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Abstract

Purpose The aim of this study was to investigate the relationship between CT imaging phenotypes and genetic and biological
characteristics in pancreatic ductal adenocarcinoma (PDAC).

Methods In this retrospective study, consecutive patients between April 2015 and June 2016 who underwent PDAC resec-
tion were included if previously consented to a targeted sequencing protocol. Mutation status of known PDAC driver genes
(KRAS, TP53, CDKN2A, and SMAD4) in the primary tumor was determined by targeted DNA sequencing and results were
validated by immunohistochemistry (IHC). Radiomic features of the tumor were extracted from the preoperative CT scan
and used to predict genotype and stromal content.

Results The cohort for analysis consisted of 35 patients. Genomic and IHC analysis revealed alterations in KRAS in 34 (97%)
patients, and changes in expression of CDKN2A in 29 (83%), SMAD4 in 16 (46%), and in TP53 in 29 (83%) patients. Models
created from radiomic features demonstrated associations with SMAD4 status and the number of genes altered. The number
of genes altered was the only significant predictor of overall survival (p =0.016). By linear regression analysis, a prediction
model for stromal content achieved an R* value of 0.731 with a root mean square error of 19.5.

Conclusions In this study, we demonstrate that in PDAC SMAD4 status and tumor stromal content can be predicted using
radiomic analysis of preoperative CT imaging. These data show an association between resectable PDAC imaging features
and underlying tumor biology and their potential for future precision medicine.
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Introduction
Electronic supplementary material The online version of this . .
article (https://doi.org/10.1007/500261-019-02112-1) contains Pancreatic ductal adenocarcinoma (PDAC) has a five-year
supplementary material, which is available to authorized users. survival rate of approximately 7% [1] and is projected to

become the second most common cause of cancer death
within the next 10 years [2]. The majority of patients pre-
sent with locally advanced or metastatic disease, and of
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(LOF) or gain-of-function (GOF) as determined by immu-
nohistochemistry (IHC). Mutations in SMAD4 are found in
approximately 50% of PDAC tumors, and prior studies have
demonstrated an association between SMAD4 mutation sta-
tus in tumors and overall survival in PDAC patients [7-10].

The stromal component is known to be significant in
PDAC and can interfere with acquisition of sufficient tumor
tissue for analysis. Although the functional significance of
stromal composition in pancreatic cancer is unclear, stud-
ies have shown decreased survival in PDAC patients whose
tumors have lower stromal content [11, 12]. Ideally, by quan-
tifying the amount of surrounding stroma, treatment modali-
ties known to do better in certain low proportions of stroma
may be prioritized, and similarly, patients would be spared
systemic therapies that are ineffective in the setting of high
stromal proportion.

In many cancer types, computational evaluation of tumor
phenotype on diagnostic imaging (radiomics) has demon-
strated the potential to describe underlying tumor biology
[13, 14]. Radiomic assessment of tumor appearance can be
performed using texture analysis, a technique that captures
spatial variations in pixel intensities within a tumor. With
this technique, an algorithm operating at the single-pixel
level can detect microscopic changes otherwise invisible to
the naked eye. In PDAC, radiomic features derived from
CT imaging have been associated with overall survival in
patients who underwent resection [15—18]. In other tumor
types, radiomic features have been associated with tumor
genotype [19, 20]; however, a similar radiogenomic correla-
tion has not been established in PDAC.

The primary aim of this study was to determine whether
radiomic analysis could accurately predict the genotype of
PDAC driver genes. A secondary aim was to use radiomics
to predict stromal content in these tumors.

Methods
Study population

Following Institutional Review Board approval at our insti-
tution, a waiver of informed consent was obtained to per-
form a retrospective study that selected patients who under-
went resection for PDAC between April 2015 and June 2016,
with available preoperative CT angiogram of the pancreas
and targeted genomic sequencing. Consent for genomic
sequencing was previously obtained prospectively to use
tumor and matched normal tissue. Patients who received
neoadjuvant chemotherapy or patients with pancreatitis on
preoperative CT as determined by a radiologist (XX, 8 years
of experience after fellowship) were excluded from analysis
to account for variables that affect preoperative imaging.
Demographic, clinical, and pathologic factors were collected

from a prospectively maintained database and supplemented
with retrospective review of the electronic medical record.

Targeted sequencing

We used a targeted sequencing panel that analyzes all exons
and selected introns of 410 cancer-associated genes. An
established pipeline was used for DNA extraction, sequenc-
ing, and analysis as previously described [21]. Data were
analyzed through a custom bioinformatics pipeline. Point
mutations were filtered for quality by the following criteria:
(tumor variant allele frequency [VAF]/normal VAF) >S5,
tumor coverage > 20, tumor VAF >0.02 (hotspot) or >0.05
(non-hotspot), tumor mutant reads > 8 (hotspot) or > 10
(non-hotspot). Finally, all filtered called mutations were
manually reviewed by a bioinformatician to identify poten-
tial false positives. Copy number analysis was performed
using FACETS, a software tool optimized for detecting copy
number alterations (CNA) while incorporating variations in
tumor purity, ploidy, and clonal heterogeneity [22].

Immunohistochemistry

To validate the sequencing results, IHC staining for known
PDAC tumor suppressors (TP53, CDK2NA, and SMAD4)
was performed on resected tumor specimens. All hematoxy-
lin and eosin-stained slides of each case were examined by
a gastrointestinal pathologist under low power (4 X) objec-
tive to identify the best representative tumor section to per-
form IHC staining. Then unstained 5-pm slides were cut
from paraffin-embedded tumor blocks and then deparaffi-
nized by standard techniques. The slides were labeled with
monoclonal antibodies to TP53 (DO-7, Agilent Technolo-
gies, Inc., Santa Clara, CA), CDKN2A (ink4a, Roche MTM
Laboratories, Indianapolis, IN), and SMAD4 (B8, Santa
Cruz Biotechnology, Dallas, TX). A pathologist, blinded
to sequencing results and clinical outcomes, evaluated the
[HC labeling of the tumor samples. TP53 slides were cat-
egorized as “normal,” “abnormal nuclear accumulation,” or
“abnormal-homozygous deletion;” CDKN2A slides were
categorized as “positive” (present) or “negative” (absent);
and SMAD4 slides were categorized as “intact” or “lost.”

Mutation status determination

The point mutation, copy number, and IHC results were
interpreted together to make a final determination of the
allele status. For KRAS, the presence of a point mutation
or CNA classified the sample as abnormal. For TP53, a
point mutation, CNA, or abnormal IHC result classified the
sample as abnormal. We further subdivided the TP53 geno-
types into (1) wild type (WT) if it harbored no point muta-
tions or CNA and stained normally for 7P53 by IHC, (2)
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gain-of-function (GOF) for missense mutations with associ-
ated nuclear accumulation in > 30% of the cancer cells, and
(3) loss-of-function (LOF) for nonsense or frameshift muta-
tions with complete loss of protein expression compared to
reactive fibroblasts or lymphocytes present in the same tis-
sue section. Cases with a normal TP53 gene sequence, but
with complete loss of protein expression, were presumed
homozygous deletions and also categorized as LOF. For
CDKN2A and SMAD4, samples were determined to be
abnormal if the IHC was negative (lost) and normal if both
the IHC was positive (intact) and no point mutations or CNA
were present.

Tumor-stroma analysis

In slides with tumor identified by low power (4 X) screen-
ing, percentages of epithelial and stromal components were
assessed in a semiquantitative manner using the mean value
of medium power fields in a 20 X objective on all tumor
slides (range, 5 to 13 slides) of a given tumor.

CT image acquisition

Contrast-enhanced CT images were used for quantitative
image analysis. Following administration of 150 mL of iodi-
nated contrast (Omnipaque 300, GE Healthcare) at 4.0 mL/s,
CT images were obtained using a multidetector CT (Light-
speed 16 and VCT, GE Healthcare) during the pancreatic
parenchymal phase (scan delay 40 s) and portal venous
phase. The scan parameters for the portal venous phase were
as follows: pitch/table speed 0.984—1.375/39.37-27.50 mm;
autoMA 220-380; noise index 12.5-14; rotation time
0.7-0.8 ms; scan delay 80-85 s. Axial slices reconstructed
at 2.5-mm intervals were used.

Quantitative CT image analysis

The tumor imaged in the portal venous phase was manually
segmented over the entire tumor volume using Scout Liver
Software (Pathfinder Technologies Inc., Analogic Corpo-
ration) by research study assistants with prior experience
in tumor segmentation. A diagnostic radiologist special-
izing in pancreatic tumors (with 8 years of experience on
the pancreas tumor board) reviewed the segmentations and
adjusted tumor contours to ensure tumor region accuracy
(Online Resource 1), using the pancreatic parenchymal
phase as a guide when necessary. All were blinded to clinical
and genetic variables. The decision to use the portal venous
phase was due to the variability in use of dual-energy CT
for the pancreatic parenchymal phase. 255 radiomic features
describing image heterogeneity were extracted by computer
scientists from the segmented volume as described previ-
ously [references blinded for review]. Briefly, the features
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were extracted using gray-level co-occurrence matrices
(GLCM), run-length matrices (RLM), local binary patterns
(LBP), fractal dimension (FD), intensity histogram (IH),
and angle co-occurrence matrices (ACM) [23-27]. ACMs
describe the directional edge patterns present in a tumor,
whereas the other types quantify intensity patterns. A set
of statistical features from each type are computed as fol-
lows: 19 statistical features from GLCM, 11 from RLM,
128 from LBP, 54 from FD, 5 from IH, and 38 from ACM.
Radiomic features were extracted from each CT axial slice
of the tumor region and averaged to a single value for the
entire tumor volume. All image analysis was performed in
MATLAB 2015a (MathWorks, Natick, MA).

Statistical analysis

Radiomic features extracted from CT images were analyzed
for significance in each of the four outcomes: SMADA4 status,
TP53 status, number of genes altered, and stromal content.
Neither KRAS nor CDKN2A were included in our analysis
as KRAS is mutated in greater than 90% of PDACs [28, 29]
and CDKNZ2A is inactivated in ~90% either through point
mutations or epigenetic mechanisms [30, 31], and inclusion
would have compromised the potential generation of a pre-
diction model. SMAD4 status, TP53 status, and number of
genes altered were analyzed as categorical variables, while
stromal content was evaluated as a continuous variable.
To identify the discriminatory features for each variable,
multiple feature selection algorithms [i.e., univariate analy-
sis and fuzzy minimum-redundancy-maximum-relevance
(fMRMR)] were proposed, and the method with the best
performance was selected. The workflow of the proposed
method is outlined in Fig. 1.

The first predictive algorithm used radiomic feature anal-
ysis to predict SMAD4 status (normal vs. abnormal). Radi-
omic features found to be significant were selected using
fMRMR in which the redundancy of a feature is calculated
by the average fuzzy mutual information of the feature with
the selected features, and relevancy is computed using fuzzy
mutual information of the feature with the class levels. A
multidimensional scaling (MDS) plot was created to visual-
ize the level of similarity between groups for selected imag-
ing features. In MDS plots, data with multiple dimensions
are converted into a visually interpretable plot as to preserve
the distance between objects while still allowing visualiza-
tion of the difference between groups. In this study, a 2D
MDS plot is used where the two coordinates represent the
first two principal components. The second model aimed to
stratify patients according to their TP53 protein effect (WT
vs. GOF vs. LOF). Radiomic features were selected using
the Kruskal-Wallis test (p <0.05) and an MDS plot was
created. The third model aimed to determine whether radi-
omic analysis could correctly classify a patient as harboring
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Fig. 1 CT imaging was analyzed and texture features extracted. The texture features were then used to predict TP53 status, SMAD4 status, num-

ber of genes altered, and stroma content of the primary PDAC tumor

less than or equal to and greater than the median number
of mutations. Radiomic features found to be significant in
this analysis were selected using an fMRMR algorithm as
described above, and subsequently, an MDS plot was cre-
ated to illustrate the results. Lastly, we investigated whether
radiomic analysis could correctly predict stromal content.
Features associated with stromal content were first selected
by univariate analysis with linear regression (p <0.05); a
multivariate analysis with the selected features was then per-
formed using linear regression to observe their efficacy in
predicting the percentage of stromal content.

Overall survival (OS) and recurrence-free survival (RFS)
were analyzed for all study patients. OS was defined as the
time interval between date of operation and date of death or
date last known alive. RFS was defined as the time between
the date of operation and the date of recurrence on imaging.
For patients without recurrent disease, the most recent CT
scan was recorded. OS and RFS were analyzed for each of
the aforementioned variables.

Continuous variables are expressed as median and inter-
quartile range (IQR), and categorical variables are expressed
as number and percentages. Univariate survival analysis was
performed using Cox proportional hazards regression mod-
els for both continuous and categorical variables. A p value
of <0.05 was considered statistically significant.

Results
Patient population

During the study period, 60 patients underwent a preop-
erative CT angiogram required for image analysis and had
their tumors successfully sequenced after informed consent.
We excluded 13 patients who received neoadjuvant therapy,
five patients who had final pathological diagnoses other than

PDAC, and three patients with pancreatitis on preoperative
imaging. Additionally, four patients’ tumor blocks were
unavailable for IHC staining. Therefore, our final cohort
consisted of 35 patients. A summary of demographic and
clinical data can be found in Table 1.

Radiogenomic analysis

The results of the genetic and IHC analyses are presented in
Fig. 2. Consistent with previous data, 97% (34/35) of tumor
samples harbored mutations in KRAS, and 83% (29/35) of
samples had alterations in CDKN2A. Given the high propor-
tion of alterations in these genes, KRAS and CDKN2A were
not pursued in further predictive analyses.

Table 1 Cohort demographics

All patients (n=35)"

Age 67 (62-75)
Gender
Male 14 (40%)
Female 21 (60%)
Procedure
Whipple 34 (97%)
Distal pancreatectomy 1 (3%)
Pathology
Tumor size 2.6 (2.1-3.3)
Tumor grade
Well 2 (6%)
Moderate 16 (46%)
Poor 17 (48%)
Days between CT and operation 8 (5-17)

*Numbers in this column represent mean (interquartile range) or N
(%)
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Fig.2 Top: Oncoprint showing genomic alterations. Bottom: Onco-
print showing status as determined by genomic alterations and IHC.
Columns represent patients in the cohort (n=35)

Of all patients included, 16 (46%) were found to have an
alteration in SMAD4. 255 radiomic features were extracted
from CT scans for analysis (Fig. 3a), and feature selection
using fMRMR resulted in 28 significant features. All fea-
tures were selected from LBP, with the exception of one
RLM feature, one ACM-based feature, and one intensity-
histogram-based skewness. An MDS plot (Fig. 3b) shows
good discriminatory power between patients with normal
and abnormal SMAD4 status.

In our cohort, 29 patients (83%) had alterations in TP53
expression (21 GOF; 8 LOF). The 255 texture features for
TP53 presence/absence are shown in Fig. 3c. Following uni-
variate analysis, 32 features were significant. The features
were selected from all types of features except GLCM. An
MDS plot (Fig. 3d) illustrates the model’s ability to dis-
criminate between GOF and LOF. However, the model did
not clearly isolate patients with WT status from those with
an abnormal TP53 status.

The median number of altered genes per patient was four
(IQR 3-6). Similar to Fig. 3c, features for patients with
greater than 4 altered genes are shown in Fig. 3e. Using
fMRMR, 14 significant features were identified. The features
were selected from both LBP- and FD-based features. An
MBDS plot (Fig. 3f) was generated based on quantitative dif-
ferences in radiomic features and shows patient discrimina-
tion between those with <4 and >4 altered genes.

Stroma
The median stromal content in the cohort was 40% (IQR
15-68%). There were 21 patients with <50% stroma and

14 patients with > 50% stroma in the tumor. Tumors with
<50% stroma harbored significantly more altered genes
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than those with >50% stroma (mean 5 vs. 3; p=0.001).
Tumor size was also significantly different between the two
groups (mean 3.1 vs. 2.3 cm; p=0.008), yet tumor grade
was not significantly different (p =0.774). Feature selection
by univariate analysis led to 19 significant features. Energy
and contrast features extracted from GLCM as well as 17
LBP-based features were selected. A multivariate analysis
was then performed with the selected features using linear
regression. The continuous prediction model resulted in an
R-square value of 0.731 with a root mean square error of
19.5. The mean absolute prediction error was 10.15%. A
calibration plot showing predicted versus actual stromal con-
tent is shown in Fig. 4.

Survival and recurrence analysis

OS and RFS were analyzed in our cohort using a Cox regres-
sion model for each of the four variables: SMAD4 status,
TP53 status, number of genes altered, and stromal content.
One patient was excluded from analysis due to a lack of
follow-up data, and therefore the final number of patients
included in this analysis was 34. OS for the cohort is demon-
strated in Fig. 5a. At the time of the analysis, 82% (28/34) of
patients were alive with a median follow-up of 21.5 months.
The number of genes altered was the only significant pre-
dictor of OS (p=0.016). During the follow-up period, 20
patients (59%) were diagnosed with recurrent disease, and
the median RFS was 14 months (Fig. 5b). Both the number
of genes altered and percent stroma (p <0.001 and p =0.034,
respectively) were predictive of RFS.

Discussion

In this study, we identified radiomic features associated with
PDAC genetic alterations and stromal content. These asso-
ciations show the potential of using noninvasive imaging on
pre-surgical pancreas cancer patients for precision medicine.
Linking radiomic features to underlying tumor biology is
an area of great interest, given the ubiquity of diagnostic
imaging and the challenges and costs in performing molec-
ular analyses. Recent DNA/RNA sequencing studies have
provided in-depth insights into individual tumor’s genetic
makeup and have demonstrated some prognostic power for
survival that may guide personalized treatment. While biop-
sies can yield sufficient information for diagnosis, detect-
ing characteristics specific to an individual tumor (such as
with THC) often requires more tissue. New computational
approaches to extracting phenotypic information from CT
scans could help optimize management for patients with
PDAC, as targeted therapies become available.

While there have been prior radiomic studies predict-
ing survival of pancreatic adenocarcinomas [15, 16, 18, 32,
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Fig.3 Heatmap with classification of 255 texture features and 35
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wild type

33], there are no previous reports relating the underlying
biology of PDAC to quantitative CT data. In the current
study, we showed strong discrimination between tumors with
and without SMAD4 alterations. SMAD4 expression was
also associated with PDAC CT features in a previous study,
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although the features were assessed by radiologists visually
[34]. The number of altered genes was also associated with
radiomic features in our patient cohort, suggesting that the
number of mutations is related to increased tumor heteroge-
neity in imaging. Visually, the MDS plot for the association
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of radiomics and SMAD4 status as well as number of genes
altered demonstrated separation of distinct groups; in con-
trast, the MDS plot for TP53 status does not delineate the
three groups as clearly, likely due to the limited number of
patients in each group. Stromal content correlated to radi-
omic features (R? value 0.731), suggesting that CT imag-
ing also captures stromal information. Stromal composition
could impact treatment decision making for PDAC. For
one, the relative hypoxia inside the tumor mass from a thick
stroma could impair drug delivery. Similarly, the immune
system’s inability to engage the tumor may not be solely due
to inhibitory signals from the tumor but also perhaps from
a stromal barrier keeping crucial T lymphocytes at bay. The
ability to quantify tumor stromal content using radiomics
may serve as an important prognostic factor that can predict
patients’ responsiveness to certain treatments.
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Mutation burden has been shown to be prognostic in other
cancer types, such as ovarian and lung [35, 36]. Conversely,
arecent PDAC study found no association between number
of mutations and survival [8]. Here, we found a significant
difference in survival between patients who have mutations
in four or less genes as compared to greater than four genes,
and we show that this difference can be predicted on preop-
erative CT imaging. Further studies with larger cohorts are
needed to validate our findings.

The strength of this study lies mainly in its use of a
computational method to extract and process image data.
Further, the sequencing results were manually reviewed to
confirm the presence of called mutations, and we performed
an orthogonal method of validation (IHC staining) to ensure
accurate genotyping. The main weaknesses of the study are
the small sample size and the lack of independent validation.
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As we accrue more patients and develop multi-institutional
collaborations, we can increase our sample size and vali-
date our models. Another limitation is that a majority of our
tumors were found in the pancreatic head. Since neoadjuvant
therapy is increasingly used for patients with resectable pan-
creatic adenocarcinomas, it may be challenging to validate
our results going forward. Nevertheless, our study provides
a potential biological rationale behind investigating texture
analysis in this deadly tumor. We did not investigate if differ-
ences in degree of vascular contact in our resectable patient
population had associations with tumor genetics or fibrosis;
this question may be better investigated in a larger cohort of
patients with and without neoadjuvant therapy. Finally, our
study does not make use of CT scans from outside institu-
tions which may utilize different imaging protocols limiting
the widespread applicability. Further studies are needed to
evaluate the reproducibility of radiomic analysis in PDAC
with variable CT imaging protocols and to validate our
results with a larger range of CT scan protocols.

In conclusion, we demonstrate that radiomic features
extracted from clinical CT images are associated with gen-
otype, the number of altered genes, and stromal content in
PDAC. These associations may underlie the observation that
PDAC imaging features are associated with survival. Further
studies will be needed to increase sample size and perform
external validation.
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