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RESEARCH

MRI radiomics for early prediction 
of response to vaccine therapy in a transgenic 
mouse model of pancreatic ductal 
adenocarcinoma
Aydin Eresen1†, Jia Yang1†, Junjie Shangguan1, Yu Li1,2, Su Hu1,3, Chong Sun1,4, Yury Velichko1,5, 
Vahid Yaghmai1,5,6, Al B. Benson III5,7* and Zhuoli Zhang1,5*

Abstract 

Background: There is a lack of well-established clinical tools for predicting dendritic cell (DC) vaccination response 
of pancreatic ductal adenocarcinoma (PDAC). DC vaccine treatment efficiency was demonstrated using histologi-
cal analysis in pre-clinical studies; however, its usage was limited due to invasiveness. In this study, we aimed to 
investigate the potential of MRI texture features for detection of early immunotherapeutic response as well as overall 
survival (OS) of PDAC subjects following dendritic cell (DC) vaccine treatment in LSL-KrasG12D;LSL-Trp53R172H;Pdx-1-Cre 
(KPC) transgenic mouse model of pancreatic ductal adenocarcinoma (PDAC).

Materials and methods: KPC mice were treated with DC vaccines, and tumor growth was dynamically monitored. A 
total of a hundred and fifty-two image features of T2-weighted MRI images were analyzed using a kernel-based sup-
port vector machine model to detect treatment effects following the first and third weeks of the treatment. Moreover, 
univariate analysis was performed to describe the association between MRI texture and survival of KPC mice as well as 
histological tumor biomarkers.

Results: OS for mice in the treatment group was 54.8 ± 22.54 days while the control group had 35.39 ± 17.17 days. 
A subset of three MRI features distinguished treatment effects starting from the first week with increasing accuracy 
throughout the treatment (75% to 94%). Besides, we observed that short-run emphasis of approximate wavelet coef-
ficients had a positive correlation with the survival of the KPC mice (r = 0.78, p < 0.001). Additionally, tissue-specific MRI 
texture features showed positive association with fibrosis percentage (r = 0.84, p < 0.002), CK19 positive percentage 
(r = − 0.97, p < 0.001), and Ki67 positive cells (r = 0.81, p < 0.02) as histological disease biomarkers.

Conclusion: Our results demonstrate that MRI texture features can be used as imaging biomarkers for early detec-
tion of therapeutic response following DC vaccination in the KPC mouse model of PDAC. Besides, MRI texture can be 
utilized to characterize tumor microenvironment reflected with histology analysis.

Keywords: Dendritic cell vaccine, Machine learning, Magnetic resonance imaging, Pancreatic ductal 
adenocarcinoma, Radiomics
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Background
Pancreatic ductal adenocarcinoma (PDAC) is the 3rd 
most common cause of cancer-related deaths in the 
United States with an expected 44,330 deaths in 2018 [1]. 
Due to the early local and metastatic spread of the can-
cerous cells, almost 80-90% of the patients are unsuitable 
for complete surgical resection [2]. Even after successful 
surgery, the recurrence of PDAC is excessively common; 
therefore, 5-year survival remains at a lower rate of 6% 
in the United States [2]. This introduces a common inter-
est to develop novel treatments and determine quantita-
tive MRI characteristics that can serve as PDAC survival 
biomarkers and are correlated with the gold standard and 
histopathological outcomes [3].

Among all the treatment methods, immunotherapy has 
become one of the most promising approaches for PDAC 
in recent years [4]. Dendritic cell (DC) is the main anti-
gen-presenting cell of the immune system [5] and a key 
mediator of tumor immunity owing to its unique capac-
ity for cross-presenting tumor-associated antigens to 
 CD8+ T cells in the draining lymph nodes [6], providing 
a rationale for their utilization as cancer vaccines. Recent 
clinical trials have demonstrated that DC-based cancer 
vaccines can efficiently induce tumor-specific effector T 
cells in patients with PDAC [7].

The biological effects of immunotherapies can be identi-
fied using histological analysis that reveals the character-
istics of the tissues on a cellular level. Molecular imaging 
characteristics obtained with histological processes (cel-
lular proliferation and structural integrity) may corre-
late with poor prognosis of pancreatic cancer tissues [8, 
9]. Specifically, the cell proliferation marker Ki67 protein 
expressed by MKI67 is correlated with high-risk progno-
sis described by increased recurrence and decreased over-
all survival [10]. Besides, cytokeratin 19 (ductal marker) 
encoded by the KRT19 gene has been described to show 
strong immunoreactivity in PDAC tumors [11] that could 
be utilized to interpret the treatment effects in PDAC.

Although molecular imaging provides the cellular level 
characteristics of tissues, radiological imaging modalities 
such as MRI is preferred due to noninvasive analysis of 
the tissues and smooth translation to clinical practice [12, 
13]. However, cancer immunotherapy can cause unique 
response patterns such as a transient increase in tumor 
size (pseudoprogression), delayed or subsequent regres-
sion, and the existence of new lesions; hence, traditional 
size-based solid tumor response criteria (RECIST 1.1) 
may be inappropriate for evaluation of the therapeutic 
response [14]. Therefore, advanced approaches utilizing 
characteristics of the tumor tissues are needed to detect 
the therapeutic response.

In recent years, texture analysis has become a popular 
approach for quantitative analysis of the malignancies in 

biomedical studies [15–17]. In texture analysis, the char-
acteristics of the underlying structures were described by 
high-throughput features associated with texture or com-
plex patterns of the tissues [16]. Previous studies inves-
tigated the performance of the texture analysis approach 
in terms of accurate prediction of patient survival, diag-
nosis, and detection of treatment response using clini-
cal data [18–21]. However, response to immunotherapy 
has not been studied with the assessment of histopatho-
logical analysis for validation of the outcomes. Hence, 
preclinical studies are required to evaluate the poten-
tial of the texture analysis approach to determine early 
therapeutic response and long-term outcomes following 
immunotherapy.

In this study, we aimed to identify therapeutic 
responses after DC vaccine treatment in the KPC mouse 
model of PDAC using MRI texture features, characterize 
tumor tissue by describing the association between MRI 
and histological tumor markers and assessing the long-
term outcome of PDAC subjects.

Materials and methods
Our pre-clinical animal study was approved by the Insti-
tutional Animal Care and Use Committee of Northwest-
ern University, and the experiments were conducted 
according to the guidelines for laboratory animal use [22]. 
The flow diagram of our study was presented in Fig. 1 to 
describe completed experiments during our study.

Animal model and treatment of tumor
The LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre (KPC) 
mouse model demonstrates high similarity in patho-
physiological aspects and reflects biological features 
of human PDAC [23]; therefore, this model was com-
monly used in preclinical studies as well as in our study. 
The mouse strains p53LSL−R270H (strain number 01XM3), 
KrasLSL−G12D (strain number 01XJ6), and Pdx-1-Cre 
(strain number 01XL5) were purchased from the Jackson 
Laboratory (Bar Harbor, ME), and KPC mice were gen-
erated in our laboratory following previously described 
approach [24]. A total of sixteen KPC mice were bred 
for our study and randomly separated into two groups 
e.g. untreated control group and DC vaccine treatment 
group.

When KPC mice reached 3 months of age, we started 
to scan each mouse biweekly using a small animal MRI 
scanner to monitor the progression of the tumor. When 
tumor size reached 0.2–0.5  cm in diameter, the KPC 
mice were enrolled in this study. The mice in the treat-
ment group received 3 × 106 DCs pulsed with irradiated 
KPC cell by intraperitoneal administration (IP) injection 
weekly for 3 weeks after enrollment. Survival events were 
scored when mice lost more than 15% of the body weight, 
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tumor diameter became larger than 1.8  cm, decreased 
mobility, extreme lethargy, or per absolute survival event. 
All enrolled mice were weighed and checked for signs of 
distress regularly during the study.

MRI acquisition and processing
A 7.0T Bruker small-bore pre-clinical scanner (Clinscan, 
Ettlingen, Germany) with a commercial coil (Clinscan, 
Ettlingen, Germany) was used to acquire T2-weighted 
MRI data of the KPC mice. We scanned each mouse 
weekly during the treatment period to evaluate tumor 
progression. During MRI scans, the mice were under 
anesthesia provided by an automatic delivery system 
(Isoflurane Vaporizer, Rockmart, GA) and restrained 
in the supine position. The body temperature was 
adjusted using a water-bed heating system (SA Instru-
ments, Stony Brook, NY), and the respiratory rate of 
mice was monitored to trigger an MRI sequence. The 
pancreatic tumor was located using 10 slices of coronal 
T2-weighted images (TR/TE: 1600/37 ms; slice thickness: 
1.0 mm; flip angle: 180°; a field of view: 36 mm × 28 mm). 
Later, we acquired transverse T2-weighted MRI images 
with fat suppression sequence (TR/TE: 2100/40  ms; 
slice thickness: 0.5  mm; flip angle: 180°; a field of view: 
21 mm × 30 mm).

The tumor tissue regions were identified and a region 
of interest (ROI) was drawn on the slice with maximal 
tumor diameter by an expert radiologist with 5 years of 
experience, and then second expert radiologist with more 
than 10 years of experience inspected and validated the 
segmentation of tumor tissues for each mouse. The inten-
sity of the ROIs was then normalized and scaled to the 
same range for each subject prior to feature extraction.

Histology image acquisition and processing
After animals reached experimental endpoints [25], they 
were sacrificed according to the regulation and pancre-
atic tissues were harvested as a whole during the surgery. 
PDAC tumors were sliced, fixed in 10% formalin, and 
embedded in paraffin. 5 μm sections of paraffin-embed-
ded pancreatic tissues were analyzed for H&E and Mas-
son’s Trichrome dyes according to the instructions of 
the manufacturers. For immunohistochemistry analy-
sis, 5  μm thick sections were deparaffinized in xylene, 
rehydrated in graded ethanol and subjected to antigen 
retrieval by steam heating in Citra antigen retrieval solu-
tion (Vector). After blocking for 1 h at room temperature 
in blocking buffer (5% goat serum, 2.5% BSA in 1 × PBS), 
slides were incubated overnight in a humidified chamber 
at 4  °C with anti-mouse CK19, rabbit monoclonal anti-
Ki67 (clone SP6, Invitrogen) and rat monoclonal anti-
mouse CD8 (Clone 4SM15, Invitrogen). Immunostaining 
was detected using 3,3′-diaminobenzidine (DAB) (Vec-
tor). Whole tissue slide scans were performed on the Tis-
sueFAXS system and quantitative analysis was completed 
using ImageJ at the maximum magnification of acquired 
images [26].

Feature extraction
Feature extraction is the initial step of the texture analy-
sis framework where a high-dimensional data structure 
portraying distinct characteristics of biological tissues 
is constructed to distinguish differences or relationships 
among multi forms of imaging data. In this study, we ana-
lyzed various characteristics including gray-level inten-
sity distribution, texture, pattern, gradient and shape of 
the MRI images to capture tissue-specific information 

Fig. 1 The framework of the study representing the steps. Histology analysis focuses on identifying the association between pathological 
outcomes and radiomic features. In treatment evaluation, the quantitative MRI features were utilized to distinguish treated and untreated tumor 
tissue. Survival analysis includes the investigation of the correlation between MRI features and survival of PDAC mice
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reflecting the outcomes of DC treatment. Imaging bio-
markers of pancreatic tumor of KPC mice were extracted 
utilizing seven feature families-first-order statistics (FoS), 
gray-level co-occurrence matrix (GLCM), gray-level run-
length matrix (GLRM), local binary patterns (LBP), frac-
tal analysis (FA), histogram of oriented gradients (HoG), 
and shape- with two filters -gradient and wavelet [27, 
28]. After generating wavelet images using Haar basis 
functions, we extracted power, FoS, GLCM, and GLRM 
features of four sub-wavelet images. Additionally, we cal-
culated FoS features of HoG resulting in a hundred and 
fifty-two features of T2-weighted MRI images.

Statistical analysis
To identify the potential of MRI image features for dis-
tinguishing the treatment effects, we assessed all the 
features after evaluation of the cross-correlation of the 
features and then removed the variables with strong cor-
relations. The remaining features were utilized to build 
a kernel-based support machine classifier with a leave-
one-out validation approach using an exhaustive search 
feature selection method. The number of features was 
increased while generating binary classifiers until the 
performance of the model did not improve more than a 
pre-selected threshold value (1E−3).

The individual image features were evaluated using 
univariate analysis with the Pearson correlation coef-
ficient. The significant features with strong correlation 
were identified as MRI texture biomarkers for the sur-
vival of PDAC subjects. Additionally, we investigated the 
potential of image features to predict histological tumor 
markers obtained with pathological analyses. Pearson 
correlation was employed to identify associated features 
with histological tumor markers using a two-tailed Stu-
dent T-test by evaluating the significance of MRI tex-
ture features. The individual features that demonstrated 
a strong correlation with the histological biomarkers 
were identified as non-invasive MRI imaging markers 
for disease evaluation. All the statistical analyses were 
performed using  Matlab® v.9.5.0 (MathWorks, MA) and 
p < 0.05 was accepted as statistically significant.

Results
A total of sixteen KPC mice were randomly separated 
into control and treatment groups when tumors were 
detectable by MRI (0.2–0.5  cm in the longest diam-
eter). The survival characteristics of the individuals in 
each group were monitored regularly. There was no sta-
tistically significant difference in tumor size between 
KPC mice in untreated control and DC vaccine treat-
ment groups during the first three weeks of the study  
(p1-week = 0.7161, p3-week = 0.4465). A sample from each 
group was presented in Fig. 2a.

A total of a hundred and fifty-two features was 
extracted using seven feature extraction methods and 
two filters. Following the removal of highly correlated 
(r > 0.50) features, we had thirty features including FoS 
(2), gradient (4), GLRM (1), HoG (2), shape (3), and 
wavelet (18) to distinguish the treatment effects using 
T2-weighted MRI data. The correlations between the 
selected features for the detection of treatment effects 
were demonstrated in Fig. 2b. By performing an exhaus-
tive assessment of the MRI texture features, a set of three 
features (mean of diagonal wavelet coefficients, the low 
gray-level run emphasis of vertical wavelet coefficients 
and long-run emphasis of gradient image) were identified 
according to the performance of the generated kernel-
based support vector machines model. The generated 
classifier identified the treated tumors with an increasing 
accuracy from 75% to 93.75% throughout the first three 
weeks of the DC vaccine treatment. In Fig. 2c and d, we 
visualized the classification of the untreated and treated 
KPC mice using the support vector machines model that 
generated using the same MRI texture features.

The survival of the KPC mice in untreated control 
and DC vaccine groups were also evaluated using the 
Kaplan–Meier method (Fig. 3a). Although there was not 
a significant difference between untreated control and 
treated KPC mice (p = 0.35), the survival of the treated 
mice (54.8 ± 22.54  days) was better than untreated con-
trol mice (35.39 ± 17.17 days). Furthermore, we evaluated 
the relationship between individual MRI texture features 
and survival of the KPC mice regardless of the treatment 
status by measuring the Pearson correlation coefficient in 
univariate analysis to describe the long-term behavior of 
the KPC mice. The short-run emphasis of approximate 
wavelet coefficients demonstrated a strong correlation 
with the survival of the KPC mice (r = 0.78, p < 0.001). 
In Fig. 3b, we visualized the survival of the KPC mice in 
untreated control and DC vaccine treatment groups with 
respect to identified MRI texture feature.

In the histological analysis of the sample tissues, we 
observed that KPC mice in the treatment group had 
significantly decreased levels of collagen deposition 
throughout the pancreas compared with mice in the con-
trol group (Fig.  4a, b). Moreover, CK19 (ductal marker) 
percentage was larger in the treatment group than in the 
control group (Fig.  4c, d), and pancreatic cell prolifera-
tion assessed by Ki67 immunostaining was lower in the 
treatment group than in the control group (Fig.  4e, f ). 
Taken together, these data demonstrated that the DC 
vaccine treatment can effectively suppress PDAC tumor 
progression in KPC mice.

For evaluation of texture analysis in association with 
pathological findings as to the gold standard of disease 
analysis, we employed a two-tailed Student T-test to 
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Fig. 2 The treatment effect observed on qualitative and qualitative MRI analyses. a Representative T2W images showing the tumor growth for 
mice in control and treatment groups. b Heatmap demonstrating the association among the features after reduction. c The treated tumor was 
differentiated from the untreated tumor at the 1st and 3rd weeks of the treatment.  GRE: Long run emphasis of the gradient image.  WDM: Mean of 
diagonal wavelet coefficients.  WVLGRE: Low gray-level emphasis of vertical wavelet coefficients

Fig. 3 The overall survival of the KPC mice in untreated control and DC vaccine treatment groups. The survival of the KPC mice was demonstrated 
according to the Kaplan–Meier method. An MRI texture feature demonstrated a strong correlation with the survival of the subjects
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determine MRI texture features that remarkably charac-
terize the histological outcomes. For trichrome staining 
histology images, three image features identified with 
Student T-test listed in Table  1, showed strong corre-
lation with fibrosis percentages (r = [0.84, 0.60, 0.64], 
p = [0.001, 0.049, 0.03]), individually. The behavior of 
the fibrosis percentages with respect to an MRI texture 
feature (the entropy of the oriented gradient histogram) 
was described in Fig.  5a. Besides, we also investigated 
the association between MRI texture and tumor bio-
markers e.g. CK19 and Ki67 immunostains. During 

our experiments, we observed that three features listed 
in Table  1 selected according to their T values highly 
correlated with percentage of CK19 positive region 
(r = [− 0.97, 0.76, − 0.84], p = [0.0001, 0.03, 0.009]). The 
characteristics of tissues of treated and control mice were 
presented in Fig.  5b with respect to the entropy of the 
oriented gradient histogram of T2-weighted MRI data. 
Furthermore, we observed a strong correlation between 
the mean vertical wavelet coefficients of the T2-weighted 
MRI texture and the number of Ki67 cells/field proposing 

Fig. 4 The qualitative and quantitative histological analysis. a describes the biological difference between treated and control mice on histology 
images stained with trichrome, CK19 and Ki67 dyes. b Summarizes the statistics of histological biomarkers

Table 1 List of features correlated with histological analysis as comparing the effects of treatment

Features Control group
Mean ± S.D.

Treatment group
Mean ± S.D.

p Cohen’s d

Trichrome

 Entropy of histogram of gradients 19.98 ± 13.2 − 12.10 ± 5.63 0.0007 3.162

 Long run emphasis of diagonal wavelet coefficients 0.64 ± 0.09 0.47 ± 0.05 0.003 2.473

 Skewness of vertical wavelet coefficients 0.92 ± 0.01 0.89 ± 0.02 0.001 1.827

CK19

 Entropy of histogram of gradient 19.77 ± 9.84 − 10.42 ± 4.33 0.0014 3.971

 Variance of diagonal wavelet coefficients 0.06 ± 0.02 0.18 ± 0.08 0.018 2.058

 Long run emphasis of vertical wavelet coefficients 0.52 ± 0.13 0.30 ± 0.05 0.019 2.233

Ki67

 Mean of vertical wavelet coefficients 0.88 ± 0.0560 0.83 ± 0.0433 0.155 1.151
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the potential of texture characteristic to predict Ki67 
related proliferation (Fig. 5c).

Discussion
Our study demonstrated that MRI texture features can 
serve as imaging biomarkers for early detection of immu-
notherapeutic response after DC vaccine treatment as 
well as the long-term outcomes in the KPC mouse model 
of PDAC.

The quantitative image features extracted from 
T2-weighted MRI data can be used to measure the 
characteristics of tumors in the KPC mouse model. The 
determined set of three image features distinguished DC 
vaccinated tumors from untreated tumor tissue starting 
from the first week of the treatment (75%). The classifi-
cation accuracy reached 93.75% in the third week of the 
treatment. Besides, an MRI texture feature was identified 
during univariate analysis to predict the survival of the 
KPC mice in control and DC vaccine treatment groups. 
Additionally, we used noninvasive MRI texture features 
to describe the molecular characteristics of the tumor tis-
sue obtained with invasive histopathological analysis.

The prognostic potential of quantitative imaging fea-
tures for PDAC in the analysis was reported by several 
studies [29–32]. In an earlier study, twenty-six PDAC 
subjects were studied to identify clinical or textural fea-
tures associated with survival by comparing the change 
between pre- and post-treatment 18F-FDG-PET/CT 
images [32]. The identified features were provided as a 
feasible approach for evaluation and prediction of clini-
cal outcomes. A recent study focused on T2-weighted 
MRI images to assess the association between radiomics 
features and pathological aggressiveness or clinical out-
comes of 18.5  months after pancreatectomy procedure 
[30]. As tumor size was observed as a significant element 
to predict recurrence-free and overall survival, entropy 
with medium texture analysis was associated with the 
survival of PDAC patients. Moreover, radiomic analyses 

of T2-weighted and diffusion-weighted MRI images were 
implemented to identify therapy-dependent variations in 
tumor biology of PDAC in preclinical animal studies [31]. 
The random forest classifier model with radiomic fea-
tures extracted from T2-weighted and ADC map images 
was able to differentiate tumor variation after the treat-
ment. The results suggest that imaging biomarkers based 
on radiomic features are potential tools for the evaluation 
of tumor responses.

In our study, we focused on the investigation of the 
radiomic analysis method to early detect responses to the 
tumor tissue changes to DC vaccination. A set of three 
radiomic features differentiated DC vaccine treatment 
effects with increasing accuracy during the treatment 
period (Fig.  2c and d); no statistically significant differ-
ence in tumor size was found. Besides, a substantial asso-
ciation between quantitative MRI features and survival 
of the KPC mice was observed (Fig. 3) that demonstrated 
the potential of characteristics of MRI texture to inter-
pret long-term outcomes of the patients with PDAC dis-
ease. Furthermore, we described the association between 
MRI texture feature and histological disease biomark-
ers of cancerous tissue e.g. fibrosis percentage (r = 0.84, 
p < 0.001), CK19 positive area (r = − 0.97, p < 0.001) and 
Ki67 positive cell percentage (r = 0.81, p = 0.016). The 
selected quantitative imaging features extracted from 
T2-weighted MRI data were chosen to detect structural 
changes or patterns of heterogeneity in tumor tissue 
that occurred during the DC vaccine treatment. These 
changes were identified at the cellular level using histo-
logical biomarkers, and changes in tissue characteristics 
were also identified using a univariate model generated 
with texture features of MRI data. Taken together, the 
results demonstrate that MRI texture provides promising 
knowledge to describe pancreatic tumor characteristics 
and detect early treatment, as verified by gold standard 
biological analysis.

Fig. 5 T2-weighted MRI image features have demonstrated a strong correlation with histological tumor biomarkers
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There were several limitations to our study. First, 
tumors were segmented using a manual approach which 
may introduce user bias and requires additional pro-
cessing time; however, it is a commonly used approach 
in pre-clinical studies. Implementing an automated 
approach for tumor segmentation would allow studies 
with larger cohorts by reducing potential user bias and 
time consumption. Second, there was a low number of 
subjects in our experiments although it’s comparable to 
other pre-clinical studies. The prognostic histological 
marker Ki67 was significantly decreased in the treated 
group while no significant difference in survival between 
untreated control and treated KPC mice. This may be 
particularly relevant to the limited number of subjects 
in each group. The number of subjects will be eventu-
ally increased with further studies. Finally, we only con-
sidered individual treatment methods to monitor the 
effects of tumor progression and pathological analysis. 
This could be addressed by collaborating with multiple 
institutions.

Conclusions
MRI texture features can be used as noninvasive imaging 
biomarkers to early predict therapeutic responses of DC 
vaccination in addition to the overall survival of the sub-
jects in the KPC mouse model of PDAC.
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