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Combining in vitro diagnostics 
with in vivo imaging for earlier 
detection of Pancreatic ductal 
adenocarcinoma: Challenges and 
Solutions1

Pancreatic ductal adenocarcinoma (PDAC) is the fourth-
leading cause of cancer-related death in the United States 
and is associated with a dismal prognosis, particularly 
when diagnosed at an advanced stage. Overall survival 
is significantly improved if PDAC is detected at an early 
stage prior to the onset of symptoms. At present, there is 
no suitable screening strategy for the general population. 
Available diagnostic serum markers are not sensitive or 
specific enough, and clinically available imaging modalities 
are inadequate for visualizing early-stage lesions. In this 
article, the role of currently available blood biomarkers 
and imaging tests for the early detection of PDAC will 
be reviewed. Also, the emerging biomarkers and molecu-
larly targeted imaging agents being developed to improve 
the specificity of current imaging modalities for PDAC will 
be discussed. A strategy incorporating blood biomarkers 
and molecularly targeted imaging agents could lead to im-
proved screening and earlier detection of PDAC in the 
future.
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polyposis, all of which are associated 
with an increased risk of pancreatic 
cancer (11). These syndromes account 
for 15%–20% of patients with inherited 
pancreatic cancer (12). The majority of 
familial pancreatic cancer, diagnosed 
as having two or more affected first-
degree family members with PDAC, is 
caused by unknown genetic mutations. 
The risk of PDAC in first-degree rela-
tives is higher with a greater number of 
affected family members. The National 
Familial Pancreas Tumor Registry re-
ported cumulative lifetime risks of de-
veloping pancreatic cancer of 8%–12% 
and 16%–30% for patients with two 
and three affected first-degree rela-
tives, respectively (13). In addition to 
people with familial cancer syndromes, 
individuals with hereditary pancreatitis 
and cystic fibrosis also have an inher-
ited predisposition to pancreatic can-
cer. Finally, even without one of the 
aforementioned syndromes, the risk of 
developing pancreatic cancer is greater 
for individuals with a single affected 
first-degree relative and in individuals 
with adult-onset diabetes, where the 
incidence is approximately one in 300 
(14,15).

Treatment and Diagnostic Challenges 
of PDAC

Advances in chemotherapy and radia-
tion therapy, including in the adjuvant 
setting, have led to modest improve-
ments in the 5-year survival rate of pan-
creatic cancer (16). Surgery remains 

5% and a median survival of less than 6 
months (2–4). Incidence increases with 
age, and most patients are diagnosed 
with PDAC after age 50 (median age at 
diagnosis is 71 years) (5).

In the majority of patients, the de-
velopment of pancreatic cancer involves 
the progression through precursor le-
sions termed pancreatic intraepithelial 
neoplasia (PIN) and the accumulation 
of an increasing number of genetic ab-
errations (6). PIN is graded I–III, with 
the highest grade (carcinoma in situ) 
being grade III. PIN grades I and II le-
sions are frequently observed in normal 
pancreata and pancreatitis and are of-
ten associated with point mutations in 
the K-ras oncogene, overexpression of 
the human epidermal growth factor re-
ceptor type 2/neu gene product, and 
inactivation of the p16 tumor suppres-
sor gene. Mutations in the p53, DPC4, 
and BRCA2 tumor suppressor genes are 
seen in later stage PINs and pancreatic 
adenocarcinoma. These genetic alter-
ations are just a small subset of a much 
larger group of genetic changes affecting 
a core group of signaling pathways and 
processes that are altered in pancreatic 
cancer (7). These changes may serve 
as targets for screening and earlier de-
tection of pancreatic carcinoma. For 
example, overexpression of plectin-1, 
a cytolinker in the plakin family that is 
currently being investigated in human 
clinical trials, is seen not only with in-
vasive pancreatic carcinoma, but also 
with PIN grade III (8). Another example 
is vascular endothelial growth factor, 
the principal mediator of angiogene-
sis, which is upregulated in response to 
hypoxia, growth factors, and oncogenic 
proteins (eg, transforming growth fac-
tor b, epidermal growth factor, and rat 
sarcoma). Vascular endothelial growth 
factor is overexpressed in more than 
90% of pancreatic cancers (9).

It is estimated that at least 10% of 
pancreatic cancers are inherited (10). 
This includes patients with one of sev-
eral known familial cancer syndromes, 
such as Peutz–Jeghers syndrome, famil-
ial atypical multiple mole melanoma, 
hereditary breast–ovarian cancer, he-
reditary nonpolyposis colorectal car-
cinoma, and familial adenomatous 
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Essentials

 n Pancreatic ductal adenocarci-
noma (PDAC) is most commonly 
diagnosed at an advanced stage, 
at which point it is associated 
with a dismal prognosis with few 
effective treatment options and 
an overall 5-year survival rate of 
approximately 5%.

 n Currently, there are no screening 
approaches suitable for the gen-
eral population; patients deemed 
to be at high risk for developing 
PDAC are screened with a multi-
modality approach of endoscopic 
US, magnetic resonance cholan-
giopancreatography, and/or en-
doscopic retrograde 
cholangiopancreatography.

 n A strategy incorporating blood 
biomarkers and molecularly tar-
geted imaging agents could lead 
to improved screening and ear-
lier detection of PDAC in the 
future.

 n Numerous blood biomarkers are 
being investigated for the earlier 
detection of PDAC, many of 
which are associated with 
improved sensitivity and/or spec-
ificity for PDAC when compared 
with the only clinically available, 
Food and Drug Administration–
approved blood biomarker for 
PDAC, CA19-9.

 n Novel molecularly targeted im-
aging agents are being developed 
in an effort to improve the speci-
ficity of imaging modalities cur-
rently used to detect pancreatic 
cancer, which include US (trans-
abdominal and endoscopic), CT, 
MR imaging, and PET.

Pancreatic ductal adenocarcinoma 
(PDAC), which accounts for ap-
proximately 90% of all pancreatic 

neoplasms (1), is the fourth-leading 
cause of cancer-related deaths in the 
United States, with more than 37 000 
patients dying of pancreatic cancer ev-
ery year. Unfortunately, the prognosis 
is almost universally poor, with an over-
all 5-year survival rate of approximately 
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expertise. Endoscopic US, the baseline 
test performed in most pancreatic can-
cer surveillance programs, is subjective 
in nature and needs to be performed 
by gastroenterologists with specialized 
training. Computed tomography (CT) 
is not currently used in surveillance of 
the pancreas because it cannot depict 
the precancerous changes or very early 
cancers that initially occur in the small- 
and medium-size ducts; moreover, it ex-
poses individuals to radiation. Because 
surveillance of high-risk individuals is 
relegated to specialized centers of ex-
pertise, continued efforts are needed 
to find a more practical screening ap-
proach for detecting pancreatic cancer 
at earlier stages for the community at 
large. If an imaging test was sufficiently 
accurate and inexpensive, then high-
risk patients would not need to seek 
specialized centers and moderate-risk 
patients with nonhereditary risk fac-
tors, such as new adult-onset diabetics, 
might benefit from screening protocols. 
Average-risk populations might benefit 
from an approach that utilizes serum 
tumor markers, given their low cost 
and wider availability.

Blood Biomarkers for Early PDAC 
Detection

Many blood tests have been evaluated 
for detection of pancreatic cancer but 
none have been sufficiently accurate for 
screening in average- or even moder-
ate-risk individuals (31). Currently, CA 
19-9 is the only Food and Drug Admin-
istration (FDA)–approved clinical bio-
marker for pancreatic cancer. However, 
it is mostly used as a prognostic marker 
for disease monitoring. CA 19-9 is a 
carbohydrate antigen that is present on 
various mucins secreted by pancreatic 
cancer cells (31). The clinical utility of 
CA 19-9 as a diagnostic marker has 
proven to be ineffective due to its low 
sensitivity (60%–70%) and poor speci-
ficity (70%–85%) (31). Because of the 
low prevalence of pancreatic cancer in 
the general population, a clinically ac-
ceptable biomarker would need to have 
near-perfect specificity ( 99%). For 
high-risk patients, a sensitivity of more 
than 90% and a specificity of more than 

surgery, and the increased morbidity 
associated with false-positive results 
(23–25). A Markov model of PDAC 
demonstrated a net decrease in life ex-
pectancy of 3 days for men and 4 days 
for women when a magnetic resonance 
(MR) imaging-based screening strategy 
was used for average-risk patients, pri-
marily driven by morbidity associated 
with unnecessary pancreatic surgeries 
(25). Given the aforementioned rea-
sons, efforts are currently focused on 
surveillance for individuals at high risk 
for developing pancreatic cancer (26). 
It has been recommended that people 
with a greater than 10-fold increased 
risk of developing pancreatic cancer 
be screened. This includes individuals 
with familial pancreatic cancer. The 
guidelines for these genetically suscep-
tible individuals are in a state of flux. 
However, most programs would rec-
ommend screening for individuals who 
have two or more family members with 
pancreatic cancer (with at least one of 
these being a first-degree relative). Sur-
veillance is cost-effective in individuals 
with a lifetime risk of pancreatic cancer 
exceeding or equal to 15% (including 
individuals with p16 mutations or Peu-
tz–Jeghers syndrome) (27). Individuals 
who have a life-time risk of less than 
15% (eg, individuals with BRCA1/2 
mutations, Li-Fraumeni syndrome, 
Lynch syndrome, or familial adenoma-
tous polyposis) but who have at least 
one relative with pancreatic cancer 
could also be considered for screening 
(28,29). In such a setting, risks are cu-
mulative, with the personal risk of the 
mutation carrier compounded by the 
risk conferred by an affected first de-
gree relative. Other risk factors, such 
as smoking or adult-onset diabetes, can 
also play into the risk assessment of an 
individual.

At present, a multimodality screen-
ing approach of endoscopic ultraso-
nography (US), MR cholangiopancrea-
tography (MRCP), and/or endoscopic 
retrograde cholangiopancreatography 
(ERCP) appears to be the most effec-
tive method to screen for pancreatic 
cancer in high-risk patients (28,30). 
However, such an approach is usually 
relegated to surveillance centers of 

the only current treatment affording 
potential long-term survival for PDAC. 
The 5-year survival rate has been re-
ported to be as high as 18% in a large 
single institution experience of patients 
undergoing pancreaticoduodenectomy 
for PDAC (17). Nevertheless, very few 
patients are cured with surgery even 
when the surgical margins are free of 
tumor. This is due in part to a unique 
characteristic of the tumor biology of 
PDAC, namely its propensity to spread 
at a very early stage beyond the pan-
creas via perineural pathways (18,19). 
The autonomic nerve fibers of the celiac 
and mesenteric plexus form conduits 
for retrograde extension of tumor, and 
a variety of neurotrophic factors have 
been implicated in facilitating this mode 
of extrapancreatic invasion (20,21).

Unfortunately, the diagnosis of 
PDAC is often made at an advanced 
stage and fewer than 20% of patients 
are suitable candidates for surgical re-
section. Factors contributing to a delay 
in diagnosis include the inconsistent 
and vague symptoms related to the 
disease, difficulties in visualizing le-
sions at an early stage, and the lack of 
specific and sensitive diagnostic serum 
markers.

Screening for PDAC

The overall 4-year postoperative sur-
vival rate for patients undergoing resec-
tion of small (, 2 cm) stage I ductal 
adenocarcinomas of the pancreas has 
been reported at 78% (22). Forty-two 
percent of those patients were asymp-
tomatic (22). These data suggest that 
detecting pancreatic cancer prior to the 
onset of symptoms might improve the 
dismal prognosis associated with the 
disease. Ideally, for early detection of 
pancreatic cancer in the general popu-
lation, the test would need to be low 
cost, non- or minimally invasive, and 
necessarily have very high specificity. 
However, it is currently neither advis-
able nor cost-effective to screen the 
general population given the low prev-
alence of the disease, the relatively low 
diagnostic accuracy of present detec-
tion methods, the absence of promis-
ing treatment modalities other than 
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perform better than CA 19-9, the spec-
ificity remains too low for use in the 
screening setting.

MicroRNA
MicroRNAs are small noncoding RNAs 
(approximately 22 nucleotides) involved 
in posttranscriptional gene regulation. 
The potential roles of microRNAs as 
oncogenes and tumor suppressor genes 
have provided a new perspective to bio-
marker research. Recent microRNA 
studies suggest the potential of using 
microRNAs as diagnostic biomarkers. 
Plasma miR-221 was shown to be signif-
icantly higher in PDAC and could sep-
arate PDAC from healthy control sub-
jects with sensitivity of 25%, specificity 
of 95%, and area under the receiver 
operating characteristic curve (AUC) 
of 0.74 (40). A panel of four plasma 
microRNAs, including miR-21, miR-210, 
miR-155, and miR-196a, could separate 
pancreatic cancer from control subjects 
with sensitivity of 64%, specificity of 
89%, and AUC of 0.78 (41). However, 
it should be noted that benign pancre-
atic diseases were not included in the 
control groups from the above two 
studies. Inclusion of benign pancreatic 
processes in these studies would likely 
decrease the AUC. Recent studies us-
ing salivary RNA measurements have 
been intriguing. Four messenger RNA 
biomarkers could differentiate patients 
with PDAC from subjects without can-
cer, including those with pancreatitis 
and normal control subjects, with 90% 
sensitivity and 95% sensitivity. These 
data are now being expanded (42).

DNA Methylation
Cancer-specific DNA methylations can 
be detected in tumor tissue, blood, and 
other bodily fluid, providing the fea-
sibility of its utility in diagnosis. DNA 
methylation has been a longstanding 
subject of interest in malignancies. 
Studies have been performed to inves-
tigate pancreatic cancer–specific pro-
moter hypermethylation in plasma and 
to explore it as a diagnostic biomarker. 
Plasma NPTX2 methylation distin-
guished pancreatic cancer from pancre-
atitis with sensitivity of 80% and spec-
ificity of 76% (43). In another study, 

development. A selected reaction mon-
itoring-based targeted proteomics plat-
form was recently developed to directly 
detect candidate biomarker proteins in 
plasma and evaluate their clinical utility 
for pancreatic cancer detection (38). 
By using this simple and robust selected 
reaction monitoring-based multiplexed 
assay, five pancreatic cancer biomarker 
candidates (14–3-3 protein sigma, gel-
solin, lumican, transglutaminase 2, and 
tissue inhibitor of metalloproteinase 1) 
were tested in plasma from a clinically 
well-characterized pancreatic cancer 
cohort. The study developed a bio-
marker panel of gelsolin and lumican 
with 80% sensitivity and 95% specific-
ity in separating early-stage pancreatic 
cancer from healthy control subjects 
and patients with chronic pancreatitis 
(38).

Plasma or serum represents an 
ideal diagnostic specimen for clinical 
tests due to its low cost and easy ac-
cessibility. Unfortunately, it is techni-
cally difficult to study low abundance 
proteins in blood because of its enor-
mous protein complexity. Extensive 
separation at both protein and peptide 
level by using electrophoresis and mul-
tidimensional liquid chromatography is 
one way to enhance the identification 
of low abundant proteins in serum and/
or plasma. By using this approach, 
a large-scale quantitative proteomics 
study was performed to search for the 
plasma protein alterations associated 
with PDAC, and a biomarker panel 
of “tissue inhibitor of matrix metallo-
proteinase-1 (TIMP-1) or intercellular 
adhesion molecule 1(ICAM-1)” was 
identified with 75% sensitivity and 95% 
specificity in distinguishing pancreatic 
cancer from the nonpancreatic disease 
control subjects and chronic pancrea-
titis control subjects (39). In another 
study in which a bead-based multiplex 
immunoassay was used, a biomarker 
panel of CA 19-9, ICAM-1, and os-
teoprotegerin could detect pancreatic 
cancer with 78% sensitivity and 94% 
specificity, and a biomarker panel of CA 
19-9, carcinoembryonic antigen, and 
TIMP-1 demonstrated 71% sensitivity 
and 89% specificity in detecting PDAC 
(32). While these biomarker panels 

90% have been suggested (32). Kim 
et al evaluated CA 19-9 for screening 
asymptomatic people for pancreatic 
cancer and found an unacceptably low 
positive predictive value of 0.9% when 
a level of greater than 37 U/mL was 
used (33). Carcinoembryonic antigen 
and CA-125 are serum antigens that 
are occasionally elevated in pancreatic 
cancer; however, their utility as diag-
nostic biomarkers is even less informa-
tive than that of CA 19-9 for pancreatic 
cancer (34).

Many candidate biomarkers for pan-
creatic cancer have been described in 
the literature, but none have reached 
the clinic largely due to the overlap of 
molecular signatures between pancre-
atic cancer and chronic pancreatitis. 
Ten percent of the US population has 
occult chronic pancreatitis at autopsy, so 
this overlap between cancer and benign 
diseases of the pancreas is important 
(35–37). Extensive research is ongo-
ing to address this challenge, especially 
through the use of newer technologies, 
including quantitative proteomics, the 
measurement of analytes such as mi-
croRNA, metabolites, autoantibodies, 
DNA methylation, K-ras mutation, cir-
culating tumor cells, and assessment of 
the microbiome.

Protein
Protein is the most common analyte for 
blood testing. Recent investigations us-
ing mass spectrometry-based quantita-
tive proteomics for large-scale protein 
profiling of tumors, tumor cells, or 
bodily fluids in both pancreatic cancer 
patients and control subjects have iden-
tified many biomarker candidates. How-
ever, further characterization of these 
putative biomarkers in blood is chal-
lenging. Antibody-based techniques, 
such as enzyme-linked immunosorbent 
assay, represent the current reference 
standard for protein biomarker mea-
surement in the blood. However, the 
creation of high-quality antibody assays 
requires extensive time, resources, and 
effort, leading to a bottleneck in bio-
marker development. Targeted pro-
teomics is an emerging technology that 
is playing an increasingly important 
role to facilitate disease biomarker 
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there is heterogeneity in the diseased 
control subjects that can affect the 
overall specificity. Inherent in the cost-
analysis of any blood test would be the 
requirement for a confirmatory imag-
ing test. Importantly, if a confirmatory 
imaging test were inexpensive, easily 
performed, and noninvasive, then the 
performance requirements of a pan-
creatic cancer–screening test could be 
reduced.

Clinically Available Imaging Modalities 
for Diagnosing PDA 

Transabdominal and Endoscopic US
According to the American College of 
Radiology appropriateness criteria, a 
multiphasic CT is the best first test for 
patients with painless jaundice, the pre-
senting feature in the majority of pa-
tients with PDAC located in the head 
of the pancreas. Despite this, transab-
dominal US is often the initial investi-
gation performed in patients presenting 
with upper abdominal pain or jaundice. 
The technique is inexpensive, widely 
available, and extremely sensitive for 
detecting biliary obstruction (46). How-
ever, the sensitivity of transabdominal 
US for detecting PDAC varies widely 
depending on the size of the tumor, 
ranging from 95% in tumors larger 
than 3 cm to 50% in tumors smaller 
than 1 cm (47). In a recent retrospec-
tive review of 189 patients with pancre-
atic head cancer, the detection rate of 
pancreatic cancer with transabdominal 
US was 82.0%, which was lower than 
that with CT (93.1%) and endoscopic 
US (94.7%) (48).

Focal lesions of the pancreas are 
usually hypoechoic or cystic on trans-
abdominal US images. It is difficult to 
differentiate adenocarcinoma from fo-
cal inflammatory masses secondary to 
chronic pancreatitis, endocrine tumors, 
or other more rare diseases based on 
anatomic B (bright)-mode imaging. 
Figure 1 illustrates several mimics of 
PDAC on US images. The introduction 
of contrast medium increases the diag-
nostic accuracy of transabdominal US. 
By using an intravenous contrast agent, 
contrast material–enhanced US can 

diabetes (one in 300 incidence) and in 
familial pancreatic cancer individuals, 
then the test becomes more cost-effec-
tive (14,15). As such, the creation of 
a screening test for diagnosing pancre-
atic cancer would need to be tailored 
to the population that is being tested: 
(a) general population with average (eg, 
low) risk would need to have a screen-
ing test with almost 100% specificity; 
(b) moderate-risk population, such 
as asymptomatic patients with adult-
onset diabetes, would need to have a 
screening test with high specificity that 
approaches 98%–99%; (c) a diagnos-
tic test for symptomatic patients could 
have somewhat reduced specificity to 
provide high sensitivity; and (d) high-
risk patients, who have a genetic sus-
ceptibility to the disease, need to have a 
high sensitivity screening test (greater 
than 90%–95%) while the specificity 
could be somewhat relaxed. In the lat-
ter setting, individuals with a genetic 
susceptibility of 15% or higher are 
frequently in endoscopic surveillance 
due to their high risk and as such, a 
screening test in this cohort would need 
to distinguish those patients who could 
forego endoscopic US (the mainstay of 
most PDAC surveillance programs) ver-
sus those who would need to undergo 
imaging. In this setting, it would be im-
perative not to miss a pancreatic can-
cer; however, a false-positive test would 
only lead to the endoscopic US that 
would have been performed anyway.

For researchers who are develop-
ing PDAC blood tests, not only is it 
important to tailor the performance 
characteristics to match the pretest 
probability of having pancreatic can-
cer, but also to test the candidate bio-
marker in the setting in which it would 
be used. Control subjects should in-
clude symptomatic patients if the test 
is designed as a diagnostic. Diabetic pa-
tients without pancreatic cancer would 
be included as control subjects if the 
screening test is designed for screen-
ing adult-onset diabetes, and a large 
number of benign pancreatic diseases 
would need to be included for a screen-
ing the general population. In addition, 
control subjects should be derived from 
a variety of geographic locations, as 

methylation of 14 gene promoters dif-
ferentiated PDAC from chronic pancre-
atitis with 91.2% sensitivity and 90.8% 
specificity (44). With the emergence 
of current epigenetic profiling technol-
ogies, recent studies have focused on 
investigation of empirically driven DNA 
methylations associated with cancer. It 
is expected that new hyper- or hypo-
methylated targets associated with can-
cer will be discovered and investigated 
for their utility in diagnosing PDAC.

Other Biomarkers
Other analytes that have been explored 
as diagnostic biomarkers for PDAC in-
clude autoantibodies, metabolites, gene 
mutations, circulating tumor cells, and 
oral microbiome (45). In addition to 
blood, plasma, and serum, other spec-
imen types, such as pancreatic juice, 
cystic fluid, urine, and tissue from nee-
dle biopsies, have also been explored 
for diagnostic biomarkers. The stud-
ies related to these other analytes and 
specimen types are beyond the scope of 
this review article.

Considerations on Cost-Effectiveness 
of a Blood Biomarker Test

In the development of a blood test for 
earlier detection of PDAC, a key factor 
to be considered is whether the blood 
test is cost-effective. In fact, cost-effec-
tiveness studies performed by assessing 
the third-party payer costs of the blood 
test, imaging tests, subsequent medical 
and surgical management that includes 
morbidity and mortality versus life-
years saved suggest that the specificity 
of a test for earlier detection of PDAC 
would need to be very high (25). This 
is because PDAC is a relatively rare 
disease. For example, a blood test with 
98% specificity and 100% sensitivity 
performed in an average-risk popula-
tion would identify one individual with 
PDAC out of 10 000 screened people, 
but 200 individuals would have a false-
positive test. The cost of working up the 
false-positive tests, not to mention the 
psychological stress to the cancer-free 
individual, would be prohibitive. If the 
incidence of pancreatic cancer is high-
er, such as in patients with adult-onset 
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placed within the stomach and duo-
denum in close proximity to the pan-
creas. With its high spatial resolution, 
endoscopic US is able to depict focal 
lesions as small as 2–3 mm, potentially 
enabling detection of pancreatic cancer 
at an early stage. Moreover, endoscopic 
US provides an excellent venue for 
sampling suspicious lesions by means of 
fine needle aspiration or with a biopsy 
needle. Studies over the last 10 years 
indicate that endovascular US has an 
accuracy of approximately 72%–94%, 
with the accuracy increasing in centers 
where gastroenterologists have special-
ized training in endovascular US.

Endoscopic US has been recom-
mended as a method for screening 
high-risk populations for pancreatic 
cancer (57,58). PIN lesions occur in 
the small and midsize pancreatic ducts 
and are too small to be detected on 
CT or MR images. There is no imag-
ing test that can definitively diagnose 
PIN stage III; however, there are non-
specific changes at endoscopic US that 
can suggest that PIN lesions may be 
present in high-risk individuals. These 
changes are similar to the changes that 
are seen in chronic pancreatitis, and 
thus the final diagnosis of PIN lesions 
is made through pathologic evaluation 
of tissue. High-risk patients with posi-
tive endoscopic US findings usually un-
dergo a second imaging test for further 
evaluation–typically MRCP or ERCP. In 
a prospective study using endoscopic 
US to screen for pancreatic cancer in 
high-risk individuals (57), two of 38 pa-
tients undergoing screening endoscopic 
US were found to have clinically signif-
icant pancreatic neoplasms and four of 
38 had benign pancreatic masses. In a 
more recent prospective study by the 
same group, a neoplastic-type lesion 
was seen on endoscopic US images in 
17 of 78 (22%) high-risk individuals, 
with only eight subsequently being diag-
nosed with pancreatic neoplasia. In ad-
dition to the high number of false-posi-
tive findings, endoscopic US is operator 
dependent and is associated with poor 
interobserver agreement for differenti-
ating benign from malignant pancreatic 
lesions even in highly specialized cen-
ters (59,60).

pancreatic cancer—one of the major 
diagnostic challenges when evaluating 
pancreatic lesions (56). On contrast-
enhanced US images, inflammatory 
lesions were characterized by slight 
continuous enhancement inside the 
pancreatic mass, with isovascularity to 
the adjacent pancreatic parenchyma. 
In contrast, the majority (. 90%) of 
PDAC was hypoechoic to the adjacent 
parenchyma during all phases. In that 
particular population, specificity and 
overall diagnostic accuracy for differ-
entiating mass forming pancreatitis 
from malignancy were 97.8% and 96%, 
respectively.

The US evaluation of the pancreas 
can be limited by its deep location 
within the upper abdomen, as well as 
intervening bowel gas and subcutane-
ous fat. Endoscopic US overcomes these 
limitations by utilizing a transducer 

provide dynamic information regarding 
the macro- and microcirculation of fo-
cal lesions and of normal parenchyma 
(49). In the vascular phase, tumor ves-
sels can be seen in or around the le-
sion in approximately 80% of patients 
with pancreatic cancer (50). During the 
perfusion phase of contrast-enhanced 
US, most PDACs are hypoenhancing or 
demonstrate irregular heterogeneous 
enhancement (50,51). Poorly differenti-
ated adenocarcinoma may show a slight 
homogeneous enhancement pattern or 
heterogeneous enhancement (51,52). 
For the diagnosis and differentiation of 
pancreatic malignancies, transabdomi-
nal contrast-enhanced US has yielded 
results comparable to, or better than, 
those of many other diagnostic mo-
dalities (46,53–55). In particular, con-
trast-enhanced US was able to differ-
entiate between focal pancreatitis and 

Figure 1

Figure 1: Mimics of PDAC on transabdominal 
US images. (a) Image in 60-year-old woman with 
history of breast cancer and new abdominal pain 
shows 1.2-cm hypoechoic metastasis (arrow) in 
the head of the pancreas. (b) Image in 69-year-
old man with history of hepatitis B undergoing 
screening US for hepatoma. An approximately 
1.3 3 2.4-cm ill-defined hypoechoic region 
(arrow) is visualized in the uncinate process, 
which represents a normal variant secondary to 
a relative paucity of fat. (c) Power Doppler US 
image in 23-year-old woman with abdominal pain 
shows heterogeneously hypoechoic mass (arrow) 
with cystic components and no significant internal 
vascularity in the body of the pancreas, represent-
ing a solid and pseudopapillary neoplasm of the 
pancreas.
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contrast microbubble showed 4–5.5-
fold increased imaging signal in-
tensity in foci of pancreatic cancer 
compared with normal parenchyma. 
Human toxicity and feasibility studies 
on VEGFR2-targeted contrast micro-
bubbles are currently ongoing (Clini-
calTrials.gov identification numbers 
NCT01253213 and NCT02142608) and 
will determine the sensitivity and effi-
cacy of this novel imaging approach in a 
clinical setting using clinically available 
US imaging equipment (72). Integra-
tion of molecular imaging with endo-
scopic US may further show enhanced 
visibility of early-stage PDAC in future 
clinical trials and may increase inter-
observer agreement of endoscopic US 
examinations.

CT and CT Perfusion
Multiphase multi–detector row CT with 
intravenous contrast medium is the 
preferred diagnostic test for suspected 
pancreatic lesions. CT features of pan-
creatic carcinoma are variable. While 
the majority of pancreatic carcinomas 
are hypoattenuating relative to the 
surrounding pancreatic parenchyma, a 
small percentage (~ 5%) are isoattenu-
ating (73). In addition to the variable 
appearance of PDAC on CT images, 
there are a number of lesions that have 
an appearance similar to PDAC (Fig 3).  
Several secondary signs of pancreatic 
carcinoma have been described to im-
prove the diagnostic accuracy of CT 
for PDAC, including pancreatic ductal 

vasculature of many malignant tumors, 
including pancreatic cancer. Perhaps 
the best examples are the receptors 
of vascular endothelial growth factor. 
Several studies have shown success-
ful US imaging of vascular endothelial 
growth factor receptor 2 (VEGFR2)  
in preclinical animal models of breast, 
colon, prostate, and pancreatic cancer 
(63–70). In a genetically engineered 
mouse model, VEGFR2-targeted US 
imaging allowed detection of precursor 
ductal carcinoma in situ and invasive 
breast cancer with high diagnostic ac-
curacy, by using histologic examination 
as the reference standard (64). Pysz et 
al (63) developed a VEGFR2-targeted 
US imaging platform to reliably detect 
small foci of pancreatic cancer (, 3 
mm), with a 30.8-fold increased im-
aging signal intensity compared with 
that of normal pancreatic parenchyma 
in a genetically engineered pancre-
atic cancer mouse model. Foygel et 
al (71) discovered and validated thy-
mocyte antigen 1 (Thy1) as a new 
PDAC-associated molecular imaging 
target expressed on the neovascu-
lature of pancreatic cancer (Fig 2).  
Expression of Thy1 was significantly 
increased on the neovasculature of hu-
man pancreatic adenocarcinoma com-
pared with tissue from patients with 
primary chronic pancreatitis or normal 
pancreatic parenchyma. Subsequent in 
vivo imaging studies in a genetically 
engineered mouse model of pancreatic 
cancer using a novel Thy1-targeted 

In summary, transabdominal US is 
an inexpensive, widely available, and 
sensitive method for detecting biliary 
obstruction, one of the presenting fea-
tures in many patients with pancreatic 
malignancy. However, its reliance on a 
good acoustic window, low sensitivity 
for smaller lesions, and poor specific-
ity limit its utility for the detection of 
early pancreatic cancer. Endoscopic US 
is not limited by the deep location of 
the pancreas, provides a good venue for 
targeted lesion sampling with fine nee-
dle aspiration, and can depict smaller 
pancreatic lesions better than almost 
any other imaging modality. Its main 
limitation is that it is an invasive proce-
dure, and it is also associated with poor 
interobserver agreement for differenti-
ating benign from malignant pancreatic 
processes. US contrast agents improve 
the sensitivity of both transabdomi-
nal and endoscopic US. However, the 
specificity of contrast-enhanced US for 
differentiating benign from malignant 
pancreatic lesions is relatively low. Im-
proving the specificity of US techniques 
would greatly increase the usefulness of 
the imaging modality for the early de-
tection and characterization of pancre-
atic lesions.

Improving the Specificity of US with 
Molecularly Targeted Contrast Agents
The use of molecularly targeted con-
trast microbubbles as molecular 
probes has the potential to improve the 
sensitivity and specificity of contrast-
enhanced US. Targeted microbubbles 
are created by attaching disease-spe-
cific ligands such as antibodies, pep-
tides, and other small molecules to 
the microbubble shell surface (61,62). 
These ligands promote the selective 
targeting and retention of the acous-
tically active microbubbles at sites of 
disease, thereby providing contrast 
with adjacent nondiseased tissue. The 
microbubbles remain within the vascu-
lar space after intravascular adminis-
tration, which limits targeting to mol-
ecules that are overexpressed on the 
surface of endothelial cells of the tumor 
vasculature. Despite this apparent lim-
itation, multiple biomarkers crucial for 
angiogenesis are overexpressed in the 

Figure 2

Figure 2: Detection of an approximately 3-mm PDAC by using US molecular imaging in a PDAC mouse 
model. Contrast microbubbles (MB

Thy1 
) targeted at a recently identified PDAC-associated molecular marker, 

Thy1, specifically accumulate in a small tumor and result in substantial increase in imaging signal at the 
tumor focus compared with surrounding normal tissue (left). Note that there is only background signal when 
control microbubbles (MB

Control 
) were injected (right). 
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perfusion parameters of pancreatic ad-
enocarcinoma, such as blood flow and 
blood volume, tend to be decreased 
due to the decreased vascularity rel-
ative to normal pancreatic tissue. For 
instance, Kandel et al showed a signif-
icant decrease in mean blood flow in 
30 patients with pancreatic adenocar-
cinoma (32 mL/min/100 mL) compared 
with those with normal pancreatic tis-
sue (75 mL/min/100 mL in the head, 
94 mL/min/100 mL in the body, and 92 
mL/min/100 mL in the tail) (83). Xu 
et al also demonstrated a significant 
decrease in blood flow in 40 patients 
with pancreatic adenocarcinoma (29.5 
mL/min/100 mL) compared with nor-
mal parenchyma of 36 control patients 
(141.28 mL/min/100 mL for the head, 
128.43 mL/min/100 mL for the body, 
and 135.73 mL/min/100 mL for the tail) 
(84).

While multidetector CT can be an 
excellent choice for the diagnosis and 
staging of pancreatic malignancies, 
it has several limitations that make it 
unsuitable as a screening modality at 
the level of the general population. The 
diagnostic accuracy is limited for small 
(, 1 cm) PDAC. As demonstrated 
through creation of campaigns such as 
Image Wisely and Image Gently, there 

and the entire upper abdomen to eval-
uate for liver metastases and peritoneal 
seeding. CT is critical for differentiating 
between resectable, borderline resect-
able and unresectable tumors based on 
the extent of surrounding vascular inva-
sion. Kaneko et al evaluated the ability 
to predict resectability of pancreatic 
carcinoma by using multidetector CT 
angiography. By using surgery as the 
reference standard, multidetector CT 
angiography was found to have sensitiv-
ity, specificity, positive predictive value, 
negative predictive value, and accuracy 
of 100%, 71%, 85%, 100%, and 89%, 
respectively (78).

In CT perfusion, functional infor-
mation regarding the blood perfusion 
of a lesion is obtained in addition to the 
anatomic or morphologic information 
from the conventional CT (79). Dur-
ing CT perfusion imaging, the transit 
of an intravenous CT contrast medium 
is monitored as it passes through a 
region of interest. Physiologic param-
eters of the tissue can then be esti-
mated, including capillary permeability, 
fractional intravascular blood volume, 
blood flow, and tissue interstitial vol-
umes. Several studies have evaluated 
the use of CT perfusion imaging for as-
sessment of PDAC (80–84). In general, 

dilatation, interruption of the pancre-
atic duct, and distal parenchymal at-
rophy (Fig 4). Ahn et al (74) reported 
the sensitivity and specificity of focal 
pancreatic hypoattenuation, pancre-
atic duct dilation, interruption of the 
pancreatic duct, and distal parenchy-
mal atrophy to be 75% and 84%, 50% 
and 78%, 45% and 82%, and 45% and 
96%, respectively.

Intravenous contrast medium in-
creases the difference in attenuation 
between a pancreatic carcinoma and 
the surrounding pancreatic tissue (75). 
The timing of image acquisition af-
ter the administration of intravenous 
contrast material is important. Lu et 
al (76) first implemented a two-phase 
technique and reported that the mean 
contrast between the tumor and pan-
creas during the pancreatic phase 
(40–70 sec after infusion of intrave-
nous contrast material at 3 mL/sec) 
was significantly greater than during 
the hepatic phases (70–100 sec after 
infusion). The biphasic technique has 
improved the detectability of pancreatic 
adenocarcinoma, with sensitivity rang-
ing from 89% to 97% (77).

CT is the reference standard for 
staging PDAC once the diagnosis is 
made. CT allows visualization of the liver 

Figure 3

Figure 3: Pitfalls of CT for evaluating pancreatic mass lesions. (a) Coronal volume-rendered CT image in 35-year-old man with midepigastric pain and jaundice 
thought to have PDAC given the presence of a hypoattenuating mass (arrow) in the head and uncinate process of the pancreas and associated dilation of the 
common bile duct (white arrowhead). The patient underwent a Whipple procedure and pathologic examination demonstrated autoimmune pancreatitis. Note the 
lack of dilation of the pancreatic duct (black arrowhead). (b) Curved planar reformatted CT image in 50-year-old man with history of alcohol abuse shows a focal 
hypoattenuating mass (arrow) in the tail of the pancreas secondary to focal pancreatitis. Serial CT scans over several years (not shown) showed gradual atrophy 
of the lesion. (c) Axial CT image in 49-year-old woman with gastric outlet obstruction and abdominal pain shows a focal hypoattenuating mass in the region of the 
head of the pancreas. The patient was initially thought to have groove pancreatitis. She subsequently underwent a Whipple procedure and pathologic examination 
demonstrated PDAC.
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molecular imaging of activated vessels 
specifically, which may prove useful for 
the early detection of neoplastic pro-
cesses. These studies are promising, 
but the use of CT as a molecular im-
aging modality has yet to be fully de-
fined. The low sensitivity and need for 
relatively large quantities of contrast 
medium currently limits wider adop-
tion of molecularly-targeted CT imag-
ing (88,94).

ERCP Technique
ERCP is an invasive technique but 
remains the procedure of choice for 
high-resolution assessment of biliary 
and pancreatic ductal anatomy. Con-
trast material is injected directly into 
the pancreatic ducts under fluoro-
scopic guidance. Because PDAC is of 
ductal origin, ERCP is very sensitive 
(78%–95%) and specific (88%–95%) 
for detecting pancreatic malignancies 
(95,96). However, it is not as sensitive 
as endoscopic US. Moreover, ERCP is 
not suitable as a screening tool given 
its invasiveness and associated compli-
cations (chiefly, the risk of acute pan-
creatitis), which are not encountered 
with other noninvasive imaging modal-
ities. Thus, ERCP is usually reserved 
for situations in which a therapeutic 
intervention could be required, such 

are also growing concerns regarding 
the increased risk of developing can-
cer after repeated exposures to radia-
tion from medical imaging. In addition, 
contrast agents currently used for CT 
are limited in their applicability in pa-
tients with reduced renal function. CT 
perfusion imaging enables detection of 
altered perfusion parameters and will 
likely translate to improved treatment 
monitoring. However, it is unclear 
whether CT perfusion imaging is sen-
sitive enough for the early detection of 
pancreatic cancer. CT perfusion imag-
ing is also associated with even higher 
doses of radiation than conventional CT 
examinations, making it unsuitable for 
widespread use as a screening modality. 
Other techniques, such as dual-energy 
CT, are being developed to increase the 
conspicuity of lesions at CT. However, 
additional clinical experience is needed 
to better characterize them (85).

Improving the Specificity of CT by Using 
Encapsulated Contrast Medium–targeting 
Biomarkers
A promising alternative to bolus injec-
tions of nonspecific contrast media is 
the use of intravenous contrast agents 
that have been encapsulated in lipo-
somes, which are highly biocompati-
ble and associated with less toxicity. 

Figure 4

Figure 4: Images in 81-year-old man with ductal adenocarcinoma of the pancreatic head. (a) Small–field-of-view transverse CT image shows an ill-defined 2.2 3 
2.8-cm hypovascular lesion (white arrow) in the pancreatic head and a biliary stent in place (black arrow). (b) Small–field-of-view axial CT image at a slightly more 
superior level compared with a shows dilatation of the pancreatic duct (arrowheads) distal to the mass and marked atrophy of the pancreatic body and tail. (c) Coned-
down sagittal CT image shows mass (arrow) encasing the proximal superior mesenteric artery (arrowheads), which remains patent.

Studies have demonstrated the feasi-
bility of using iodinated liposomes with 
micro-CT, including the ability to de-
tect submillimeter vessels (86,87). In a 
similar fashion as described earlier for 
US, attempts have been made to im-
prove the specificity of the technique 
by inserting specific ligands into the li-
posomal membranes (88,89). To date, 
there have been no reports using this 
technique to specifically target PDAC. 
In an in vitro experiment, Danila et 
al (90) demonstrated specific binding 
of anti-intercellular adhesion mole-
cule 1 (ICAM-1)-conjugated liposomes 
filled with CT contrast medium to ac-
tivated human coronary artery endo-
thelial cells expressing ICAM-1. Wyss 
et al (91) successfully designed an E-
selectin–targeted iodine-containing li-
posome specific for E-selectin, which 
is expressed on the surface of endo-
thelial cells in response to inflamma-
tory processes (92) or on proliferating 
endothelial cells (93). In vitro exper-
iments and in vivo micro-CT imaging 
of human colorectal cancer (HT-29 
cells)-bearing mice demonstrated ac-
cumulation of the targeted liposomes 
to activated vessels. Hence, the differ-
ential expression of E-selectin between 
proliferating and quiescent cells makes 
E-selectin an optimal candidate for 
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center studies are 85%–93% and 72%–
79%, respectively (101,102).

In addition to routine multiplanar 
MR studies, MRCP can be used to non-
invasively characterize the biliary and 
pancreatic ducts. MRCP utilizes heavily 
T2-weighted sequences to show the sig-
nal of static or slow-moving fluid-filled 
structures. Studies have demonstrated 
that MRCP is comparable to the more 
invasive ERCP for the diagnosis of pan-
creatic tumors that involve the main 
pancreatic duct (103,104). However, 
the precancerous lesions, such as PIN 
grade 3, which can cause narrowing, 
blebbing, or ectatic side-branches, can 
be more difficult to assess with MRCP. 

acini of the pancreatic parenchyma. 
Normal pancreatic tissue demonstrates 
a uniform capillary blush immediately 
after contrast enhancement and fades 
to isointense signal relative to the liver 
on interstitial phase images. In con-
trast, pancreatic cancer has a relatively 
abundant fibrous stroma and sparse 
tumor vascularity, which translates to 
a low signal intensity on noncontrast 
T1-weighted fat-suppressed images and 
less enhancement than the surrounding 
normal pancreatic tissue on immediate 
postcontrast images (100) (Fig 5). Re-
cently reported values for the sensitiv-
ity and specificity of MR imaging for the 
diagnosis of pancreatic cancer in single 

as stent placement, when performing 
the diagnostic evaluation.

MR Imaging and MRCP
Relative to CT, MR imaging has the 
advantage of improved soft-tissue con-
trast resolution and no reliance on 
ionizing radiation. Currently, PDAC is 
best detected by using nonenhanced 
T1-weighted fat-suppressed gradient-
recalled-echo imaging followed by 
contrast-enhanced imaging with gado-
linium-based contrast agents (97–99). 
Normal pancreatic tissue has high sig-
nal intensity on noncontrast T1-weight-
ed fat-suppressed images because of 
the presence of aqueous protein in the 

Figure 5

Figure 5: Images acquired with a 1.5-T imager in 70-year-old man with pancreatic head ductal adenocarcinoma. (a) Fat-suppressed 
T1-weighted postcontrast image (repetition time msec/echo time msec, 2.9/1.3) shows a 2.3 3 2.0-cm mass (arrow) in the head of 
the pancreas. Note that the mass is hypoenhancing relative to the normal surrounding pancreatic parenchyma (arrowhead). (b) Coronal 
T2-weighted MRCP image (815/180) shows a T2 hyperintense obstructing mass (arrow) in the head of the pancreas with associated 
dilation of the main pancreatic duct (arrowhead) and atrophy of the body and tail of the pancreas. (c) Diffusion-weighted image (11.3/ 
59.9) and (d) apparent diffusion coefficient map confirm that the mass (arrow) is associated with restricted diffusion.
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such plectin-1 or epidermal growth fac-
tor receptor, which are overexpressed 
in pancreatic cancer, have been pub-
lished. Targeted contrast agents were 
developed by attaching peptide or 
single-chain antibodies to iron oxide 
nanoparticles and imaged (121,122). 
Results of these studies using tissue  
specimens and subcutaneously im-
planted tumors in animal models (Fig 6)  
demonstrated the feasibility of using 
targeted nanoparticle probes for both 
ex vivo and in vivo MR imaging. Molec-
ular MR imaging for earlier detection of 
PDAC has not yet been translated into 
clinical trials.

The role of MR imaging for the 
early detection of pancreatic cancer 
continues to evolve. MR imaging is 
particularly attractive as a screening 
modality because it does not rely on 
ionizing radiation and can be used for 
patients with an allergy to iodinated 
contrast material. Moreover, MR imag-
ing is associated with excellent soft-tis-
sue contrast and the ability to evaluate 
the ducts with use of MRCP. Despite 
these advantages and a comparable di-
agnostic accuracy for staging pancreatic 
cancer, multidetector CT continues to 
be more widely used than MR imaging 
for diagnosing and staging pancreatic 
cancer. Greater adoption of MR imag-
ing is likely limited by the higher spa-
tial resolution, lower cost, and greater 
availability of multidetector CT.

FDG PET
Elevated uptake of 18 fluorine (18F) 
fluorodeoxyglucose (FDG) has been 
demonstrated in most primary malig-
nant tumors because of increased me-
tabolism of glucose (123). Early studies 
demonstrated quantitative and selective 
overexpression of GLUT-1 transporters 
in malignant pancreatic lesions (124), 
while normal pancreatic tissue has low 
glucose utilization. Studies have dem-
onstrated that FDG PET has a rela-
tively high sensitivity (88%–94%) but 
variable specificity (60%–94%) for 
differentiating benign from malignant 
pancreatic masses (125–130). Com-
pared with CT and MR imaging, FDG 
PET is more sensitive for detection of 
small pancreatic tumors (131,132) and 

investigators have described the use of 
MR spectroscopy to characterize pan-
creatic neoplasms. Cho et al found less 
lipid in chronic focal pancreatitis than 
in PDAC, with a sensitivity and speci-
ficity of 100% and 53.3%, respectively, 
for differentiating pancreatic cancer 
from focal pancreatitis (115). Ma et al 
used MR spectroscopy at 3 T to com-
pare the metabolic features of PDAC 
with that of normal pancreas in control 
subjects (116). When compared with 
normal pancreas, choline-containing 
compounds, fatty acids, and lipids were 
all decreased in PDAC. The authors 
hypothesized that the hypoperfusion 
and hypometabolism of PDAC relative 
to the surrounding pancreatic paren-
chyma contribute to these changes. MR 
spectroscopy is a promising method for 
improving the sensitivity, but not the 
specificity, for the diagnosis of PDAC. 
However, metabolic molecular informa-
tion is currently limited by the relatively 
low magnetic field and signal strength 
associated with MR spectroscopy for 
clinic use.

Potential Improvements of MR Imaging 
with Molecularly Targeted Contrast 
Agents
MR imaging is associated with excel-
lent soft-tissue contrast, but low sen-
sitivity, which makes the development 
of molecular probes more challeng-
ing compared with other modalities 
such as positron emission tomography 
(PET, discussed below), US, and op-
tical imaging. Contrast agents based 
on nanoparticulate probes with a high 
payload of contrast-generating metals 
have been developed to overcome the 
low sensitivity associated with MR im-
aging. Tumor-targeted MR imaging has 
been performed by using gadolinium 
(III)-containing micelles and liposomes, 
superparamagnetic iron oxide nanopar-
ticles, and manganese (II) chelates 
(88,89,117–120). At present, super-
paramagnetic iron oxide nanoparticles 
are the most attractive due to their 
chemical stability and biocompatibility, 
with an overall hydrodynamic diameter 
of less than 50 nm, much smaller than a 
cell (normally 10–30 mm) (120). Studies 
on MR imaging–targeting biomarkers 

Although ERCP has served as the refer-
ence standard, the advantage of MRCP 
over endoscopic US is that it can be 
combined with routine multiplanar MR 
of the upper abdomen to evaluate not 
only the pancreatic and biliary ducts, 
but also the liver.

Diffusion-weighted MR Imaging
Diffusion is caused by random molec-
ular motion, also known as Brownian 
motion (105). Diffusion-weighted (DW) 
MR imaging is the only imaging method 
that can be used to evaluate the diffu-
sion process in vivo. DW imaging is 
increasingly being used within the ab-
domen (106,107). Various malignant tu-
mors demonstrate high-signal-intensity 
on DW images, likely reflecting high 
cellularity and/or a long T2 relaxation 
time (108). Several investigators have 
used DW imaging to detect PDAC. 
Muraoka et al (109) reported that the 
apparent diffusion coefficient (ADC) 
in PDAC correlates with tumor fibro-
sis rather than with tumor cellularity. 
Ichikawa et al reported a very high sen-
sitivity (96.2%) and specificity (98.6%) 
for detecting PDAC using DW imaging 
only (106). More recent studies have 
reported that pancreatic cancer ex-
hibits a high signal intensity on DW im-
ages with a significantly decreased ADC 
value compared with that of normal pa-
renchyma (107,110) (Fig 5). ADC has 
also proven helpful for differentiating 
between pancreatic cancer and mass-
forming focal pancreatitis (111,112). 
While the results of these studies indi-
cate that DW imaging may be useful for 
characterizing pancreatic lesions, it has 
yet to be shown that DW imaging can 
help detect pancreatic cancer at an ear-
lier stage. It is also unclear how much 
diagnostic accuracy is improved, if at 
all, when DW imaging is added to MR 
protocols for PDAC. Kartalis et al found 
similar diagnostic accuracy for pancre-
atic cancer when comparing their con-
ventional MR protocol to the same MR 
protocol with DW imaging added (113).

MR Spectroscopy
MR spectroscopy provides a nonin-
vasive measurement of biochemical 
information in vivo (114). Several 
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and CT, the ability of FDG imaging to 
provide accurate anatomic localization 
has been improved greatly (Fig 7). Sev-
eral articles (136,137) have reported 
a higher sensitivity, but not specificity, 
of PET/CT for detection of pancreatic 
cancer when compared with CT or PET 
alone. In a recent meta-analysis com-
paring FDG PET, combined FDG PET/
CT, and endoscopic US for diagnosing 
primary pancreatic carcinoma, the 
pooled sensitivity for PET/CT was high-
er than that of PET and endoscopic US, 
while the pooled specificity estimate 
for endoscopic US was higher than that 
for PET and PET/CT (136). Currently, 
the relatively low specificity, high cost, 
somewhat limited availability, and ion-
izing radiation all limit the use of PET 
or PET/CT as a first-line diagnostic tool 
for pancreatic cancer. PET/CT can help 
establish the diagnosis of pancreatic 
carcinoma in patients suspected of hav-
ing pancreatic cancer in whom CT fails 
to identify a discrete tumor mass or in 
whom fine needle aspirations are non-
diagnostic (137).

Improving Sensitivity and Specificity of 
PET with New Radiotracers
Carbon 11 (11C)-acetate PET, which is 
thought to be metabolized by entering 
the lipid synthesis pathway (138), may 
also be useful for malignant tumor diag-
nosis. As the cellular uptake of acetate 
is not affected by glucose metabolism, 
11C-acetate PET may provide superior 
detectability over FDG PET for malig-
nancy and is expected to be equally 
effective even in hyperglycemic states. 
In a recent study, Zhao et al (139) re-
ported earlier detection of pancreatic 
cancer xenografts with 11C-acetate PET 
than with FDG PET, but the ratio of 
radiotracer accumulation between tu-
mor and nontumor in 11C-acetate PET 
was lower than that in FDG PET during 
the same period. Another radiotracer, 
18F-FEDL, which is overexpressed in 
peritumoral pancreatic acinar cells, 
was reported to be helpful for detec-
tion of small pancreatic cancer lesions 
(140). Additional studies are needed to 
evaluate the performance of new radio-
tracers for detecting and characterizing 
pancreatic cancer specifically.

particularly in patients with mass-
forming pancreatitis (135). With the 
development and combination of PET 

recurrent pancreatic cancer (133,134). 
However, PET has been associated with 
a high rate of false-positive results, 

Figure 6

Figure 6: In vivo MR imaging with epidermal growth factor receptor (EGFR)-targeted iron oxide nanopar-
ticles using an orthotopic human pancreatic cancer xenograft model. (a) Pre- and postcontrast T2-weighted 
fast spin-echo images at 5 and 30 hours after injection of single-chain anti-EGFR antibody (ScFvEGFR) 
conjugated to magnetic iron oxide nanoparticles show selective accumulation of the nanoparticles within 
the pancreatic tumors, as evidenced by a decrease in signal within the tumor (dash-lined pink circle). Upper 
and lower panels show different levels from the same mouse. Signal changes were also noted in liver (green 
arrow) and spleen. Lower right image shows the corresponding gross specimen with the intrapancreatic tu-
mors (blue arrows). (b) MR images from a mouse that received nontargeted control iron oxide nanoparticles 
did not show detectable signal changes at similar time points. Lower right image shows the corresponding 
gross specimen within the tumor (blue arrow). (Adapted and reprinted, with permission, from reference 122.)
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agent should be quickly tested in pi-
lot clinical trials to assess its efficacy 
in patients. If the agent continues to 
show promise in the clinical setting, 
its development could be expedited, 
whereas its development could be halt-
ed immediately in case of disappointing 
results. This recognition of quick and 
early failure would give researchers 
the opportunity to save resources and 
concentrate their efforts on the most 
promising contrast agent candidates to 
be moved through the different phases 
of clinical trials. However, since mo-
lecular imaging agents are treated as 
drugs by the FDA, they must undergo 
the same lengthy approval process as 
any other drug. This does not allow 
for quick go or no-go decisions for 
many contrast agents. Fortunately, for 
PET agents that are injected in trace 
amounts (defined as  100 µg for im-
aging agents and 30 nmol for protein 
products), an exploratory investigative 
new drug application (IND) pathway 
had been introduced by the FDA, al-
lowing translation into early first-in-
human phase 0 clinical trials, with less 
requirements for preclinical animal 
testing than is typically needed for a 
traditional IND (88). Researchers from 
the Crump Institute for Molecular im-
aging at the University of California 
Los Angeles recently reported on a 

Finally, given that 95% of patients 
with ductal pancreatic cancer carry 
12th codon activating mutations in their 
KRAS2 oncogenes, attempts have been 
made to image mutant KRAS2 mRNA 
activation by using PET and mutant 
KRAS2 peptide nucleic acid (143,144). 
By using IGF1R (insulin-like growth fac-
tor 1)-overexpressing AsPC-1 pancreas 
cancer xenografts in immunocompro-
mised mice, a [(64)Cu]KRAS-IGF1 ra-
diohybridization probe resulted in im-
proved tumor contrast on PET images, 
with an 8.6-fold increase in signal in-
tensity within the human pancreas can-
cer xenografts when compared with the 
contralateral muscle.

Challenges Translating New Molecularly 
Targeted Contrast Agents into the Clinic
It is expected that ongoing comple-
mentary research on new biomarker 
and imaging-based approaches will re-
sult in earlier detection of pancreatic 
cancer in the future. However, one of 
the challenges in developing new mo-
lecular imaging-based approaches with 
novel contrast agents is the inability 
to fail quickly and early during the 
contrast agent development process, 
in particular during the costly phases 
of clinical testing. Ideally, once a new 
contrast agent has shown to be safe 
and effective in preclinical studies, the 

With recent advances in nanopar-
ticle engineering, radiolabeled anti-
body or gene-based probes have been 
developed that target specific proteins 
or genes overexpressed on the surface 
or inside tumor cells (or vascular en-
dothelial cells). These targeted probes 
promise to increase diagnostic specific-
ity. For example, the epithelial cell sur-
face receptor avb6 is overexpressed in 
many different cancers, including pan-
creatic, cervical, lung, and colon can-
cers. Hausner et al (141) have shown 
the feasibility of imaging avb6 in vivo 
by using PET and a new radiotracer, 
[18F]FBA-A20FMDV2 and its improved 
format [18F]FBA-PEG28-A20FMDV2. 
With the new compounds, they were 
able to achieve excellent tumor re-
tention and good clearance of non-
specifically bound tracer resulting in 
tumor-pancreas biodistribution ratios 
of greater than 23:1 in a mouse model 
of pancreatic carcinoma. Kimura et al 
have also successfully targeted integrin 
avb6 using pancreatic and epidermoid 
cancer xenografts or orthotopic models 
(142). They engineered peptides with a 
high affinity and specificity for integrin 
avb6, but no cross-reactivity to related 
integrins. Uptake of the radiotracers by 
integrin avb6-expressing tumors was 
rapid and high, and off-target back-
ground was minimized.

Figure 7

Figure 7: Images in 56-year-old man with biopsy-proven ductal adenocarcinoma of the pancreatic tail. (a) Low-dose noncontrast CT 
image acquired for attenuation correction and anatomic localization shows focal prominence of the pancreatic tail (arrow) suggestive of an 
underlying mass. (b) Fused, attenuation-corrected FDG PET-CT image demonstrates focal uptake of FDG (arrow) in the pancreatic tail.



Radiology: Volume 277: Number 3—December 2015 n radiology.rsna.org 657

REVIEW: Pancreatic Ductal Adenocarcinoma: in Vitro Diagnostics with in Vivo Imaging  Laeseke et al

 10. Lynch HT, Smyrk T, Kern SE, et al. Fa-
milial pancreatic cancer: a review. Semin 
Oncol 1996;23(2):251–275.

 11. Shi C, Hruban RH, Klein AP. Familial 
pancreatic cancer. Arch Pathol Lab Med 
2009;133(3):365–374.
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Res 2004;64(7):2634–2638. 
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Pancreatic cancer-associated diabetes mel-
litus: prevalence and temporal association 
with diagnosis of cancer. Gastroenterology 
2008;134(1):95–101. 

 15. Pannala R, Basu A, Petersen GM, Chari 
ST. New-onset diabetes: a potential clue 
to the early diagnosis of pancreatic cancer. 
Lancet Oncol 2009;10(1):88–95. 

 16. Liao WC, Chien KL, Lin YL, et al. Adju-
vant treatments for resected pancreatic 
adenocarcinoma: a systematic review 
and network meta-analysis. Lancet Oncol 
2013;14(11):1095–1103. 

 17. Winter JM, Cameron JL, Campbell KA, 
et al. 1423 pancreaticoduodenectomies for 
pancreatic cancer: a single-institution expe-
rience. J Gastrointest Surg 2006;10(9):1199–
1210; discussion 1210–1211. 

 18. Zhang JF, Hua R, Sun YW, et al. Influence 
of perineural invasion on survival and re-
currence in patients with resected pan-
creatic cancer. Asian Pac J Cancer Prev 
2013;14(9):5133–5139. 

 19. Chatterjee D, Katz MH, Rashid A, et al. 
Perineural and intraneural invasion in post-
therapy pancreaticoduodenectomy speci-
mens predicts poor prognosis in patients 
with pancreatic ductal adenocarcinoma. 
Am J Surg Pathol 2012;36(3):409–417. 

 20. Hermanek P. Pathology and biology of pan-
creatic ductal adenocarcinoma. Langen-
becks Arch Surg 1998;383(2):116–120. 

 21. Liu H, Li X, Xu Q, Lv S, Li J, Ma Q. Role of 
glial cell line-derived neurotrophic factor in  
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chim Biophys Acta 2012;1826(1):112–120.

 22. Furukawa H, Okada S, Saisho H, et al. 
Clinicopathologic features of small pancre-
atic adenocarcinoma: a collective study. 
Cancer 1996;78(5):986–990. 

 23. Gemmel C, Eickhoff A, Helmstädter L, 
Riemann JF. Pancreatic cancer screening: 
state of the art. Expert Rev Gastroenterol 
Hepatol 2009;3(1):89–96. 

discussed above. While many of these 
probes are early in development, re-
sults of preliminary studies are promis-
ing and suggest that these approaches, 
in combination with biomarkers, will 
potentially lead to improved screening 
and early detection of PDAC in the 
future.
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