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Background: 18F-fluorodeoxyglucose positron emission tomography/computed

tomography (PET/CT) imaging is not routine in patients with localized pancreatic

cancer (PC). We evaluated the prognostic value of PET/CT in patients who received

neoadjuvant therapy.

Methods: Patients with localized PC underwent pretreatment PET/CT with or without

posttreatment (preop) PET/CT. Maximum standardized uptake values (SUV) were

classified as high or low based on a cut point of 7.5 at diagnosis (SUVdx) and 3.5

after neoadjuvant therapy (preoperative; SUVpreop). Preop carbohydrate antigen 19-9

(CA19-9) was classified as normal (≤35 U/mL) or elevated.

Results: Pretreatment PET/CT imaging was performed on 201 consecutive patients;

SUVdx was high in 98 (49%) and low in 103 (51%). Preop PET/CT was available in 104

(52%) of the 201 patients; SUVpreop was high in 60 (58%) and low in 44 (42%). Following

neoadjuvant therapy, preop CA19-9 was normal in 90 (45%) patients and elevated in 111

(55%). Median overall survival (OS) of all patients was 27 months; 33 months for the 103

patients with a low SUVdx and 22months for the 98 patients with a high SUVdx (p= 0.03).

Median OS for patients with low SUVdx/normal preop CA19-9, high SUVdx/normal preop

CA19-9, low SUVdx/elevated preop CA19-9, and high SUVdx/elevated preop CA19-9

were 66, 34, 23, and 17 months, respectively (p < 0.0001). OS was 44 months for the

148 (74%) patients who completed all intended neoadjuvant therapy and surgery and 13

months for the 53 (26%) who did not undergo surgery (p < 0.001).

Conclusion: Pretreatment PET/CT avidity and preop CA19-9 are clinically significant

prognostic markers in patients with PC.

Keywords: pancreatic cancer, neoadjuvant therapy, carbohydrate antigen 19-9, 18F-fluorodeoxyglucose positron

emission tomography, SUV
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INTRODUCTION

18F-fluorodeoxyglucose positron emission
tomography/computed tomography (PET/CT) is a diagnostic
test that is frequently used to detect distant metastases as
an adjunct to cross-sectional imaging in patients with solid
tumors (1, 2). Beyond improvements in staging, PET/CT may
provide important insights into tumor biology. The maximum
standardized uptake values (SUV) obtained with PET/CT
reflect the tumor’s glucose metabolism; higher tumor SUV has
been correlated with aggressive tumor biology and high grade
histology (3, 4). Furthermore, decreases in SUV with treatment
have been associated with pathologic response and improved
overall survival (OS) in esophageal cancer (5, 6). In pancreatic
cancer (PC), PET/CT is most commonly used to detect distant
metastatic disease. The prognostic value of PET/CT in PC has
not been well described particularly in patients with localized PC
who receive neoadjuvant therapy (7).

In the past decade, there has been a growing acceptance of
neoadjuvant therapy for localized PC in the United States. This
change in treatment sequencing arose from two reproducible
clinical observations: first, in the absence of systemic therapy,
median disease free survival is only 7 months after surgery;
and second, there has been a failure to deliver postoperative
(adjuvant) therapy in ∼50% of eligible patients (8–10). Both
of these challenges can be addressed through neoadjuvant
treatment sequencing, as systemic therapy for the treatment
of radiographically occult metastases can be reliably delivered
prior to surgery. Importantly, patients who experience disease
progression during or after neoadjuvant therapy can be identified
prior to operation—an operation which would provide no
therapeutic benefit in the setting of extrapancreatic metastatic
disease (11). For those patients who receive neoadjuvant
therapy and surgery, median OS (44 months) has been
unprecedented when compared to a surgery first approach (12–
15). As the experience with neoadjuvant therapy continues to
mature, additional prognostic markers are needed to optimize
neoadjuvant treatment sequencing.We hypothesize that PET/CT
avidity, as measured by the SUV of the primary tumor, may be
a surrogate marker of tumor biology. In the current study, we
evaluated the prognostic value of pretreatment SUV (SUVdx)
and preoperative SUV (SUVpreop) on OS among patients with
localized PC treated with neoadjuvant therapy.

METHODS

Study Subjects
This study was approved by the Institutional Review Board at the
Medical College of Wisconsin. Using a prospectively maintained
database, consecutive patients were identified between 2009
and 2017 who had histologically confirmed localized PC and
underwent PET/CT imaging as part of their routine clinical care
at the time of diagnosis. Patients met objective radiographic
criteria for either resectable or borderline resectable (BLR) PC
(16) Patients were also classified as BLR if there were radiographic
findings indeterminate for metastases and/or the serum CA19-
9 level at diagnosis was >2,000 U/mL. Serum CA19-9 levels

were considered evaluable if measured when the serum bilirubin
was ≤2 mg/dL and were categorized as normal (≤35 U/ml) or
elevated (>35 U/mL).

Neoadjuvant Therapy and Surgery
All patients received neoadjuvant therapy consisting of either
chemotherapy alone, chemoradiation, or both. The majority
of patients with resectable PC received chemotherapy alone
or gemcitabine-based chemoradiation as neoadjuvant therapy.
The majority of patients with BLR PC were treated with a
minimum of 2 months of induction chemotherapy followed
by either gemcitabine- or capecitabine-based chemoradiation.
Approximately 4 weeks following the completion of neoadjuvant
therapy, preoperative (preop) restaging was performed and
consisted of a history and physical examination, CT scan,
PET/CT, and laboratory studies. In some patients, preop PET/CT
was often limited by insurance approval if a pretreatment
PET had been performed. Patients who demonstrated disease
progression or had an inadequate performance status at the
time of restaging were not offered surgery. Following surgical
resection, follow-up occurred at 3–4 month intervals with
physical examination, laboratory studies, and CT imaging.
Disease recurrence was assessed radiographically and in select
cases, confirmed with tissue biopsy.

PET/CT Technique and Review
PET/CT imaging was performed using a GE Discovery 710 (GE
Healthcare, Waukesha, WI) scanner. In preparation for image
acquisition, patients were instructed to fast for 4–6 h and to
refrain from any strenuous activity for 2 days prior to the
examination. Blood glucose levels were measured 1–2 h prior
to imaging. If a patient’s blood glucose was greater than 200
mg/dL, PET/CT imaging was rescheduled after the optimization
of glycemic control. On the day of image acquisition, patients
were injected with the FDG radiotracer ∼60min prior to the
scan. Intravenous administration of FDG was weight based
with a standard dose of 370 megabecquerel (mBq) for patients
weighing <55 kilograms (kg), 444 mBq for patients weighing
55–91 kg, and 518 mBq for patients weighing >91 kg. After an
incubation period of ∼60min, patients underwent concurrent
FDG-PET imaging with a low dose non-contrast CT. Registered
noncontrast enhanced axial CT images were obtained through
these same levels to use for attenuation correction and were
reviewed to localize FDG uptake (Figure 1).

All PET/CT studies were reviewed by a comprehensive
team of radiologists, including at least one abdominal imaging
radiologist, one fellowship trained nuclear radiologist, and
one board certified nuclear medicine physician. Images were
analyzed on a diagnostic nuclear radiology reviewer (AW
Server; GE Healthcare, Waukesha, WI). FDG uptake was used
to localize the primary tumor, regional lymph nodes, and
any sites of extrapancreatic metastases. The peak SUV was
determined by placing a region of interest around the lesion
that was being evaluated. The maximal SUV was defined as
the measured activity normalized for body weight/surface area
and determined using the following equation: region of interest
activity (mBq/mL) x patient body weight (kg)/injected FDG dose
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FIGURE 1 | Example of 18FDG PET/CT of a women with PC. (A) anterior maximum intensity projection, (B) axial CT, and (C) axial fused CT. Study demonstrates a

hypermetabolic (SUVdx 12.3) primary pancreatic cancer.

(17). SUVdx was categorized as low (≤7.5) or high (>7.5) based
on the population median SUV on pretreatment PET/CT. The
SUVpreop, following neoadjuvant therapy, was categorized as
normalized (≤3.5) or elevated (>3.5) based on prior data which
have associated values <3.5 with non-cancerous tissue (18).

Statistical Analysis
Categorical variables were compared using the Fischer’s Exact or
Chi-squared test. All continuous variables were analyzed using
the Mann-Whitney U test. Overall survival (OS) and follow-up
was calculated from the time of initial diagnosis to the date of
death or last follow-up. Deaths from any cause were included
in the survival analysis. OS was estimated using the method of
Kaplan and Meier. We tested proportional hazard assumptions
for all variables associated with survival. Clinical factors with
a univariable p < 0.20 were included in the multivariable
model. All statistical analyses were performed using Stata 14.2
(StataCorp, College Station, Texas).

RESULTS

Patient Characteristics
We identified 211 consecutive patients with localized PC who
underwent pretreatment PET/CT imaging prior to the initiation
of neoadjuvant therapy. Of the 211 patients, 10 did not have a
SUV reported and were excluded. Of the remaining 201 patients,
88 (44%) had resectable and 113 (56%) had BLR PC. The median
age was 66 years [interquartile range (IQR): 13], and 103 (51%)
of the patients were male. Patient demographic data is further
summarized in Table 1. Pretreatment CA19-9 was evaluable in
163 (81%) of the 201 patients; 42 (26%) had a pretreatment CA19-
9≤35U/mL and 121 (74%) patients had an elevated pretreatment
CA19-9 (median 226 U/mL; IQR: 504).

Pretreatment PET/CT SUV
Of the 201 patients with pretreatment PET/CT imaging, 175
(87%) underwent imaging at our institution. The median serum

TABLE 1 | Clinicopathologic characteristics of all patients (n = 201).

Variable(s) Total

n = 201

Pretreatment

SUV ≤ 7.5

n = 103

Pretreatment

SUV > 7.5

n = 98

p-value

Male Gender, n (%) 103 (51) 52 (50) 51 (52) 0.83

Age, median (IQR) 66 (13) 65 (13) 66 (14) 0.68

Charlson Comorbidity

Index, median (IQR)

5 (2) 5 (2) 5 (2) 0.10

Clinical Stage, n (%) 0.16

Resectable 88 (44) 50 (49) 38 (39)

BLR 113 (56) 53 (51) 60 (61)

Pretreatment CA19-9,

median (IQR)

226 (504) 161 (481) 322 (652) 0.08

Pretreatment PET SUV,

median (IQR)

7.5 (3.9) 5.6 (2) 9.5 (3.7) <0.0001

Neoadjuvant Therapy,

n (%)

0.45

Chemotherapy alone 41 (20) 22 (21) 19 (19)

Chemoradiation 56 (28) 32 (31) 24 (25)

Both 104 (52) 49 (48) 55 (56)

Preop CA19-9, median

(IQR)

43 (98) 41 (67) 44 (141) 0.73

% change in CA19-9U −52 −52 −54 1.00

Normalization of Preop

CA19-9

0.97

Normal 90 (45) 46 (45) 44 (45)

Elevated 111 (55) 57 (55) 54 (55)

Preop PET available, n

(%)

104 (52) 56 (54) 48 (49) 0.48

Preop PET SUV,

median (IQR)1
4.2 (3.7) 3.4 (4.9) 4.5 (3.4) 0.08

% change in SUV1
−49 −44 −53 0.24

Surgery, n (%) 0.49

No 53 (26) 25 (24) 28 (29)

Yes 148 (74) 78 (76) 70 (71)

U Among the 163 patients with evaluable CA19-9 at diagnosis, 1 Among the 104 patients

with restaging preoperative PET scans.
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TABLE 2 | Logistic regression analysis for elevated preop SUV (n = 104).

Variable(s) Univariable Multivariable

OR 95% CI p-value OR 95% CI p-value

Age

≤65 years Reference Reference

>65 years 0.80 0.36–1.78 0.59 0.72 0.30–75 0.47

Gender

Female Reference Reference

Male 0.99 0.45–2.18 0.99 1.00 0.44–2.28 0.99

Age-adjusted CCI

≤5 Reference Reference

>5 0.97 0.41–2.28 0.94 1.00 0.39–2.60 0.99

Clinical Stage

Resectable Reference Reference

BLR 1.47 0.67–3.20 0.34 1.56 0.69−3.51 0.29

Preop CA19-9

Normal (≤35 U/mL) Reference Reference

Elevated (>35 U/mL) 2.68 1.20–5.98 0.02 2.69 1.19–6.11 0.02

glucose level prior to intravenous injection of FDGwas 113 (IQR:
45). The median SUVdx of the primary tumor was 7.5 (IQR:3.9);
103 (51%) patients had a low SUV (≤7.5) and 98 (49%) had a
high SUV (>7.5). Eight (4%) patients had a SUVdx ≤ 3.5. Overall,
there was no association between clinical stage and SUVdx level.
However, of the 113 patients with BLR disease, SUVdx levels in
the primary tumor were higher in the 21 (19%) patients with
radiographic findings indeterminate for metastases as compared
to the 92 (81%) patients without indeterminate lesions, (9.0 vs.
8.5, respectively, p= 0.05).

Neoadjuvant Therapy and Preoperative
Restaging
All 201 patients received neoadjuvant therapy; 41 (20%) patients
had chemotherapy alone, 56 (28%) had chemoradiation alone,
and 104 (52%) had chemotherapy followed by chemoradiation.
SUVdx levels were not associated with the type of neoadjuvant
therapy received (p = 0.45). Following the completion of
neoadjuvant therapy, preop CA19-9 levels were measured in
all patients; 111 (55%) had an elevated preop CA19-9 and 90
(45%) had a normal preop CA19-9. Of the 121 patients with an
elevated pretreatment CA19-9, 42 (35%) declined to a normal
range following neoadjuvant therapy. SUVdx was not associated
with normalization of preop CA19-9 level [odds ratio (OR): 1.09,
95% confidence interval (CI): 0.51–2.32].

Change in SUV With Neoadjuvant Therapy
Restaging, preop PET/CT was obtained in 104 (52%) of the
201 patients; 44 (42%) had a normal SUVpreop (≤3.5) and 60
(58%) had an elevated SUVpreop (>3.5). The median SUVpreop

was 4.2 (IQR: 3.7) and the median proportional change in SUV
during treatment was−49% (IQR: 51%). Of the 104 patients, 56
(54%) originally had low SUVdx (≤7.5) and 48 (46%) had high
SUVdx (>7.5). Of the 56 patients with low SUVdx, 29 (52%)

TABLE 3 | Clinicopathologic characteristics of resected patients (n = 148).

Variable(s) Total

n = 148

Pretreatment

SUV ≤ 7.5

n = 78

Pretreatment

SUV > 7.5

n = 70

p-value

T Stage, n (%) 0.32

T0 6 (4) 2 (2) 4 (6)

T1 12 (8) 9 (12) 3 (4)

T2 27 (18) 15 (19) 12 (17)

T3 103 (70) 52 (67) 51 (73)

N Stage, n (%) 0.21

N0 85 (57) 41 (53) 44 (63)

N1 63 (43) 37 (47) 26 (37)

Median tumor size,

cm (IQR)

2.5 (1.6) 2.6 (1.5) 2.5 (1.7) 0.66

Poorly to

undifferentiated tumor,

n (%)

25 (17) 8 (10) 17 (24) 0.03

Pathologic response,

n (%)U
0.92

CR or Near CR 27 (18) 14 (18) 13 (19)

PR or no response 121 (82) 64 (82) 57 (81)

Perineural invasion,

n (%)

100 (68) 58 (74) 42 (60) 0.06

Lymphovascular

invasion, n (%)

39 (26) 21 (27) 18 (26) 0.88

Positive margin, n (%) 22 (15) 11 (14) 11 (16) 0.78

Elevated postoperative

CA19-9, n (%)

37 (25) 19 (24) 18 (26) 0.55

Adjuvant therapy, n (%) 99 (68) 62 (82) 37(53) <0.001

UCR, Complete response, PR, Partial response.

normalized their SUVpreop and 27 (48%) remained elevated. Of
the 48 patients with high SUVdx, 15 (31%) normalized their
SUVpreop and 33 (69%) remained elevated. Patients with a low
SUVdx were more likely to have a normal SUVpreop following
neoadjuvant therapy than patients with a high SUVdx (p= 0.04).

Preop SUV and Preop CA19-9
Patients with an elevated SUVpreop had an increased odds of
having an elevated preop CA19-9. Of the 44 patients with a
normal SUVpreop, 26 (59%) had a normal preop CA19-9 and 18
(41%) had an elevated preop CA199. Of the 60 patients with an
elevated SUVpreop, 21 (35%) had a normal preop CA19-9 and
39 (65%) had an elevated preop CA19-9. In an adjusted logistic
regression analysis, patients with an elevated preop CA19-9
were more likely to have an elevated SUVpreop (OR: 2.69; 95%
CI: 1.19–6.11; Table 2) as compared to patients with a normal
preop CA19-9.

Surgery and Pathologic Features
All intended neoadjuvant therapy and surgery was completed in
148 (74%) of the 201 patients; 53 (26%) patients did not undergo
pancreatectomy. Completion of neoadjuvant therapy and surgery
occurred in 83 (80%) of the 104 patients with a preop PET/CT.
The most common operation was a pancreaticoduodenectomy
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(n = 116; 78%). Surgery was not performed in 53 patients
due to disease progression at the time of preoperative restaging
(n = 31; 15%), positive diagnostic laparoscopy (11; 5%),
poor performance status (9; 4%), or the patient declined
surgery (2; 1%).

The pathologic details for the 148 resected patients are
summarized in Table 3. The majority of tumors were T3 (n =

103, 70%) and were well or moderately differentiated (n = 110,
80%). Histologic grade was associated with SUVdx activity; 17
(24%) of the 70 patients with high SUVdx tumors had poorly
differentiated tumors as compared to 8 (10%) of the 78 patients
with low SUVdx tumors (p = 0.03). Patients with a normal
SUVpreop were more likely to have smaller tumors than patients
with an elevated SUVpreop (2.0 vs. 2.8, p= 0.06).

Pretreatment SUV and Overall Survival
The median follow-up of all living patients was 55 months.The
median OS was 27 months for all 201 patients; 33 months for
the 103 patients with a low SUVdx as compared to 22 months
for the 98 patients with a high SUVdx (p = 0.03; Figure 2).
The median OS of the 90 patients with a normal preop CA19-9
was 50 months as compared to 19 months for the 111 patients
with an elevated preop CA19-9 (p < 0.0001). The median
OS for patients with low SUVdx/normal preop CA19-9, high
SUVdx/normal preop CA19-9, low SUVdx/elevated preop CA19-
9, and high SUVdx/elevated preop CA19-9 were 66, 34, 23, and
17 months, respectively (p < 0.0001; Figure 3). Low vs. high
SUVdx further dichotomized patients who had a normal preop

CA19-9 (Figure 3, p = 0.03), but not patients who had an
elevated preop CA19-9 level. In an adjusted hazards analysis of
survival for the 201 patients, clinical stage (HR:1.68; 95%CI:1.16–
2.45), SUVdx (HR:1.47; 95%CI:1.02–2.11) and preop CA19-9
(HR:2.57; 95%CI:1.74–3.81) were significant prognostic factors
(Table 4). Although normalization of preop CA19-9 was the
strongest prognostic factor for OS, the addition of SUVdx further
improved the risk estimation. When compared to patients with
both low SUVdx and normal preop CA19-9 levels, patients with
high SUVdx and elevated preop CA19-9 had a 3.8-fold increased
risk of death (95%CI: 2.14–6.87, p < 0.001); those with a low
SUVdx and an elevated preop CA19-9 had a 2.67-fold increased
risk of death (95%CI: 1.49–4.81, p = 0.001); and those with
a high SUVdx and a normal preop CA19-9 had a 1.54-fold
increased risk of death (95%CI: 0.80–2.97, p= 0.20). For the 148
patients who completed all neoadjuvant therapy and surgery, the
median OS was 44 months (range 5–99 months) compared to 13
months (range 2–39 months) for the 53 patients who were not
resected (p < 0.0001).

Preop SUV and Overall Survival
Among the 104 patients with a preop PET/CT, the median
OS was 35 months; 46 months for the 44 patients with
a normal SUVpreop and 25 months for the 60 patients
with an elevated SUVpreop (p = 0.02; Figure 4). When
comparing SUVdx and SUVpreop levels, OS was driven by
SUVpreop status rather than SUVdx status. The median OS
for the patients with low SUVdx/normal SUVpreop, high

FIGURE 2 | Overall survival by pretreatment SUV level (n = 201).
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FIGURE 3 | Overall survival by pretreatment SUV and preop CA19-9 levels (n = 201).

SUVdx/normal SUVpreop, low SUVdx/elevated SUVpreop, and
high SUVdx/elevated SUVpreop were 44, 46, 26, and 25
months, respectively (p = 0.04; Figure 5). The median OS for
patients with normal SUVpreop/normal preop CA19-9, elevated
SUVpreop/normal preop CA19-9, normal SUVpreop/elevated
preop CA19-9, and elevated SUVpreop/elevated preop CA19-
9 were not reached, 66, 19, and 23 months, respectively
(Table 5). However, in an adjusted hazards analysis, while clinical
stage (HR:1.94; 95%CI:1.12–3.34) and elevated preop CA19-9
(HR:2.69; 95%CI:1.47–4.92) were negative prognostic factors,
elevated SUVpreop (HR 1.46; 95%CI: 0.81–2.63) was not.

DISCUSSION

To our knowledge, the current study is the first reported
analysis of the prognostic value of PET/CT in patients who
received neoadjuvant therapy for operable PC. In a series of
201 consecutive patients, elevated SUVdx was an independent
negative prognostic factor for OS and when combined with
preop CA19-9 levels, SUVdx status further improved the risk
stratification for OS. Following neoadjuvant therapy, preop
PET/CT was available in just half (52%) of all patients due to
failure of insurance approval for a repeat scan. Importantly, there
were significant changes in SUV levels following neoadjuvant

therapy (median change −49) and there was a trend toward
improved OS for patients who normalized their SUVpreop. These
observations suggest that SUVdx and SUVpreop values may be
valuable prognostic markers for patients with localized PC who
receive neoadjuvant therapy.

Significant improvements have been made in the survival
of patients with localized PC. Among patients who are able
to complete all intended neoadjuvant therapy and surgery,
the median OS is now approaching four years (14, 15).
However, early postoperative recurrences still occur and a
greater understanding of risk factors associated with early
disease recurrence is needed to improve surgical selection
and better guide patients in shared-decision making. CA19-
9 is a valuable quantitative biomarker in PC which has been
correlated with stage of disease and high levels of CA19-9 have
been inversely associated with survival (19–23). More recently,
dynamic changes in CA19-9 in response to neoadjuvant therapy
have also been identified as a powerful prognostic factor (22, 24).
We have previously observed a positive association between
normalization of CA19-9 levels following neoadjuvant therapy
and median OS (19). In the current study, patients with a
normal preop CA19-9 experienced a median OS of 50 months
as compared to 19 months among patients whose preop CA19-9
remained elevated (p < 0.0001).
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TABLE 4 | Cox proportional hazards analysis (n = 201).

Variable(s) Univariable Multivariable

HR 95% CI p-value HR 95% CI p-value

Age

≤65 years Reference Reference

>65 years 0.90 0.62–1.30 0.58 – – –

Gender

Female Reference Reference

Male 0.97 0.67–1.39 0.85 – – –

Age-adjusted CCI

≤5 Reference Reference

>5 1.16 0.79–1.70 0.46 – – –

Clinical Stage

Resectable Reference Reference

Borderline Resectable 1.64 1.12–2.38 0.009 1.68 1.16–2.45 0.006

Neoadjuvant Therapy

Chemoradiation Reference Reference

Chemotherapy 0.98 0.58–1.66 0.95 – – –

Both 1.02 0.67–1.57 0.91 – – –

Pretreatment SUV

Low (≤7.5) Reference Reference

High (>7.5) 1.49 1.04–2.15 0.03 1.47 1.02–2.11 0.04

Preop CA19-9

Normal (≤35 U/mL) Reference Reference

Elevated (>35 U/mL) 2.45 1.66–3.63 <0.001 2.57 1.74–3.81 <0.001

Importantly, we demonstrated that high SUVdx was an
adverse prognostic marker independent of preop CA19-9 level.
SUV is a semi-quantitative measure of FDG uptake and the
maximal SUV in a primary tumor has been reported to be
inversely related to disease progression and survival duration
(25–27). FDG uptake by the primary tumor may be a surrogate
marker of biologic aggressiveness; high pretreatment SUV levels
were associated with poorly differentiated tumors, as the glucose
metabolism is accelerated in rapidly proliferating malignant cells
(18). In a review by Hu et al. a significant correlation was
found between ki-67 index and SUV among 45 patients with PC
as compared to those with pancreatic neuroendocrine tumors
or cystic neoplasms (p < 0.001) (18). In another study which
included 102 patients with resected and locally advanced PC,
Ahn et al. observed that primary tumor maximal SUV closely
correlated with PC histologic grade (25). The mean SUVs for
well-, moderately-, and poorly differentiated tumors were 4.93,
6.47, and 7.29, respectively (p = 0.009), and there was an
inverse relationship between SUV and median OS. Similarly,
in pancreatic neuroendocrine carcinomas, FDG-PET uptake has
been correlated with higher proliferation (measured by ki-67)
and poorly differentiated tumor grade, reflecting an aggressive
tumor biology (28, 29). The additional information provided by
pretreatment PET SUV levels may provide further insight into
the biology of the tumor which is not reflected by quantitative
changes in CA19-9.

To our knowledge, this is also the first reported analysis
of serial PET imaging in patients with PC before and after

FIGURE 4 | Overall survival by preop SUV level (n = 104).
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FIGURE 5 | Overall survival by pretreatment and preop SUV status (n = 104).

TABLE 5 | Median overall survival by preop SUV and preop CA19-9 (n = 104).

Normal preop CA19-9

(<35 U/mL)

Elevated preop CA19-9

(>35 U/mL)

Low preop SUV (≤3.5) OS not reached

n = 26

19 months

n = 18

High preop SUV (>3.5) 66 months

n = 21

23 months

n = 39

neoadjuvant therapy. Our analysis included a subset of 104
patients with both pretreatment and preop PET/CT scans.
Neoadjuvant therapy was associated with a significant decline
in SUV (∼50%) in the majority of patients. Based on our
previous experience with CA19-9 monitoring, we chose to
dichotomize patients with preop PET/CT based on an SUV value
(≤3.5) associated with normal tissue (18). In the current study,
patients with elevated SUVpreop levels following neoadjuvant
therapy were more likely to also have an elevated preop CA19-
9. When comparing patients by the pretreatment and preop
SUV levels, patients who had a high SUVdx but normalized the
SUVpreop (≤3.5) had a significantly improved OS as compared to

patients with a persistently elevated SUVpreop (>3.5). However,
in a multivariable analysis, the impact of normalization of
SUV following neoadjuvant therapy did not meet statistical
significance. Nevertheless, this early data provides a signal that
the normalization of SUV following neoadjuvant therapy may be
a valuable prognostic marker and should be examined in a larger
cohort of patients.

There are several limitations of this study. PET/CT is a
complicated diagnostic procedure which can yield a variable
SUV. Most (>80%), but not all, of the patients included in this
study had their PET/CT performed at a single institution using
the same diagnostic protocol. This heterogeneity adds to the
uncertainty of the what values should be used as appropriate
cutpoints for determining meaningful biologic SUV avidity. We
chose to utilize the median SUVdx of our cohort to categorize
patients as having high vs. low SUVmax, but chose to utilize a
SUVpreop of 3.5 based on previously published data regarding
normal FDG avidity of the pancreas. The choice of these
cutpoints may not be generalizable and should be further refined
in future studies. Another limitation of the study was the inability
to obtain a preop PET/CT in all patients. Repeat diagnostic
imaging become increasingly difficult given the complexity of
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health insurance in this country. We found no association
between normalization of SUVpreop and OS, however given the
small sample size of patients who had a preop PET/CT, the
association between SUVpreop and survival should be examined
in a larger cohort of patients. Our study utilized data from the
clinical PET/CT report and therefore was limited to evaluating
the reported maximal SUV. There is a growing field of radiomic
analysis that converts imaging data into quantitative elements
which can be analyzed to improve diagnostic, prognostic, and
predictive accuracy. Radiomic analysis for PET/CT in patients
with PC may expand the analysis beyond maximal SUV,
to include other metabolic parameters as well as volumetric
parameters, such as metabolic tumor volume (MTV) and total
lesion glycolysis (TLG). Unfortunately, these parameters are
not included in the clinical reports from our PET/CT scans
and beyond the scope of the current study. However, these
parameters are likely to provide an even greater association
of PET/CT results with tumor biology than is reflected in
maximal SUV alone. Metabolic parameters, such as maximal
SUV, peak SUV, and tumor background ratio have been identified
as predictive of venous infiltration in patients in PC (30).
Volumetric parameters such as metabolic tumor volume and
total lesion glycolysis have been associated with recurrence-free
and OS (31). Future studies utilizing a more comprehensive
radiomic analysis are needed and may further complement
blood-based biomarker analyses.

CONCLUSIONS

Neoadjuvant therapy for PC allows for the immediate delivery
of systemic therapy and provides a window of opportunity for
clinicians to improve patient selection for surgery. While CA19-
9 monitoring mirrors quantitative changes in the burden of
disease, SUVdx levels may provide complimentary information
in estimating the tumor’s biologic behavior. The value of serial

SUV monitoring in patients after the completion of neoadjuvant
therapy should be an area of further study. The monitoring
of dynamic quantitative markers of treatment response such
as FDG-avidity and CA19-9 are important surrogate endpoints
for the assessment of treatment efficacy as they quantitatively
differentiate treatment response from disease stabilization. This
will allow physicians to optimize treatment sequencing and
improve patient selection for such extensive, and at times, high-
risk surgical procedures.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical College of Wisconsin IRB. Informed
consent was not required by our IRB. This was a retrospective
study of a prospective database that did not require patient
consent. We had no individuals under the age of 16.

AUTHOR CONTRIBUTIONS

ST and CB: conception, design, analysis, and interpretation. DB,
MH, and PT: acquisition of data and analysis. MA, CC, KC, PR,
BG, WH, BE, and DE: analysis and interpretation.

FUNDING

WeCare Fund for Medical Innovation and Research, Ronald
Burklund Eich Pancreatic Cancer Research Fund, Advancing a
Healthier Wisconsin.

REFERENCES

1. Cerfolio RJ, Bryant AS. Maximum standardized uptake values on

positron emission tomography of esophageal cancer predicts stage, tumor

biology, and survival. Ann Thorac Surg. (2006) 82:391–4; discussion 4–5.

doi: 10.1016/j.athoracsur.2006.03.045

2. Hillner BE, Siegel BA, Shields AF, Liu D, Gareen IF, Hunt E, et al.

Relationship between cancer type and impact of PET and PET/CT on intended

management: findings of the national oncologic PET registry. J Nucl Med.

(2008) 49:1928–35. doi: 10.2967/jnumed.108.056713

3. De Giorgi U, Valero V, Rohren E, Dawood S, Ueno NT, Miller MC,

et al. Circulating tumor cells and [18F]fluorodeoxyglucose positron emission

tomography/computed tomography for outcome prediction in metastatic

breast cancer. J Clin Oncol. (2009) 27:3303–11. doi: 10.1200/JCO.2008.19.4423

4. Yip VS, Poston GJ, Fenwick SW, Wieshmann H, Athwal T, Malik HZ.

FDG-PET-CT is effective in selecting patients with poor long term

survivals for colorectal liver metastases. Eur J Surg Oncol. (2014) 40:995–9.

doi: 10.1016/j.ejso.2013.10.026

5. Monjazeb AM, Riedlinger G, Aklilu M, Geisinger KR, Mishra G, Isom

S, et al. Outcomes of patients with esophageal cancer staged with

[(1)(8)F]fluorodeoxyglucose positron emission tomography (FDG-PET): can

postchemoradiotherapy FDG-PET predict the utility of resection? J Clin

Oncol. (2010) 28:4714–21. doi: 10.1200/JCO.2010.30.7702

6. Levine EA, Farmer MR, Clark P, Mishra G, Ho C, Geisinger KR, et al.

Predictive value of 18-fluoro-deoxy-glucose-positron emission tomography

(18F-FDG-PET) in the identification of responders to chemoradiation therapy

for the treatment of locally advanced esophageal cancer. Ann Surg. (2006)

243:472–8. doi: 10.1097/01.sla.0000208430.07050.61

7. Ghaneh P, Hanson R, Titman A, Lancaster G, Plumpton C, Lloyd-Williams

H, et al. PET-PANC: multicentre prospective diagnostic accuracy and health

economic analysis study of the impact of combined modality 18fluorine-

2-fluoro-2-deoxy-d-glucose positron emission tomography with computed

tomography scanning in the diagnosis and management of pancreatic cancer.

Health Technol Assess. (2018) 22:1–114. doi: 10.3310/hta22070

8. Dimou F, Sineshaw H, Parmar AD, Tamirisa NP, Jemal A, Riall TS.

Trends in receipt and timing of multimodality therapy in early-stage

pancreatic cancer. J Gastrointest Surg. (2016) 20:93–103; discussion.

doi: 10.1007/s11605-015-2952-7

9. Oettle H, Neuhaus P, Hochhaus A, Hartmann JT, Gellert K, Ridwelski K, et al.

Adjuvant chemotherapy with gemcitabine and long-term outcomes among

patients with resected pancreatic cancer: the CONKO-001 randomized trial.

JAMA. (2013) 310:1473–81. doi: 10.1001/jama.2013.279201

Frontiers in Oncology | www.frontiersin.org 9 April 2020 | Volume 10 | Article 500

https://doi.org/10.1016/j.athoracsur.2006.03.045
https://doi.org/10.2967/jnumed.108.056713
https://doi.org/10.1200/JCO.2008.19.4423
https://doi.org/10.1016/j.ejso.2013.10.026
https://doi.org/10.1200/JCO.2010.30.7702
https://doi.org/10.1097/01.sla.0000208430.07050.61
https://doi.org/10.3310/hta22070
https://doi.org/10.1007/s11605-015-2952-7
https://doi.org/10.1001/jama.2013.279201
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Barnes et al. Pretreatment PET and Pancreatic Cancer

10. Mayo SC, Gilson MM, Herman JM, Cameron JL, Nathan H, Edil BH, et al.

Management of patients with pancreatic adenocarcinoma: national trends in

patient selection, operative management, and use of adjuvant therapy. J Am

Coll Surg. (2012) 214:33–45. doi: 10.1016/j.jamcollsurg.2011.09.022

11. Tsai S, Evans DB. Therapeutic advances in localized pancreatic cancer. JAMA

Surg. (2016) 151:862–8. doi: 10.1001/jamasurg.2016.1113

12. Evans DB, Varadhachary GR, Crane CH, Sun CC, Lee JE, Pisters PW, et al.

Preoperative gemcitabine-based chemoradiation for patients with resectable

adenocarcinoma of the pancreatic head. J Clin Oncol. (2008) 26:3496–502.

doi: 10.1200/JCO.2007.15.8634

13. Varadhachary GR, Wolff RA, Crane CH, Sun CC, Lee JE, Pisters PW,

et al. Preoperative gemcitabine and cisplatin followed by gemcitabine-based

chemoradiation for resectable adenocarcinoma of the pancreatic head. J Clin

Oncol. (2008) 26:3487–95. doi: 10.1200/JCO.2007.15.8642

14. Christians KK, Heimler JW, George B, Ritch PS, Erickson BA,

Johnston F, et al. Survival of patients with resectable pancreatic

cancer who received neoadjuvant therapy. Surgery. (2016) 159:893–900.

doi: 10.1016/j.surg.2015.09.018

15. Cloyd JM, Katz MH, Prakash L, Varadhachary GR, Wolff RA, Shroff RT,

et al. Preoperative therapy and pancreatoduodenectomy for pancreatic ductal

adenocarcinoma: a 25-year single-institution experience. J Gastrointest Surg.

(2017) 21:164–74. doi: 10.1007/s11605-016-3265-1

16. Appel BL, Tolat P, Evans DB, Tsai S. Current staging systems for pancreatic

cancer. Cancer J. (2012) 18:539–49. doi: 10.1097/PPO.0b013e318278c5b5

17. Lin E, Alavi A. Pancreatic Cancer. PET and PET/CT: A Clinical Guide, 2nd ed.

New York, NY: Thieme (2005) 190–5 p.

18. Hu SL, Yang ZY, Zhou ZR, Yu XJ, Ping B, Zhang YJ. Role of SUV(max)

obtained by 18F-FDG PET/CT in patients with a solitary pancreatic lesion:

predicting malignant potential and proliferation. Nucl Med Commun. (2013)

34:533–9. doi: 10.1097/MNM.0b013e328360668a

19. Aldakkak M, Christians KK, Krepline AN, George B, Ritch PS, Erickson BA,

et al. Pre-treatment carbohydrate antigen 19-9 does not predict the response to

neoadjuvant therapy in patients with localized pancreatic cancer.HPB. (2015)

17:942–52. doi: 10.1111/hpb.12448

20. Ferrone CR, Finkelstein DM, Thayer SP, Muzikansky A, Fernandez-del

Castillo C, Warshaw AL. Perioperative CA19-9 levels can predict stage and

survival in patients with resectable pancreatic adenocarcinoma. J Clin Oncol.

(2006) 24:2897–902. doi: 10.1200/JCO.2005.05.3934

21. Hartwig W, Strobel O, Hinz U, Fritz S, Hackert T, Roth C, et al.

CA19-9 in potentially resectable pancreatic cancer: perspective to adjust

surgical and perioperative therapy. Ann Surg Oncol. (2013) 20:2188–96.

doi: 10.1245/s10434-012-2809-1

22. Boone BA, Steve J, Zenati MS, Hogg ME, Singhi AD, Bartlett DL,

et al. Serum CA 19-9 response to neoadjuvant therapy is associated with

outcome in pancreatic adenocarcinoma. Ann Surg Oncol. (2014) 21:4351–8.

doi: 10.1245/s10434-014-3842-z

23. Tzeng CW, Balachandran A, Ahmad M, Lee JE, Krishnan S, Wang H,

et al. Serum carbohydrate antigen 19-9 represents a marker of response to

neoadjuvant therapy in patients with borderline resectable pancreatic cancer.

HPB. (2014) 16:430–8. doi: 10.1111/hpb.12154

24. Katz MH, Varadhachary GR, Fleming JB, Wolff RA, Lee JE, Pisters

PW, et al. Serum CA 19-9 as a marker of resectability and survival

in patients with potentially resectable pancreatic cancer treated with

neoadjuvant chemoradiation. Ann Surg Oncol. (2010) 17:1794–801.

doi: 10.1245/s10434-010-0943-1

25. Ahn SJ, Park MS, Lee JD, Kang WJ. Correlation between 18F-

fluorodeoxyglucose positron emission tomography and pathologic

differentiation in pancreatic cancer. Ann Nucl Med. (2014) 28:430–5.

doi: 10.1007/s12149-014-0833-x

26. Chirindel A, Alluri KC, Chaudhry MA, Wahl RL, Pawlik TM, Herman JM,

et al. Prognostic value of FDG PET/CT-derived parameters in pancreatic

adenocarcinoma at initial PET/CT staging. AJR Am J Roentgenol. (2015)

204:1093–9. doi: 10.2214/AJR.14.13156

27. Pimiento JM, Davis-Yadley AH, Kim RD, Chen DT, Eikman EA, Berman

CG, et al. Metabolic activity by 18F-FDG-PET/CT is prognostic for

stage I and II pancreatic cancer. Clin Nucl Med. (2016) 41:177–81.

doi: 10.1097/RLU.0000000000001098

28. Binderup T, Knigge U, Loft A, Federspiel B, Kjaer A. 18F-

fluorodeoxyglucose positron emission tomography predicts survival of

patients with neuroendocrine tumors. Clin Cancer Res. (2010) 16:978–85.

doi: 10.1158/1078-0432.CCR-09-1759

29. Tomimaru Y, Eguchi H, Tatsumi M, Kim T, Hama N, Wada H, et al. Clinical

utility of 2-[(18)F] fluoro-2-deoxy-D-glucose positron emission tomography

in predicting World Health Organization grade in pancreatic neuroendocrine

tumors. Surgery. (2015) 157:269–76. doi: 10.1016/j.surg.2014.09.011

30. Myssayev A, Myssayev A, Ideguchi R, Eguchi S, Adachi T, Sumida Y,

et al. Usefulness of FDG PET/CT derived parameters in prediction

of histopathological finding during the surgery in patients with

pancreatic adenocarcinoma. PLoS ONE. (2019) 14:e0210178.

doi: 10.1371/journal.pone.0210178

31. Lee JW, Kang CM, Choi HJ, Lee WJ, Song SY, Lee JH, et al. Prognostic

value of metabolic tumor volume and total lesion glycolysis on preoperative

(1)(8)F-FDG PET/CT in Patients with Pancreatic Cancer. J Nucl Med. (2014)

55:898–904. doi: 10.2967/jnumed.113.131847

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Barnes, Aldakkak, Clarke, Christians, Bucklan, Holt, Tolat, Ritch,

George, Hall, Erickson, Evans and Tsai. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 10 April 2020 | Volume 10 | Article 500

https://doi.org/10.1016/j.jamcollsurg.2011.09.022
https://doi.org/10.1001/jamasurg.2016.1113
https://doi.org/10.1200/JCO.2007.15.8634
https://doi.org/10.1200/JCO.2007.15.8642
https://doi.org/10.1016/j.surg.2015.09.018
https://doi.org/10.1007/s11605-016-3265-1
https://doi.org/10.1097/PPO.0b013e318278c5b5
https://doi.org/10.1097/MNM.0b013e328360668a
https://doi.org/10.1111/hpb.12448
https://doi.org/10.1200/JCO.2005.05.3934
https://doi.org/10.1245/s10434-012-2809-1
https://doi.org/10.1245/s10434-014-3842-z
https://doi.org/10.1111/hpb.12154
https://doi.org/10.1245/s10434-010-0943-1
https://doi.org/10.1007/s12149-014-0833-x
https://doi.org/10.2214/AJR.14.13156
https://doi.org/10.1097/RLU.0000000000001098
https://doi.org/10.1158/1078-0432.CCR-09-1759
https://doi.org/10.1016/j.surg.2014.09.011
https://doi.org/10.1371/journal.pone.0210178
https://doi.org/10.2967/jnumed.113.131847
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Value of Pretreatment 18F-fluorodeoxyglucose Positron Emission Tomography in Patients With Localized Pancreatic Cancer Treated With Neoadjuvant Therapy
	Introduction
	Methods
	Study Subjects
	Neoadjuvant Therapy and Surgery

	PET/CT Technique and Review
	Statistical Analysis

	Results
	Patient Characteristics
	Pretreatment PET/CT SUV
	Neoadjuvant Therapy and Preoperative Restaging
	Change in SUV With Neoadjuvant Therapy
	Preop SUV and Preop CA19-9
	Surgery and Pathologic Features
	Pretreatment SUV and Overall Survival
	Preop SUV and Overall Survival

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


