug delivery and the development of drug resist-
ance. Therefore, several agents targeting the stromal compart-
ment have been developed and applied in clinical trials [6, 
7], mostly in combination with gemcitabine (GEM), which 
has remained the standard of care treatment for decades [8]. 
Unfortunately, none of the tested combinations improved 
clinical outcome, including targeting of hyaluronic acid 
(HA) to reduce intra-tumoral pressure and inhibition of the 
Hedgehog pathway to block interactions between tumor and 
stromal cells [9–11]. Hence, despite intensive research and a 
great number of clinical trials, management of patients with 
PDAC still lacks personalized protocols and instead relies 
on chemotherapy [7]. The two first-line chemotherapeutic 
options for patients with advanced PDAC are a combination 
of four cytotoxic agents (i.e. fluorouracil, leucovorin, irinote-
can and oxaliplatin; mFOLFIRINOX) [12] or a combination 
of nab-paclitaxel (Abraxane, A) and GEM [13].

Recent studies have shown that GEM therapy of PDAC affects 
both cancer cells and the tumor microenvironment, including 
vascularization. In particular, GEM has been reported to accu-
mulate in stroma rich tumors [14]. Preclinical investigation in 
clinically relevant endogenous mouse models of PDAC revealed 
that active metabolites of GEM are captured by cancer-associated 
fibroblasts (CAFs), pancreatic stellate cells (PSC), and M2-polar-
ized macrophages, which possibly reduces its cytotoxic effect on 
the cancer cells [15, 16]. Inconclusive results have been reported 
for GEM regarding endothelial cells and tumor vascularization. 
For example, human endothelial cells were highly sensitive to 
low concentrations of GEM in vitro [17]. Reduced perfusion 
was noted after GEM treatment in a human PDAC xenografts as 
well as in endogenous murine tumors harboring KRAS and TP53 
mutations [18]. However, other reports have shown increased 
perfusion in response to GEM treatment in murine and human 
tumors in vivo [19–21].

Increasing appreciation of the molecular and histopathologi-
cal heterogeneity in PDAC has led to careful re-evaluation of 
imaging-derived biomarkers for non-invasive differentiation of 
PDAC subgroups and detection of individual therapy response. 
Imaging is routinely performed after systemic injection of con-
trast agents (CA) to visualize its relative regional accumulation 
as a surrogate of local blood supply and tissue composition. This 
clinical approach, to some extent, disregards the complexity of 
the underlying systemic (i.e. CA injection rate, heart rate, blood 
pressure, kidney function, etc.) and regional (i.e. vascularity, 
perfusion, permeability, tissue composition, etc.) determinants 
of CA biodistribution, which are greatly simplified therein. 
Computed tomography (CT) is the standard method for diag-
nosis and response monitoring of PDAC patients in clinical rou-
tine. CT is performed statically, after intravenous injection of 

iodine-based CA, which accumulates locally and causes differ-
ences in X-ray attenuation, quantified in Hounsfield Units (HU). 
Magnetic resonance imaging (MRI) is typically performed pre-
clinically. In dynamic contrast enhanced (DCE)-MRI, a series 
of  T1-weighted images, or  T1 maps, is acquired before, during, 
and after intravenous injection of  Gd3+-based CAs with time 
resolution of 3–5 s. Although CT and DCE-MRI are different 
imaging techniques, both have been used to describe regional 
tissue morphology and physiology, including vascularity and 
perfusion and changes thereof [22–24]. In PDAC, HU ratios 
(HUr) of tumor tissue, normalized to the aorta or tumor adjacent 
pancreas, have shown a positive correlation with desmoplastic 
stroma and a negative correlation with tumor cellularity and 
patient survival [14, 25–27]. For DCE-MRI, commonly used 
parameters are the volume transfer constant  (Ktrans) and the 
extravascular extracellular volume fraction  (ve) determined using 
Tofts pharmacokinetic modeling [28]. Differences in tumor per-
fusion and permeability, measured by  Ktrans, were also correlated 
with biological variations in tissue composition, response to 
therapy and clinical outcome in PDAC [29–32]. However, such 
modeling introduces a high level of complexity and uncertainty. 
In contrast, area under the time–to–signal curve, e.g., 60 or 90 
s after the arrival of the contrast bolus (iAUC60, iAUC90), has 
been used as a less accurate albeit feasible alternative. AUCs 
derived from signal intensities in  T1-weighted images or CA 
concentrations calculated from  T1 (=1/R1) maps are parameters 
that, similarly to CT HU, reflect a combination of blood flow, 
vessel size and density, permeability, and functionality of the 
micro-vascular network [22, 33]. For example, AUC60 has been 
correlated directly to perfusion measurements and  Ktrans estima-
tions in murine and human studies [23, 34] and suggested as a 
surrogate perfusion biomarker. In a study on differently vascu-
larized tumors, iAUC90 was reported to be even more sensitive 
to vascular changes under anti-angiogenic treatment than  Ktrans 
[22]. In addition, AUC is widely established for perfusion meas-
urement in preclinical trials of small animals, where measuring 
the arterial input function (AIF) is particularly difficult and error 
prone [35]. To account for inter-subject variability, both imaging 
techniques, with their respective parameters, rely on normaliza-
tion (i.e., the aorta in patient CT and spinal muscle in mouse 
MRI) [27, 36].

In this study, our aim was to establish imaging biomarkers 
based on CA accumulation and investigate their potential to 
detect differences in tissue composition and changes caused by 
chemotherapy in PDAC. For patient studies, we analyzed CA 
accumulation in routine pre-operative CT (HUr) and DCE-MRI 
(signal intensity of tumor to aorta ratios  (SIt/a)). To investigate 
the effects of chemotherapy on CA accumulation, we used clini-
cally relevant murine models and the standard preclinical imag-
ing technique DCE-MRI (AUC60r). Using murine histopatho-
logical samples, we investigated GEM treatment effects on the 
cellular level. Finally, we analyzed GEM treatment effects on 
CA accumulation in human PDAC.
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Materials and methods

Clinical CT and MR imaging protocol

CT imaging patient data were included when following 
criteria were met: contrast enhanced in portal venous (PV) 
phase 70 s after injection of CA (Ultravist®-370 Bayer, 70 
mL, followed by a 30 mL saline chaser) in inspiratory breath 
hold, reformatted slice thickness at most 3 mm, availability 
of axial, sagittal, and coronal reformations in medium-hard 
kernels. Mean CA enhancement in the PV phase was calcu-
lated from 5 mm ROI in tumor and the aorta to build HUr 
as described in supplementary methods.

Clinical DCE-MRI data were included when acquired as 
 T1-weighted images with spectral fat saturation in the early 
venous phase of 50–70 s and late venous phase of 100–180 s 
after administration of contrast agent (Gd-DOTA, Magnevist® 
at a concentration of 0.1 mmol/kg). Only data with correspond-
ing CT and histological analysis were included in the study. ROIs 
were placed into the CT-corresponding MRI regions within the 
tumors as shown in Figure S1A, the aorta, and muscle to build 
signal intensity tumor/aorta  (SIt/a) or tumor/muscle  (SIt/m) ratios.

Description of patient cohorts and data analysis

This study was designed as a retrospective observational 
cohort study. All patients were referred to the radiology 
department for suspected pancreatic cancer. Imaging data of 
patients (human = h) were included as indicated in Fig. 1a.

Study h1: To analyze the relationship of histopathological 
tissue composition and CA accumulation in PDAC, 128 patients, 
who underwent pancreaticoduodenectomy between Septem-
ber 2016 and March 2019, were considered eligible (Fig. 1a). 
Patients without histological confirmation of PDAC, incomplete 
imaging protocol or technically insufficient imaging (due to e.g. 
motion artifacts or stent placement), neoadjuvant chemotherapy, 
resection prior to enrolment, or who were dead within the first 6 
weeks of follow-up (to limit bias from postoperative complica-
tions) were excluded. In total, 35 untreated patients (18 male aged 
69±9.3 years; 17 female aged 71±7.8 years) were enrolled for 
the CT study and a subset of 9 patients for the MRI study. Pre-
operative CT data were carefully correlated by two experienced 
pathologists and two experienced radiologists with all avail-
able H&E stained histological samples based on the pathology 
reports. Up to two distinct CT ROIs per patient were correlated 
with corresponding H&E slices using morphological landmarks 
(i.e., main pancreatic or bile duct, location of main arteries and 
venues, cysts, duodenum). The CT analysis was transferred to 
the MRI data as described in Supplementary Methods. Patients 
were grouped as  hPDAClow when the amount of tumor cells 
determined visually by pathologist was lower than 40% in a 
microscope field of view of 1.5 mm diameter (20× objective, 

Olympus BX35 light microscope). All other ROIs, containing 
≥ 40% of tumor cells, were defined as  hPDAChigh. Study h2: To 
analyze the effect of GEM- or FOLFIRINOX-based therapy on 
tumor CA accumulation in CT, as a surrogate for tumor vascu-
larization and perfusion, 367 patients were considered eligible 
(Fig. 1b). Patients with an incomplete imaging protocol, prior 
therapy, or missing final diagnosis of PDAC were excluded. In 
total, 151 patients with histopathologically proven diagnosis of 
locally advanced PDAC between January 2010 and December 
2017, who received GEM monotherapy or GEM in combination 
with nab-Paclitaxel (summarized as GEM-based therapy, n = 
94) or FOLFIRINOX (n = 57) and a standardized in-house CT 
exam before (3±1.1 weeks) and after (12±2.5 weeks) therapy 
onset, were retrospectively evaluated. This evaluation was done 
as described for study h1. Analyses were adjusted to take the 
larger volume into account, i.e., 5 ROIs in tumor or aorta were 
analyzed and summarized. For the assessment of CA accumula-
tion change under chemotherapy, the following calculation was 
performed: Change in CA Accumulation % =  (Ratiopost/Ratiopre) 
* 100% – 100%. Clinical data are summarized in Table 1. Data 
for survival analysis was collected until October 31st, 2020.

Genetically engineered mouse models (GEMM)

Analyzed lesions (n = 56) were derived from several 
experimental models (GEMM) of following genotypes: 
Ptf1awt/cre(C)Kraswt/G12D(K)Ela-Tgfa(T) n = 6, CK;p53(P)wt/fl 
n = 14, CKPfl/fl n = 19, CKTPwt/R172H/CKTPwt/fl n = 7). These 
genetic strains have been described elsewhere [37] and are 
widely used in preclinical studies. Only mPDAC lesions 
with a grading of 1– 4 were considered and acinus cell car-
cinomas were excluded.

Description of murine studies

Murine imaging data was collected prospectively. Time lines 
of murine (m) imaging are shown in Fig. 1c, d. Study m1: to 
analyze tumor CA accumulation in untreated mice, regular 
screening was performed by T2-weighted (T2w)-MRI at the 
time of the predicted tumor onset, depending on the geno-
type of the animal. Fifty-six tumors (≥ 200  mm3) in 46 ani-
mals were examined by DCE-MRI prior to sacrifice (Fig. 1c 
upper panel). Of these, 10 tumors were monitored longitu-
dinally by DCE-MRI (study m2, Fig. 1c lower panel). After 
sacrifice, mPDAC were grouped in accordance with hPDAC 
analyses, as  mPDAClow when the amount of tumor cells in 
the H&E stained ROI (as described below) corresponding to 
imaging was lower than 40%, and as  mPDAChigh for all other 
ROIs, containing ≥ 40% of tumor cells. Study m3: to ana-
lyze changes in tumor CA accumulation in response to GEM 
treatment, tumor bearing CKPfl/fl animals were treated with 
GEM (13 animals, 15 tumors, 120 mg/kg) or vehicle (10 
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animals, 14 tumors, 0.9% NaCl) on day 0, 3, 7, and 10, as 
previously described [38] and monitored by T2w- and DCE-
MRI before (day 0) and after (day 14) treatment (Fig. 1d). 
Study m4: to analyze the effect of GEM on cisplatin accu-
mulation in the tumor as a surrogate of tumor vascular func-
tion, tumor bearing CKPfl/fl animals were treated with GEM 
(3 animals, 7 tumors) or vehicle (3 animals, 7 tumors) as 
described above and subjected to a single i.p. injection of 
7.5 mg/kg cisplatin 5 min prior to sacrifice (Fig. 1e). After 

death, tissues were manually perfused with 20 ml NaCl and 
50 ml cold 4% PFA/PBS solution, in order to remove cispl-
atin from the vessels.

DCE‑MR‑Imaging protocol and imaging data 
analysis in mice

DCE-MRI were performed on a clinical 1.5 T MRI Sys-
tem (Achieva 1.5 T, Philips Medical Systems, Best, The 

Fig. 1  Time lines of human 
and murine imaging. a Study 
h1: therapy-naïve PDAC (n = 
35) patients received CT prior 
surgical resection. Nine patients 
also received a preoperative 
DCE-MRI that was used in this 
study. Ninety-three patients 
were excluded due to following 
reasons: absence of PDAC in 
final histopathologic report (n 
= 34), insufficient imaging pro-
tocol (n = 35), prior treatment 
(n = 18), death within 6 weeks 
after operation (n = 6). b Study 
h2: PDAC patients (n = 151) 
received CT before and approxi-
mately 3 months after initiation 
of a GEM-based (n = 94) or 
FOLFIRINOX (n = 57) chemo-
therapy. Two hundred sixteen 
patients were excluded due to 
following reasons: absence of 
PDAC in final histopathologic 
report (n = 57), insufficient 
imaging protocol (n = 121), 
prior treatment (n = 38). c 
Study m1: Tumors  (nROI = 56) 
grown in CKPfl/fl, CKPwt/fl, 
CKT, or CKTPwt/fl animals were 
weekly monitored by T2w-MRI 
and DCE-MRI (end point: n = 
56, study m1; thereof longitu-
dinally: n = 10, study m2). d 
Study m3: tumors in CKPfl/fl 
animals were treated with GEM 
(n = 15) or vehicle (n = 14) and 
subjected to T2w- and DCE-
MRI before and after treatment. 
e Study m4: tumors in CKPfl/fl 
animals were treated with GEM 
(n = 7) or vehicle (n = 7) and 
subjected to a single dose of 
cisplatin before sacrifice. After 
sacrifice, tumors were grouped 
according to cellularity based 
on H&E staining
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Netherlands) using a 47 mm microscopy surface coil 
during free breathing with fast single-shot Look-Locker 
based radial  T1 mapping technique using the golden cut 
principle (LLGC) as previously described [39]. A bolus 
dose of 0.04 mmol/kg of Gd-DTPA (Magnevist®) was 
administered after 60 s. Fit  T1 time curves were converted 
to ΔR1 = 1/T1 – 1/T10, where  T10 was determined from the 
time-averaged ROI  T1 in 6 frames prior to CA injection. 
The tumor-to-muscle ratios were calculated and presented 
as AUC60r. More details are given in Supplementary 
Methods.

Tissue preparation, histological staining, 
and analysis

At least 10 axial histological slices were collected and 
stained with Mayer’s hemalun and eosin (H&E). The best 
corresponding slide was selected and manually co-registered 
and analyzed with in vivo imaging [40]. Available consecu-
tive slides were stained with vascular marker CD31 (m) and 
Ki67 or CD34 (h) as described in Supplementary Methods.

Statistical analysis

All statistical tests were performed using GraphPad prism ver-
sion 7. All groups were tested for normal distribution using 
D’Agostino & Pearson omnibus and Shapiro-Wilk normality 
tests. Data were marked as normal (*), or skewed (#) distrib-
uted and subsequently correlated using Pearson’s or Spearman’s 
tests. For group comparisons, mean values and standard devia-
tions are presented. All groups were found to be normally dis-
tributed (or assumed to be normally distributed for group size 
<10) and were compared using paired or unpaired Student’s T 
tests. Survival analysis was done with the log-rank test.

Laser ablation – inductively coupled plasma – mass 
spectrometry (LA‑ICP‑MS)

LA-ICP-MS imaging is described within Supplementary 
Methods.

Results

CA accumulation in a tumor negatively correlates 
with tumor cellularity in human and murine PDAC

To test whether regional CA accumulation reflects differ-
ences in tissue composition in the patient cohort, we ret-
rospectively correlated clinical routine H&E-stained tumor 
slides and HUr in pre-operative CT scans of 35 therapy-
naïve, primarily resected PDAC patients (study h1, Fig. 1a). 
We modified our previous stratification [27, 37] and defined 
two morphological groups of different tumor cellularity, 
described as  hPDAClow with < 40% of cancer cells and 
 hPDAChigh with ≥ 40% of cancer cells within the ROI. 
Examples of two tumors are shown in Fig. 2a, b: one exhib-
iting high CA accumulation and few tumor cells  (hPDAClow) 
and one of the reverse case of low CA accumulation and 
many tumor cells  (hPDAChigh). Regional CA accumulation 
values revealed significant differences for the two cellularity 
groups  (hPDAClow: meanHUr = 0.64 ± 0.13, n = 26, and 
 hPDAChigh: meanHUr = 0.34 ± 0.11 n = 23, Fig. 2c, p = 
.0001), confirming an inverse relationship between CA accu-
mulation and tumor cellularity. In addition, regions of high 
tumor cellularity also revealed lower vascularity and vice 
versa, as shown by staining of CD34 in Fig. 2a, b, suggest-
ing that increased tumor cellularity correlates with reduced 

Table 1  Distribution of clinical 
parameters in GEM-based and 
FOLFIRINOX-treated patients. 
CTx, chemotherapy, T, T-status, 
N, lymph node infiltration, M, 
metastases, G, grading, CA, 
carbohydrate antigen. Data are 
given as respective stage (e.g., 
cT 1): number of patients (e.g., 
0). Chi-square statistics was 
performed for comparison.

Parameter FOLFIRINOX (n=57) Gemcitabine-based (n = 94) p

Age (mean [years] (std. dev.)) 62 (± 9) 70 (±10) <0.0001
Sex Female: 23, male: 34 Female: 46, male: 48 0.3178
Neoadjuvant/palliative CTx 19/38 16/78
cT 1: 0, 2: 6, 3: 8, 4: 24 1: 1, 2: 16, 3: 15, 4: 46 0.882
pT 1: 1, 2: 1; 3: 13, 4: 4 1: 2, 2: 5, 3: 7, 4: 2 0.154
cN 0: 26, 1: 7, 2: 5 0: 41, 1: 19, 2: 18 0.2488
pN 0: 9, 1: 8, 2: 2 0: 4, 1: 11, 2: 1 0.2878
cM 0: 30, 1: 27 0: 38, 1: 56 0.4905
pM 0: -, 1: 13 0: -, 1: 32
G G1: 2, G2: 12, G3: 13

Grading not available: n = 30
G1: 3, G2: 22, G3: 20
Grading not available: n = 49

0.935

CA 19-9 U/l (mean, std. dev.) 975 (±1777)
CA 19-9 available: n = 36

3447 (±7303)
CA 19-9 available: n = 76

0.0619
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vascularity and that CA accumulation measured by HUr can 
serve as surrogate biomarker for tumor perfusion.

Since clinically used CT and pre-clinically used 
DCE-MRI are performed with different contrast agents 
that may distribute differently in PDAC, we identified 
a subset of 9 patients from the above described cohort 
that were imaged with both modalities and additionally 
calculated  SIt/a and SI t/m ratios of 15 ROIs for the early 
and late venous phase of Gd-based CA enhancement 
detected by MRI. Similar to CT, regional  SIt/a differed 
significantly between the cellularity groups (i.e., early 
venous phase,  hPDAClow: mean  SIt/a = 0.66 ± 0.13, n = 
9, and  hPDAChigh: mean  SIt/a = 0.48 ± 0.12, n = 6, p = 
0.018, Fig. 2d). The same observation was true for  SIt/m 

in both venous phases, as shown in Figure S1B. Further-
more, correlation was as good in the early venous phase 
between the HUr and  SIt/a within the same patients (r = 
0.66*, n = 15, p = 0.008, Figure S1C), supporting the 
assumption that both imaging modalities capture differ-
ences in tumor cellularity.

Since late stages of PDAC are rarely operable, most imag-
ing studies in human PDAC are performed without or with 
insufficient (low sample size) histopathological correlation. 
In order to overcome this impendent, we performed prospec-
tive imaging studies with thoroughly correlated histopatho-
logical samples in a variety of GEMM that represent a broad 
range of histo-morphologies and disease stages of PDAC: 
Ptf1awt/cre(C)Kraswt/G12D(K)Ela-Tgfa(T) n = 6, CK;p53(P)wt/fl 

Fig. 2  Distinct CA accumu-
lation pattern in hPDAC. a, 
b Inter-tumoral differences in 
CA accumulation and tis-
sue composition of hPDAC. 
Two representative examples 
of PDAC patients with high 
(a,  hPDAClow, HUr = 0.68) 
and low (b,  hPDAChigh, HUr 
= 0.25) CA accumulation. From 
top to bottom: preoperative 
CT enhancement pattern (PV 
phase) with ROI of tumor (solid 
line) and the aorta (dotted line), 
window settings (level/width): 
50/350 for conventional CT; 
examples of photomicrographs 
of H&E overview (scale bar 
5 mm); and magnified (scale 
bar 100 μm) histology sections 
stained for H&E and CD34 
staining. c Box-and-whisker 
plot of CA accumulation values 
for histologically confirmed 
 hPDAClow and  hPDAChigh 
regions derived from PV phase 
of CT imaging. d Box-and-
whisker plot of CA accumula-
tion values for histologically 
confirmed  hPDAClow and 
 hPDAChigh regions derived from 
early (70 s) and late (100–180 
s) venous phase of DCE-MRI 
calculated as  SIt/a ratios
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n = 14, CKPfl/fl n = 19, CKTPwt/R172H/CKTPwt/fl n = 7 (study 
m1, Fig. 1c). To investigate the relationship between tumor 
cellularity and CA accumulation in mPDAC, we evaluated 
AUC60r as surrogate biomarker of tumor cellularity and in 
addition as surrogate biomarker of tumor vascularity. Fifty-six 
lesions in these treatment-naive animals were analyzed and 
revealed major variation in CA accumulation, correspond-
ing histopathology and vascular staining (Fig. 3a, b). Tumors 
classified as  mPDAClow showed significantly higher CA accu-
mulation (meanAUC60r = 2.0 ± 0.6, n = 29, Fig. 3c) in com-
parison to  mPDAChigh (meanAUC60r = 1.1 ± 0.5, n = 27, p < 
0.0001). Histopathological analyses revealed a moderate posi-
tive correlation of CA accumulation measured by AUC60r 
with regional tumor stroma content (r = 0.54#, CI: 0.32 to 
0.71, p < 0.0001, n = 56, Figure S2A) and a negative correla-
tion with the amount of tumor cells (r = −0.53#, CI: −0.70 
to −0.30, p < 0.0001, n = 56, Figure S2B). Furthermore, 
 mPDAClow showed a higher percentage of open and therefore 
presumably perfused vessels per analyzed ROI (65 ± 11%) 
than  mPDAChigh (50 ± 11%) as shown in Figure S2C. Overall, 
differences in AUC60r correlated more strongly with the per-
centage of open vessels (Fig. 3d, r = 0.68#, CI: 0.30 to 0.90, 
p = 0.005, n = 16) than with the absolute number of vessels 
per tumor region (r = 0.44#, CI: -0.08 to 0.77, p = 0.1, n = 16, 
Figure S2D), further suggesting strong relation of AUC60r to 
functional vessels and therefore perfusion.

Longitudinal DCE-MRI of untreated tumors (study m2, 
Fig. 1c) revealed short- and long-term reproducibility in sta-
ble tumors (Figure S3) and long-term decrease of AUC60r in 
tumors with increasing cellularity (Figure S4, tumor right). 
Sudden major decrease in CA accumulation occurred in 
verified areas of spontaneously developed tumor necrosis 
(Figure S3, tumor left).

Gemcitabine reduces CA accumulation 
and chemotherapy delivery in mPDAC 
through inhibition of endothelial cell proliferation

Next, we tested the effect of GEM treatment on tumor perfu-
sion and permeability in mPDAC using AUC60r. A signifi-
cant decrease in AUC60r values  (meanAUC60rpre = 2.5 ± 0.7, 
 meanAUC60rpost  =  1.7  ±  0.6, p = .0003) after GEM 
treatment was observed, but not after vehicle treatment 
 (meanAUC60rpre = 2.2 ± 0.7,  meanAUC60rpost = 1.9 ± 1.1, p = 
0.31). The reduction of tumor CA accumulation after GEM was 
very prominent in well-perfused  mPDAClow tumors (Fig. 4a, 
mean change compared to baseline: GEM −34% ± 31% vs. 
vehicle +13% ± 26%, p = 0.01) compared to poorly perfused 
 mPDAChigh tumors (mean change: GEM −69% ± 60% vs. vehi-
cle −106% ± 68%, p = 0.2, Fig. 4b). Intrigued by this finding, 
we tested small molecule delivery as a surrogate of chemo-
therapy delivery to murine tissue after 2 weeks of GEM ther-
apy using laser ablation – inductively coupled plasma – mass 

spectrometry (LA-ICP-MS) imaging (Fig. 4c, d left panels). We 
found a significant decrease in cisplatin deposition, specifically 
in tumor tissue following the pre-treatment with GEM (Fig. 4e, 
GEM: 0.92 ± 0.5 mg/g, vehicle: 3.1 ± 1.5 mg/g, p = 0.004) 
compared to spinal muscle tissue (Fig. 4f, GEM: 0.37 ± 0.07 
mg/g, vehicle: 0.29 ± 0.15 mg/g, p = 0.4). Furthermore, CD31/
Ki67 double staining of corresponding tumor sections (Fig. 4c, 
d right panels) revealed a significant reduction in the percent-
age of proliferating endothelial cells in vessels that were sub-
jected to systemic GEM treatment (GEM: 22.3 ± 4.2%, vehicle: 
30.9 ± 3.9%, p = 0.002, Fig. 4g).

Gemcitabine treatment reduces tumor CA 
accumulation in hPDAC

To investigate GEM effects on CA accumulation in hPDAC, 
we retrospectively analyzed change of CA accumulation at 
baseline and follow-up CT scans obtained within 3 months 
in 151 patients (study h2, Fig. 1b, cohort description is sum-
marized in Table 1). Figure 5a, b shows changes observed in 
the individual patients represented as waterfall plots, starting 
at the observed most positive and finishing at the most negative 
change. Particularly, we were interested in the differences in 
change of CA accumulation between different treatment regi-
mens for tumors with initially high HUr because these revealed 
most prominent changes in the murine cohort. Since imag-
ing data of this chemotherapy-treated patient cohort could not 
be correlated to histopathology, the cutoff was chosen as the 
mean CA accumulation value of the whole population prior to 
therapy: meanHUr = 0.36, CI: 0.33 to 0.38. Consequently, 41 
GEM and 31 FOLFIRINOX-treated patients were classified as 
initially well perfused (meanHUr > 0.36), and 53 GEM-based 
and 26 FOLFIRINOX-treated patients were classified as ini-
tially poorly perfused (meanHUr ≤ 0.36). Mirroring findings 
in mPDAC, a significantly larger decrease in CA accumula-
tion was evident in tumors with initial HUr > 0.36 after GEM 
treatment (Fig. 5c, GEM-based:  meanHUrpre = 0.49 ± 0.10, 
 meanHUrpost  =  0.40  ±  0.14; mean change −18.5%, CI: 
−25% to −12%) compared to changes in CA accumulation 
in FOLFIRINOX-treated patients  (meanHUrpre = 0.49 ± 0.09, 
 meanHUrpost = 0.47 ± 0.11; mean change −2.1% CI: −10% 
to +6%, p = .001). Again, as observed in mPDAC, in 
tumors that showed an initial low CA accumulation, no sig-
nificant differences between the two treatment regimens 
were detected (Fig. 5d; GEM-based:  meanHUrpre = 0.22 ± 
0.08,  meanHUrpost = 0.23 ± 0.13; mean change +5%, CI: 
−8.5% to +18%; FOLFIRINOX:  meanHUrpre = 0.28 ± 0.8, 
 meanHUrpost = 0.29 ± 0.13; mean change +8%, CI: −11% 
to +27%; p = 0.50). Observed changes in hPDAC showed 
no correlation with therapy response measured according to 
RECIST criteria, such as change in tumor diameter (GEM: r = 
0.1#, p = 0.4; FOLFIRINOX: r = 0.1#, p = 0.7). As expected, 
patients treated with FOLFIRINOX survived longer than those 
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treated with GEM (17 vs. 10.5 months, Figure S5A). Separa-
tion of patient based on initial HUr (≤ or > 0.36) revealed 
no differences in survival of FOLFIRINOX patients (18 vs 
15 months, Figure S4B), however a significant difference in 
overall survival of GEM-treated patients (8.8 vs. 15 months, 
Figure S5B), confirming our hypothesis that HUr can serve as 
imaging biomarker for tumor aggressiveness.

Discussion

Tumor morphology, physiology, and clinical outcome reveal 
substantial heterogeneity in PDAC with high tumor cellu-
larity as an indicator of poor prognosis [14, 25, 37]. Conse-
quently, to facilitate personalized treatment, identification 
of non-invasive biomarkers for differentiation of tumor 

Fig. 3  CA accumulation in 
mPDAC depends on tissue com-
position similarly to hPDAC, 
representing a good preclini-
cal model. Two representative 
samples of well (a) and poorly 
(b) perfused mPDAC. From 
top to bottom: T2w MRI with 
tumor (solid line) and muscle 
(dotted line) ROIs; correspond-
ing  R1-map at peak; ΔR1 time 
curve of tumor (solid line) and 
muscle (dotted line); photo-
micrographs of corresponding 
H&E overview (scale bar 1 
mm); and magnified (scale 
bar 50 μm) histology sections 
stained for H&E and vascu-
lar marker CD31. c mPDAC 
revealed similar to hPDAC 
dependency of tumor perfusion 
on tissue composition shown as 
AUC60r. Box-and-whisker plot 
of normally distributed data. d 
Tumor perfusion-related param-
eter AUC60r reveals strong cor-
relation with percentage of open 
vessels in mPDAC. Regression 
line, Spearman correlation 
coefficient (r), and confidence 
interval (CI) are shown
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cellularity in PDAC would be clinically highly valuable. 
Here, we show that CA accumulation varies significantly 
in PDAC depending on tumor morphology, enabling non-
invasive binary classification of tumor cellularity in vivo. In 
addition, our study reveals unappreciated effects of standard 
of care GEM treatment on CA accumulation that correlate 
with tumor vascularity and small molecule delivery. This 
finding has important implications for GEM-based combi-
nation treatment.

High tumor cellularity, non-invasively detected by 
diffusion weighted (DW)-MRI and CA accumulation in 
CT, has previously been identified as a predictor of poor 
outcome in PDAC [25, 26, 37, 41]. We further expand 
on this classification and suggest the biomarkers HUr, 
 SIt/a,  SIt/m, and AUC60r for a non-invasive stratification 
of tumor cellularity subgroups. Here, we show that both 
CT- and MRI-derived perfusion-related values can be used 
for patient stratification. In line with our observations, the 
particularly aggressive transcriptionally defined squamous 
PDAC subtype has been shown to have the highest differ-
ence between tumor and normal pancreas in CA accumula-
tion and was associated with a higher number of second-
ary poor-prognosis mutations such as TP53 or SMAD4 
and with consequently worse survival [26]. Moreover, the 
same study reported that stage IV patients revealed lower 
base line tumor CA accumulation compared to early stage 
operable patients [26]. In our study, the chemotherapy 
treated PDAC patient cohort also showed a lower base-
line HUr value in comparison to the resected cohort, and 
murine tumors revealed decrease in AUC60r over time. 
These observations may be explained by the fact that as 
tumors progress, cellularity increases, which in turns leads 
to poorer vascularization and collapsed vessels due to high 
intra-tumoral pressure. Cumulative, these processes lead 
to reduced perfusion and CA accumulation in later stage 
PDAC, which is then reflected in lower HUr and AUC60r 
values. Therefore, routine CT- or MR-based non-invasive 
perioperative prediction of tumor cellularity by means 
of CA accumulation presents a widely applicable, bio-
logically meaningful, and clinically relevant stratification 
strategy with great potential in routine patient care.

A direct correlation of in vivo imaging and ex vivo 
histopathology data is highly desirable yet challenging 
[40]. Especially in hPDAC, where more than 80% of 
patients are initially not eligible to surgery, imaging-cor-
related histopathology analyses are rare, and results are 
often obscured by the effects of neo-adjuvant chemother-
apy. Here, we use GEMM of PDAC, which exhibit com-
plex extracellular matrix on the background of an intact 
immune system, and recapitulate well the human condi-
tion. GEMM of PDAC were used in many meaningful 
preclinical trials [4, 5, 15, 16, 37, 38] with in-/ex-vivo 
sample co-registration [5, 37, 38, 40] and subsequent 

molecular tumor characterization [4, 5, 15, 16, 38, 42]. 
For example, manual co-registration of diverse imag-
ing methods such as ultrasound, transmission electron 
microscopy, or DCE-MRI with corresponding histopa-
thology allowed profound investigation of micro- and 
macro-vascular tumor architecture, treatment-induced 
vascular and stromal changes, and drug delivery in 
KPC tumors [5, 18, 42]. Moreover, endogenous mPDAC 
is, similar to hPDAC, highly resistant to GEM—only 
5–10% of KPC tumors show response—allowing pre-
clinical drug trials of high predictive value [18, 38, 42]. 
To fully leverage this potential, we used GEMM of dif-
ferent mutational backgrounds to optimally mirror the 
inter-tumoral heterogeneity that is noted in hPDAC [37] 
and found striking similarities in the behavior of the 
tumor perfusion-related biomarker AUC60r. Analogous 
to hPDAC, we observed substantial heterogeneity in 
CA enhancement in the analyzed mPDAC population: 
low cellularity tumors revealed high CA accumulation, 
whereas high cellularity tumors showed low CA accu-
mulation. In addition, we provide a direct correlation of 
imaging-derived biomarker AUC60r with functionality 
of vascular compartment measured by the amount of 
open vessels calculated in the imaging-corresponding 
axial slice of the tumor tissue.

Reduced CA accumulation in PDAC, compared to the 
normal surrounding pancreas, has long been noted and pre-
sents one of the diagnostic clues in clinical routine patient 
management. Consequently, it has led to the introduction 
of therapies intended to normalize intra-tumoral pressure, 
vascularization, and drug delivery [43]. Indeed, therapy 
trials with stroma targeting agents have shown improved 
perfusion, monitored non-invasively by contrast enhanced 
ultrasound [4, 42] and DCE-MRI [18] in mPDAC as well as 
in hPDAC [30]. Subsequent reduced vascular collapse and 
increased drug delivery lead to prolonged survival of the 
treated animals [4, 5, 18, 42]. These studies confirm the high 
relevance of the vascular compartment and the potential role 
of perfusion-sensitive imaging derived biomarkers in treat-
ment monitoring. Unfortunately, despite positive pre-clinical 
and early clinical trials, none of the stroma modifying agents 
has reached routine clinical application thus far [9, 11, 44].

Despite intermediate efficacy and a poor long-term 
outcome, GEM remains one of the standard of care 
treatment choices in hPDAC. Therefore, understand-
ing its impact on tumor vasculature is an important 
interrogation. We observed a strong decrease in the 
DCE-MRI-derived perfusion-sensitive marker AUC60r 
following GEM-based treatment in mPDAC. This effect 
was most prominent in the initially well perfused 
 mPDAClow tumors. Human endothelial cells have been 
reported to be considerably more sensitive to GEM 
than are pancreatic tumor cells, both in vitro and in 
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orthotopic xenotransplants [17]. In line with this obser-
vation, we noted a reduction in vascular proliferation in 
GEM-treated murine tumors. Other phenomena, such 
as apoptosis, were not analyzed, since GEM has been 
reported to specifically reduce proliferation in human 
and murine pancreatic tumor cells in  vivo [42] and 
in human endothelial cells in vitro [17]. We further 
provide evidence that the reduction in vascular prolif-
eration is of functional relevance, showing a reduced 
delivery of the systemically administered DNA-dam-
aging substance cisplatin.

Our study also provides indirect evidence of the dete-
riorating effects of GEM on tumor vasculature in hPDAC 
by showing a significant decrease in CA accumulation in 
response to GEM-based, but not FOLFIRINOX-based, 

Fig. 4  Gemcitabine treatment reduces tumor CA accumulation, drug 
delivery and vascular proliferation in mPDAC. a In  mPDAClow perfu-
sion-sensitive parameter meanAUC60r was more profoundly reduced 
by GEM compared to vehicle treatment as shown on as Box-and-
whisker plot. b Poorly perfused  mPDAChigh reduce CA accumulation 
independent of the treatment course. c GEM reduces drug delivery 
mimicked by cisplatin injection in mPDAC. From left to right: color-
coded maps showing platinum distribution in pancreatic tissue after 2 
weeks of or c GEM or d vehicle treatment measured in the extracted 
tissue by LA-ICP-MS; corresponding photomicrographs of H&E 
stained overview (scale bar 1 mm), regional magnification of H&E 
(scale bar 100 μm), and double CD31/ki67 staining (yellow arrows 
show proliferating vessels, scale bar 50 μm). e Box-and-whisker plot 
of quantification of platinum concentrations in mPDAC tissue sam-
ples and f reference spinal tissue samples. g Box-and-whisker plot of 
quantification of endothelial cell proliferation presented as percentage 
of double positive (CD31 and ki67) vessels over all vessels in cross-
sections

◂

Fig. 5  GEM-based therapy 
reduces CA accumulation 
in tumors with high initial 
HUr detected via CT imag-
ing. Waterfall plots of relative 
change in per cent of tumor CA 
accumulation values in a GEM-
based and b FOLFIRINOX-
treated hPDAC separated by 
initial CI accumulation ratio 
(dashed bars HUr > 0.36, full 
bars HUr ≤ 0.36). c GEM-
treated tumors that initially 
showed high CA accumulation 
reveal significant drop in CA 
accumulation compared to 
FOLFIRINOX treatment. Box-
and-whisker plot. d hPDAC 
that initially showed low PV 
enhancement ratio reveal no 
significant differences between 
the two treatment regiments as 
shown in box-and-whisker plot
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treatment. Similar to experiments in mPDAC, no significant 
differences between the treatments were observed in tumors 
with an initially poor CA accumulation. Nevertheless, in a 
subset of subjects, there was an increase in CA accumulation 
during GEM treatment, possibly related to low dosage (i.e., 
metronomic) delivery, which has previously been reported 
to normalize tumor vasculature by increased levels of the 
angiogenesis inhibitor thrombospondin-1 [45]. In addition, 
a direct effect of GEM on tumor cells reduces intra-tumoral 
pressure [19, 20] and likely increases tumor perfusion, 
which has previously been noted in GEM/Abraxane respond-
ers [29]. However, the latter study was also conducted in 
patients with advanced PDAC, and no histological correla-
tion nor sub-grouping was performed.

There are several limitations to the interpretation of 
results of this work. The analyzed hPDAC cohort with avail-
able imaging-correlated tissue samples was small in size and 
our observations from it require further prospective testing. 
The differences in the baseline CA accumulation between 
human cohorts may reflect more advanced disease within 
the cohort of study h2, resulting in lower initial perfusion. 
Further biopsy- and imaging-guided neoadjuvant trials may 
provide the necessary information on that matter and help 
to adjust the proposed cutoff for patient stratification. CA 
accumulation is dependent on but not equivalent to perfu-
sion, and therefore prospective trials including imaging-
tissue correlation experiments are necessary to confirm or 
discard our hypothesis of GEM-induced perfusion effects 
in hPDAC. In addition, due to poor soft tissue contrast and 
limited time resolution of standard of care contrast CT in 
our mouse models, this work used different CA and acqui-
sition methods in the human and murine imaging studies, 
which limits absolute comparability and direct translational 
impact. Nevertheless, the similar trends in patient-measured 
CT-derived HUr and MRI-derived  SIt/a values and murine 
perfusion related biomarkers support our hypothesis. Fur-
thermore, a clinical study in patients with liver metastases 
of colorectal cancer confirmed that MRI biomarkers of vas-
cular function, including iAUC60, correlate with structural 
features of tumor vessels detected by CT [22]. In addition, an 
improved technical setup for consecutive DCE-MRI and CT 
imaging of subcutaneous murine tumors was able to directly 
link functional MRI parameters to a structural CT-derived 
vascular volume parameter in vivo, which was confirmed by 
intra-vital microscopy and 3D ex vivo validation [22, 46].

In conclusion, we tested and applied two clinical imaging-
derived perfusion-related biomarkers (AUC60r and HUr) 
for the non-invasive differentiation of cellularity related 
subgroups in murine and human PDAC. Applied to therapy 
response monitoring of PDAC, we observed a decrease in 
CA accumulation in response to GEM treatment. In addi-
tion, we provide evidence that GEM interferes with endothe-
lial cell proliferation, further aggravating pre-existent 

hypo-perfusion of PDAC in vivo. Our observations thus 
suggest tumor CA accumulation as a biomarker for tumor 
stratification based on cellularity and for the longitudinal 
monitoring. Blockage of tumor neo-vascularization may par-
tially explain the failure of gemcitabine-based combinatorial 
regiments previously observed in human PDAC trials.
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