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Introduction

A hallmark of cancer cells is the deregulated
uptake of glucose in an effort to sustain the bio-
synthetic demands of rapid cellular proliferation
[1, 2]. This metabolic process was first described
by German physiologist Otto Warburg in the
1920s. In the seminal study, Warburg et al.
observed a significant increase in glucose con-
sumption and lactic acid production by cancer
cells as compared to normal (non-cancerous)
cells, despite aerobic conditions, suggesting an
anomalous energy metabolism [3]. Subsequent
investigators have corroborated this clinical
observation and concluded that cancer cells have
the ability to reprogram their energy metabolism
such that they rely primarily on glucose catabo-
lism for cellular energy production. In contrast,
the energy pathway favored by normal tissue
cells under aerobic conditions is the coupling of
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glycolysis with mitochondrial oxidative phos-
phorylation, as it yields an approximately 18-fold
increase in energy production in comparison to
glycolysis alone [2]. However, cancer cells are
able to compensate by upregulating glucose
transporters (GLUT) on the cell membrane,
namely, GLUTI, resulting in an increased uptake
of glucose into cells [2, 4].

Today, molecular imaging techniques such
as integrated '®F-fluorodeoxyglucose positron-
emission tomography with computed tomog-
raphy (FDG-PET/CT) have enabled the
visualization and quantification of such cellular
processes using molecular probes which mimic
endogenous substrates metabolized by cells.
FDG is a radioactive glucose analog which is
imported into cells via GLUT. However, FDG is
not completely metabolized upon entry into
cells, in contrast to glucose, and accumulates
proportionately to the amount of uptake and
metabolic activity within cells [4]. This results
in an increased accumulation of FDG within
cells, particularly those which have high rates of
glycolytic activity as cancers cells.

High levels of FDG uptake have been observed
in several solid tumors and associated with poor
survival outcomes [5-8]. This clinical observa-
tion has fueled the hypothesis that tumor FDG
avidity on FDG-PET/CT may be a surrogate
marker for tumor biology. Among patients with
pancreatic cancer, tumor characteristics on FDG-
PET/CT have been shown to closely correlate
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with clinical outcomes. For example, pancreatic
cancers which have high levels of FDG uptake on
pretreatment FDG-PET/CT imaging have been
associated with more aggressive histologic tumor
grade, early treatment failures, and poor survival
outcomes, despite the receipt of multimodality
therapy [8—14]. However, the role of FDG-PET/
CT imaging in the management of pancreatic
cancer has been somewhat limited and remains
poorly defined. This chapter will review the use
of FDG-PET/CT imaging as a prognostic tool
among patients with pancreatic cancer.

FDG-PET/CT in the Staging
of Pancreatic Cancer

At present, FDG-PET/CT is primarily utilized in
the context of equivocal extra-pancreatic lesions
on staging CT concerning for metastases or in
select patients thought to be high risk for harbor-
ing occult metastases due to either a large pri-
mary tumor, significant elevation of serum
carbohydrate antigen 19-9 (CA19-9), or the
presence of suspicious lymph nodes on CT imag-
ing. FDG-PET/CT has been shown to improve
the detection of occult metastases in patients with
pancreatic cancer. In a review including 65
patients with localized pancreatic cancer, clinical
staging was performed using CT angiogram and
FDG-PET/CT, and the sensitivities for detecting
metastases were 57% and 61% using CT angio-
gram and FDG-PET/CT, respectively. However,
when FDG-PET/CT was used in combination
with CT angiogram, the sensitivity for detecting
metastases increased to 87%. Importantly, the
detection of occult metastatic disease with FDG-
PET/CT altered the initial plan of care in 7 (11%)
of the 65 patients [15]. Similarly, in a review of
71 patients with locally advanced pancreatic can-
cer who underwent FDG-PET/CT imaging as
part of radiation therapy planning, FDG-PET/CT
detected occult metastases in 19 (26%) patients
which were not identified on CT imaging. In each
of these 19 patients, the treatment modality and/
or sequencing of therapies were influenced by the
diagnosis of metastatic disease [16]. This under-

scores the importance of accurate staging of dis-
ease and the value of multimodality imaging,
which may prevent the application of invasive
therapies to patients who will derive little onco-
logic benefit yet endure the associated
morbidity.

In the absence of suspected metastatic disease,
the routine use of FDG-PET/CT is not recom-
mended [17]. This is largely due to conflicting
evidence that FDG-PET/CT imaging improves
the accuracy of diagnosis of pancreatic cancer as
compared to CT alone. A recent multi-institutional
study including 550 patients with suspected pan-
creatic cancer found FDG-PET/CT to be superior
to CT at diagnosing pancreatic cancer. In this
study, all patients underwent both multidetector
CT and FDG-PET/CT imaging as part of their
diagnostic evaluation, and 261 (47%) of the 550
patients were found to have pancreatic cancer.
Multidetector CT had a sensitivity and specificity
of 88.5% and 70.6%, respectively, at diagnosing
pancreatic cancer, whereas FDG-PET/CT had a
sensitivity and specificity of 92.7% and 75.8%,
respectively [18]. However, prior meta-analyses
have demonstrated comparable diagnostic capa-
bilities for CT and FDG-PET/CT [19, 20].

A meta-analysis including 65 studies demon-
strated a pooled sensitivity and specificity of 91%
and 85%, respectively, for diagnosing pancreatic
cancer with conventional CT imaging. In addi-
tion, CT was determined to be superior to both
magnetic resonance imaging (MRI) and ultra-
sound (US) at diagnosing pancreatic cancer;
FDG-PET/CT was not evaluated in this study
[19]. However, in later meta-analysis which
included 35 studies, the pooled sensitivity and
specificity were 90% and 76%, respectively, for
diagnosing pancreatic cancer with FDG-PET/CT
imaging. Therefore, the authors of this analysis
concluded that FDG-PET/CT may not provide
any additional benefit to CT at diagnosing pan-
creatic cancer. Interestingly, in the discussion of
this analysis, the authors proposed the clinical
utility of FDG-PET/CT may be disease prognos-
tication, as several studies in the meta-analysis
reported a correlation between tumor FDG avid-
ity and survival outcomes [20].
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Prognostic Value of Pretreatment
FDG-PET/CT Imaging

Value of Pretreatment FDG-PET/CT

There is substantial evidence to suggest that
tumor FDG avidity on FDG-PET/CT imaging
may be prognostic of patient outcomes. Several
parameters to quantify FDG uptake by tumor
cells have been evaluated, including maximal
standard uptake value (SUV), total lesion gly-
colysis (TLG), and metabolic tumor volume
(MTV); however, SUV may be the most well
studied. SUV is a semi-quantitative measure of
FDG uptake which is determined by the equa-
tion: [region of interest activity (mCi/mL) x
patient body weight (g)] / injected FDG dose
[21]. The prognostic value of tumor SUV on
FDG-PET/CT has been studied in a variety of
cancers and shown to correlate with overall sur-
vival (OS) outcomes [5-8].

Data is evolving which suggests that pancre-
atic cancers with high SUVs on FDG-PET/CT
may be associated with more aggressive tumor
phenotypes and, subsequently, worse survival
outcomes. For example, in a review of 102
patients with pancreatic cancer, SUV on pretreat-
ment FDG-PET/CT directly correlated with
pathologic tumor grade. The mean SUVs were
4.93, 6.47, and 7.29 for patients with well-, mod-
erately, and poorly differentiated tumors, respec-
tively. Further, the investigators observed an
inverse relationship between maximal SUV and
OS outcomes (p = 0.002) [9]. In another review
including 42 patients with pancreatic cancer who
underwent FDG-PET/CT imaging at diagnosis,
there was a positive correlation between SUV and
histologic grade, though this did not reach statisti-
cal significance. However, the investigators did
observe a strong correlation between SUV and
Ki-67 proliferative index (PI). The mean SUVs
were 4.2, 6.0, and 8.6 for patients with low (<
5%), moderate (6% to 50%), and high (>50%)
Ki-67 PI, respectively (p < 0.001) [11]. These
findings suggest that SUV on FDG-PET/CT may
be a surrogate marker for the biologic aggressive-
ness of pancreatic cancers. More compelling evi-

dence to support this hypothesis may be the
clinical observation that patients with higher
SUVs experience worse survival outcomes as
compared to patients with lower SUVs (Figs. 15.1
and 15.2). Table 15.1 summarizes studies which
have demonstrated a correlation between tumor
SUV on FDG-PET/CT and survival outcomes
among patients with pancreatic cancer.

In a recent analysis of 105 patients with early-
stage pancreatic cancer who underwent FDG-
PET/CT imaging prior to resection, the
investigators observed a significantly improved
OS among patients with alow SUV (<5.1) as com-
pared to those with a high SUV (>5.1). Of the 105
patients, the median OS of the 51 (49%) patients
with low SUV was 28 months as compared to
16 months among the 54 (51%) patients with high
SUV (p = 0.036) [8]. Similarly, in review of 128
patients with resected pancreatic cancer who
underwent preoperative FDG-PET/CT imaging,
the investigators used a cutoff of 6.0 to classify
tumor SUYV as either low (<6.0) or high (>6.0). Of
the 128 patients, the median OS of the 59 (46%)
patients with low SUV was 37 months as com-
pared to 18 months among the 69 (54%) patients
with high SUV (p < 0.001) [14].

FDG-PET/CT has also been investigated
among patients with advanced disease and simi-
larly has demonstrated prognostic value. In a
review of 69 patients with unresected, locally
advanced pancreatic cancer treated with either
chemotherapy, chemoradiation, or radiotherapy
alone, the investigators observed a superior OS
among patients with low SUV (<5.5) as com-
pared to those with high SUV (>5.5). In this
study, FDG-PET/CT imaging was performed
prior to the initiation of all therapies. Of the 69
patients, the median OS of the 34 (50%) patients
with low SUV was 16.6 months as compared to
12.6 months among the 35 (50%) patients with
high SUV (p = 0.025) [22]. These findings were
consistent with a prior analysis which included
55 patients with unresected, locally advanced
pancreatic cancer. In this study, patients were
treated with chemotherapy and stereotactic
body radiotherapy (SBRT). The investigators
used the median SUV of 6.2 to classify patients
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Fig. 15.1 FDG-PET/CT imaging of a 69-year-old
female with a pancreatic head mass/neck and serum
CA19-9 level of 933 U/mL. Axial fused FDG-PET/CT
imaging (a) demonstrating increased FDG uptake
throughout the pancreatic head/neck mass with a maxi-
mal SUV = 10.6. Axial FDG-PET (b) and noncontrast
CT (c) are shown for comparison Endoscopic ultra-

Fig. 15.2 FDG-PET/CT imaging of a 69-year-old male
with a pancreatic head mass and significant elevation of
serum CA19-9 level to 1775 U/mL. Axial fused FDG-
PET/CT imaging (a) demonstrating heterogenous FDG
uptake throughout the pancreatic head mass with a max-
imal SUV = 5.0. Axial FDG-PET (b) and noncontrast

CT (c¢) are shown for comparison. Endoscopic

as having either a low SUV (<6.2) or high SUV
(>6.2), and a superior OS was observed among
patients with low SUV as compared to those
with high SUV (15.3 vs 9.8 months, respec-
tively; p < 0.01) [13].

Other Prognostic FDG-PET/CT
Parameters

Volumetric parameters such as TLG and MTV
have also been studied and shown to correlate
with clinical outcomes among patients with pan-
creatic cancer [23]. MTV is the total volume of
tumor with FDG uptake (usually over a set
threshold), and TLG is derived by multiplying

sound-guided fine needle aspiration confirmed pancre-
atic cancer. The mass was staged as borderline
resectable, and the patient was treated with neoadjuvant
therapy prior to surgical resection. The patient devel-
oped recurrent disease 7 months from surgery and suc-
cumbed to her disease 19 months from initial pancreatic
cancer diagnosis

ultrasound-guided fine needle aspiration confirmed pan-
creatic cancer. The mass was staged as borderline
resectable and the patient treated with neoadjuvant ther-
apy prior to surgical resection. The patient developed
recurrent disease 28 months from surgery and suc-
cumbed to disease 54 months from initial pancreatic
cancer diagnosis

the MTV by the mean SUV. In contrast to maxi-
mal SUV which only measures FDG uptake in
the region of the tumor with the highest level of
metabolic activity, MTV and TLG provide a
three-dimensional measure of total tumor burden
and account for the metabolic heterogeneity
among the different cell types comprising the
tumor. High MTV and TLG values have been
associated with worse survival outcomes among
patients with pancreatic cancer. In an analysis of
55 patients with locally advanced pancreatic can-
cer treated with SBRT, the median MTV was
57.5 for all patients. Of the 55 patients, the
median OS of patients with low MTV (<57.5)
was 18.0 months as compared to 10.1 months
among patients with high MTV (>57.5; p <0.01).
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Similarly, in a retrospective review of 122
patients with resected pancreatic cancer who
underwent FDG-PET/CT imaging prior to sur-
gery, patients were classified as low or high using
the MTV and TLG median values of 15.7 and
57.7, respectively, as cutoffs. Of the 122 patients,
the median OS of patients with high MTV and
high TLG was 9.7 months as compared to
24.2 months among patients with low MTV and
low TLG (p < 0.001). In the multivariable haz-
ards analysis, the investigators observed that high
MTV (HR: 2.72; p < 0.001), high TLG (HR:
2.79; p <0.001), and elevated CA19-9 at diagno-
sis (HR: 2.65; p = 0.006) were independent fac-
tors associated with an increased risk of death.
These data suggest the metabolic activity of pan-
creatic cancers on FDG-PET/CT at diagnosis is
an important prognostic marker. When used in
combination with CA19-9 level, which has been
correlated with stage of disease, rates of resec-
tion, and survival outcomes, clinicians may be
able to provide patients with highly accurate pre-
dictions of disease outcomes [24, 25].

FDG-PET/CT as a Predictor
of Response to Therapy

Unfortunately, the vast majority of patients with
resected pancreatic cancer will succumb to sys-
temic disease recurrence. Among those who
undergo up-front surgery followed by adjuvant
therapy, the median time to first disease recur-
rence is approximately 13 months from the time
of surgical resection [26, 27]. The timing and pat-
terns of disease recurrence following neoadju-
vant therapy and surgery are less clear; this is
currently being investigated. Several predictors
of disease recurrence have been identified,
including positive resection margins, regional
lymph node metastases, and perineural inva-
sion — all determined upon pathologic review of
surgically resected specimens [28]. At present,
there are limited preoperative prognostic markers
to stratify patients, with the exception of serum
CA19-9 level. As such, identifying patients who
are high risk for early treatment failures remains
a major challenge in the management of patients

with pancreatic cancer. Recent studies evaluating
tumor FDG avidity on pretreatment FDG-PET/
CT as a predictor of disease recurrence have
demonstrated promising results. In a recent
review of 46 patients with resected pancreatic
cancer, patients with SUV < 6.0 (n = 19, 41%)
experienced a median disease-free survival
(DFES) of 25 months as compared to 13 months
among patients with SUV > 6.0 (n = 27, 59%;
p = 0.003). In a multivariable hazards analysis,
SUV > 6.0 was associated with a 2.28-fold
increased risk of disease recurrence (HR: 2.28;
p =0.024) [29].

FDG-PET/CT has been particularly success-
ful at predicting early disease recurrences after
surgery. For example, in a report including 128
patients with resected pancreatic cancer, the
investigators observed an increased incidence of
early (<6 months) postoperative recurrences
among patients with SUV > 6.0 as compared to
those with SUV < 6.0 (49% vs 5%; p <0.001). Of
the 128 patients, the 3- and 5-year DFS rates and
median DFS were 39.1%, 36.5%, and 23 months,
respectively, for patients with SUV < 6.0, as
compared to 13.0%, 13.0%, and 6 months among
patients with SUV > 6.0 (p < 0.001) [14].
Similarly, in a review of 56 patients treated with
a surgery-first approach, 22 (39%) patients expe-
rienced disease recurrences within 6 months
from surgery. The median SUV on pretreatment
FDG-PET/CT among the 22 (39%) patients with
early (<6 months) postoperative recurrences was
7.9 as compared to 4.2 among the 34 (61%)
patients who did not experience an early recur-
rence (p = 0.004) [12]. This data suggests that
patients with pancreatic cancers which demon-
strate high FDG uptake on FDG-PET/CT may be
at a higher risk for early disease recurrence due to
aggressive tumor biology. This taken in the con-
text of a significantly elevated CA19-9 should
warrant careful consideration of the oncologic
benefit of invasive therapies such as surgery
(Figs. 15.1 and 15.3).

Among patients with unresected disease, pre-
treatment FDG-PET/CT SUYV has been shown to
be predictive of time to disease progression. In an
analysis of 106 patients with unresected, stage
II-IV pancreatic cancer who underwent initial
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Fig. 15.3 FDG-PET/CT imaging of a 76-year-old male
with a pancreatic body mass and serum CA19-9 level of
647 U/mL. Axial fused FDG-PET/CT imaging (a) dem-
onstrating intense FDG uptake throughout the pancreatic
body mass with a maximal SUV = 11.9. Axial FDG-PET
(b) and noncontrast CT (c¢) are shown for comparison.
Endoscopic ultrasound-guided fine needle aspiration con-

staging with FDG-PET/CT, prior to the start of
therapy, maximal SUV was shown to correlate
with progression-free survival (PFS). Using a
SUV cutoff of 4.93, the investigators observed
that patients with SUV < 4.93 progressed at
median of 385 days as compared to 204 days
among patients with SUV >4.93 [10]. Table 15.2
summarizes studies which have demonstrated a
correlation between tumor SUV on FDG-PET/
CT and disease progression in patients with pan-
creatic cancer.

Limitations of FDG-PET/CT

Though published data would suggest a pancre-
atic mass with a SUV greater than 2.0 to 4.0 on
FDG-PET/CT is consistent with pancreatic can-
cer, differentiating benign inflammatory lesions
from pancreatic cancers can be challenging [30,
31]. Similar to pancreatic cancer, inflammatory
diseases of the pancreas such as acute/chronic
pancreatitis may result in high levels of FDG
uptake. A review of 47 patients with pancreatic
lesions demonstrated that there is considerable
overlap between the SUV ranges of patients with
mass-forming pancreatitis (n = 14, 30%) and
those with pancreatic cancer (n = 33, 70%).
However, at both 1 hour and 2 hours post FDG
injection, the SUVs of pancreatic cancers were
generally higher than the SUVs of mass-forming
pancreatitis (p = 0.001 and p = 0.012, respec-

firmed pancreatic cancer. The mass was staged as resect-
able. The patient received neoadjuvant therapy prior to
surgical resection and adjuvant therapy. The patient devel-
oped recurrent disease 8 months from surgery and suc-
cumbed to disease 17 months from initial pancreatic
cancer diagnosis

tively) [32]. In addition, the sensitivity of FDG-
PET/CT at diagnosing pancreatic cancer has
been shown to be significantly decreased among
patients with elevated serum glucose levels,
resulting in false negative studies [33]. As such,
adequate glycemic control at the time of image
acquisition is essential to accurately diagnose
pancreatic cancers.

Future Directions

In recent years, integrated FDG-PET/MRI has
emerged as an imaging modality for pancreatic
cancer. FDG-PET/MRI may offer several poten-
tial advantages over FDG-PET/CT, as MRI pro-
duces superior imaging of soft tissue pathologies.
In addition, the simultaneous acquisition of the
FDG-PET and MRI results in optimal fusion of
images and minimizes misregistration artifact
associated with the sequential acquisition of
FDG-PET and CT [34, 35]. Furthermore, FDG-
PET/MRI is associated with an approximately
40% to 60% reduction in radiation exposure,
which is particularly important among cancer
patients who undergo frequent imaging for stag-
ing and/or surveillance purposes [34].
FDG-PET/MRI has been shown to be superior
to FDG-PET/CT at differentiating pancreatic
cancers from benign pancreatic lesions. In a
review of 47 patients with pancreatic lesions, the
diagnostic accuracy of FDG-PET/MRI at
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diagnosing pancreatic cancer was 93% and
90.7% for T1-weighted and T2-weighted fusion
images, respectively, as compared to 88.4% for
FDG-PET/CT [36]. Consistent with these find-
ings, an analysis including 119 patients with pan-
creatic lesions reported a sensitivity, specificity,
and accuracy of 99%, 82.6%, and 96.6%, respec-
tively, at diagnosing pancreatic cancer with FDG-
PET/MRI, as compared to 96.9%, 43.5%, and
86.6%, respectively, with FDG-PET/CT [37].
Despite preliminary data demonstrating improved
diagnostic capabilities, FDG-PET/MRI has not
been readily incorporated into clinical practice.
This may be due to its limited availability, higher
cost, and the specialized training required by
technologists. Additionally, FDG-PET/MRI pro-
tocols for assessing pancreatic cancers have not
been validated in the current literature.

Conclusion

The clinical utility of FDG-PET/CT in the man-
agement of patients with pancreatic cancer is
evolving. Current data has demonstrated a strong
correlation between tumor FDG avidity and clin-
ical outcomes among patients with pancreatic
cancer, suggesting the true value of FDG-PET/
CT may be as prognostic tool, rather than diag-
nostic. Maximal SUV on FDG-PET/CT is an
objective measure of tumor metabolic activity
which may be a surrogate marker of tumor biol-
ogy. Early insight into the biologic behavior of
pancreatic cancers is extremely valuable infor-
mation which may improve patient risk stratifica-
tion and enable the delivery of more personalized
and comprehensive treatment.
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