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ABSTRACT
Background: Neoadjuvant therapy (NAT) is used in borderline resectable/locally advanced (BR/LA) pancreatic ductal adenocarcinoma
(PDAC). Anatomic imaging (CT/MRI) poorly predicts response, and biochemical (CA 19-9) markers are not useful (nonsecretors/nonelevated)
in many patients. Pathologic response highly predicts survival postNAT, but is only known postoperatively. Because metabolic imaging
(FDG-PET) reveals primary tumor viability, this study aimed to evaluate
our experience with preoperative FDG-PET in patients with BR/LA
PDAC in predicting NAT response and survival. Methods: We reviewed
all patients with resected BR/LA PDAC who underwent NAT with FDGPET within 60 days of resection. Pre- and post-NAT metabolic (FDGPET) and biochemical (CA 19-9) responses were dichotomized in
addition to pathologic responses. We compared post-NAT metabolic and biochemical responses as preoperative predictors of pathologic responses and recurrence-free survival (RFS) and overall survival
(OS). Results: We identiﬁed 202 eligible patients. Post-NAT, 58% of patients had optimization of CA 19-9 levels. Major metabolic and pathologic responses were present in 51% and 38% of patients, respectively.
Median RFS and OS times were 21 and 48.7 months, respectively. Metabolic response was superior to biochemical response in predicting pathologic response (area under the curve, 0.86 vs 0.75; P,.001). Metabolic
response was the only univariate preoperative predictor of OS (odds ratio, 0.25; 95% CI, 0.13–0.40), and was highly correlated (P5.001) with
pathologic response as opposed to biochemical response alone. After
multivariate adjustment, metabolic response was the single largest independent preoperative predictor (P,.001) for pathologic response (odds
ratio, 43.2; 95% CI, 16.9–153.2), RFS (hazard ratio, 0.37; 95% CI,
0.2–0.6), and OS (hazard ratio, 0.21; 95% CI, 0.1–0.4). Conclusions:
Among patients with post-NAT resected BR/LA PDAC, FDG-PET highly
predicts pathologic response and survival, superior to biochemical responses alone. Given the poor ability of anatomic imaging or biochemical markers to assess NAT responses in these patients, FDG-PET is a
preoperative metric of NAT efﬁcacy, thereby allowing potential therapeutic alterations and surgical treatment decisions. We suggest that
FDG-PET should be an adjunct and recommended modality during the
NAT phase of care for these patients.
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Background
The current recommended neoadjuvant therapy (NAT)
strategy in borderline resectable (BR) or locally advanced
(LA) pancreatic ductal adenocarcinoma (PDAC) includes
initial induction systemic chemotherapy often followed
by subsequent consolidative chemoradiation, referred to
as total NAT. The purpose of NAT relies on negative and
positive selection principles: identifying patients likely to
not beneﬁt from resection, treatment of occult metastases,
and potential downstaging to achieve margin-negative
resection.1–4 If we anticipate that NAT will improve
outcomes over up-front resection, then we need to objectively show therapeutic responses.
Traditional cross-sectional imaging modalities such
as CT and/or MRI poorly predict response, rendering NAT
radiologic evaluations relatively ineffective.3,5,6 In the
NCCN Clinical Practice Guidelines in Oncology (NCCN
Guidelines) for Pancreatic Adenocarcinoma,4 the criteria
for surgery post-NAT in patients with BR/LA PDAC do not
include post-NAT radiologic response as a metric, and the
NCI does not consider tumor shrinkage as a clinically relevant endpoint for trials because it poorly predicts pathologic response and survival.7 CA 19-9 levels are often used
to determine biochemical responses8; however, 10% of
patients lack fucosyl-transferase (nonsecretors), and up to
one-third of patients have normal levels at presentation
(ie, normo-secretors),9–11 limiting CA 19-9 utility in a significant proportion of patients. Furthermore, the operations
required for these advanced tumors confer potentially
higher rates of perioperative morbidity and mortality compared with standard operations for anatomically resectable
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tumors,12 hence the need to identify patients with longterm oncologic beneﬁt to justify these increased risks. Studies have shown pathologic treatment response, a surrogate
for demonstrably effective NAT, to be among the most signiﬁcant independent predictors of survival after resection
for BR/LA PDAC.13–16 However, pathologic response is only
known post–surgical resection; thus, methods to objectively
determine the adequacy of NAT response preoperatively
are critically needed.
Given the limitations of traditional cross-sectional
imaging and biochemical tumor marker assessment to
determine NAT response in BR/LA PDAC, we used serial
FDG-PET metabolic imaging to increase the accuracy
and objectivity of NAT response assessment, anticipate
postoperative pathologic responses, and determine eligibility for complex resections. FDG-PET combined with
either standard CT (PET/CT) or contrast-enhanced MRI
(PET/MRI) has been shown to predict metastasis17 and
survival,18,19 provide insight into tumor viability during
NAT, and reveal metabolic changes earlier than changes
in radiologic tumor size.20 This study aimed to evaluate
our experience with assessing the diagnostic accuracy of
the FDG-PET metabolic response in predicting pathologic responses and survival compared with biochemical
(CA 19-9) levels and responses in patients with BR/LA
PDAC undergoing NAT pre-resection.

Methods
This was an Institutional Review Board–approved retrospective cohort of patients diagnosed with BR/LA PDAC
who underwent surgical resection at a single center after
NAT, with at least one FDG-PET post-NAT within 60 days of
resection. Serum CA 19-9 level was assessed at baseline and
post-NAT, and considered elevated if $35 U/mL. CA 19-9
groups included those that were (1) elevated at baseline and
normalized post-NAT, (2) elevated at baseline and stayed elevated post-NAT, (3) normal at baseline and post-NAT, and
(4) nonsecretors (,1 U/mL). We analyzed the CA 19-9 levels
for the entire cohort of patients (“CA 19-9 level”) and then
conducted subgroup analyses with only patients with elevated CA 19-9 at baseline (“CA 19-9 response”). For the entire cohort, CA 19-9 levels were dichotomized as follows:
optimal (groups 1 and 3; ie, normal) and suboptimal (groups
2 and 4; ie, elevated or nonsecretors) per previous stratiﬁcation.13 Because biochemical responses are only useful in
those with CA 19-9 elevation, we dichotomized a subgroup
(excluding groups 3 and 4) with initially elevated CA 19-9
into major response (group 1: normalized post-NAT) and
minor response (group 2: stayed elevated post-NAT).
Consolidative chemoradiation therapy was composed
of a photon/proton external beam with a 50-Gy dose delivered in 25 to 28 daily fractions over 5 weeks, or a 45-Gy dose
delivered in 15 fractions over 3 weeks with concurrent
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radiosensitizing chemotherapy (capecitabine) and delivered
using 3D conformal or intensity-modulated techniques.
Baseline and interval (post-NAT) FDG-PET (CT or
MRI) parameters21,22 were reviewed. Major metabolic
(PET) response was deﬁned as FDG uptake of the tumor
below hepatic FDG uptake and indistinguishable from
background pancreatic tissue as previously described.23
Minor metabolic response was deﬁned as persistent or
higher FDG activity than adjacent background tissues
and compared with baseline FDG-PET if available. Pathologic treatment response was scored according to the
College of American Pathologists (0 5 complete response;
1 5 near-complete response; 2 5 partial response; 3 5 no
response).24 Pathologic response scores were dichotomized as follows: major pathologic response (scores 0
and 1) or minor pathologic response (scores 2 and 3).
Overall survival (OS) was measured from time of diagnosis to death from any cause. Recurrence-free survival
(RFS) was measured from surgery to recurrence or
death from any cause.
Continuous variables are presented as mean and standard deviation if normally distributed; otherwise, they are
presented as median and interquartile range. The 2-tailed
Student t test or Wilcoxon rank sum test was used for
statistical comparison. The Fisher exact test or Pearson
chi-squared test was used for statistical comparison. We
conducted univariate and multivariate binary logistic
regression analyses looking for preoperative predictive
factors of major pathologic response. Signiﬁcant variables in univariate analysis were included in multivariate
logistic regression after satisfying statistical assumption.
Diagnostic accuracy measures were estimated for metabolic and biochemical responses in predicting pathologic
response and receiver operating characteristic (ROC)
curves with area under the curve. To compare ROC curves
for factors, we conducted paired-sample (ie, same patient)
area under the curve statistical tests using a nonparametric
assumption of empirical methods as described by DeLong
et al.25 Kaplan-Meier method and Cox proportional hazard
regression were used as appropriate. All analyses were performed using SPSS Statistics, version 27.0 (IBM Corp.) with
a statistical signiﬁcance threshold of ,0.05.

Results
An initial cohort of 232 patients with BR/LA PDAC was
screened, with 36 patients excluded (FDG-PET .60 days
preoperatively). A total of 202 patients were included in
the ﬁnal cohort, with demographics and variables listed in
eTable 1 (available with this article at JNCCN.org). This
cohort comprised 117 (58%) men and 85 (42%) women,
with a mean [SD] age of 64.7 [9.8] years at surgery. All patients received either mFOLFIRINOX (modiﬁed oxaliplatin/leucovorin/irinotecan/ﬂuorouracil) or gemcitabine/
nab-paclitaxel as ﬁrst-line neoadjuvant chemotherapy,
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with 94 (46.5%) undergoing chemotherapy switch and the
majority (91%) undergoing preoperative chemoradiation
post-NAT. There were 135 (67%) patients with an elevated
CA 19-9 level at diagnosis, 46 (23%) with normal levels, and
21 (10%) nonsecretors. The median (interquartile range)
CA 19-9 level at diagnosis and pre-NAT was 106 (33.3–318)
U/mL, and the last median (interquartile range) pre-resection was 21 (11–52) U/mL, respectively. Of the entire cohort, 117 (58%) patients had normal CA 19-9 levels
(optimal CA 19-9) post-NAT. Of the 135 patients who had a
baseline CA 19-9 elevation, 71 (53%) had their levels normalize post-NAT (major CA 19-9 response).
All patients had at least 1 FDG-PET scan post-NAT
and pre-resection, and 182 (90.1%) had $2 FDG-PETs
during NAT. The speciﬁc FDG-PET modality was either
PET/CT (n535; 17%) or PET/MRI (n5167; 83%). We
found that 122 (60%) patients had FDG-PET at baseline
with a mean [SD] standardized uptake value (SUV) of 6.5
[2.4], and only 4 (3.3%) patients had treatment-naïve nonavid tumors. Among the 122 patients who had FDG-PET
at baseline pre-NAT, 34 (16.8%) also had avid regional
lymph node involvement. In the remaining 80 (40%) patients without pretreatment metabolic imaging undergoing ﬁrst FDG-PET after initial NAT, the mean [SD] SUV
was 3.9 [1.4], with 22 (27.5%) patients who had nonavid
tumors. There were signiﬁcant differences in mean tumoral SUV between patients who had baseline pretreatment FDG-PET and those undergoing FDG-PET after
some initial NAT (P,.0001) and the proportion of nonavid
tumors in each group, respectively (P5.0002), possibly
suggesting an interval response, although this type of response cannot be proven with this dataset. Major metabolic response post-NAT was seen in 104 (52%) patients,
with the remaining 98 (49%) having residual metabolic activity above background. The mean [SD] SUV differences
between major and minor metabolic response groups was
signiﬁcant (1.5 [1.9] vs 3.8 [1.6]; P,.001, respectively).
Among the 34 (17%) patients who had avid lymph node
involvement on baseline FDG-PET pre-NAT, 21 (62%) had
complete metabolic nodal responses.
Vascular (venous/arterial) resection was required in
134 (66%) patients. The margin-positive rate was 3%,
with 42 (21%) patients having metastatic lymph nodes.
Lymphovascular and perineural invasion were present in
21 (10%) and 76 (38%) specimens, respectively. Pathologic treatment response categories included complete
response in 27 (13%) patients, near-complete response in
50 (25%), partial response in 108 (54%), and no response
in 17 (8%), with a total of 77 (38%) patients having major
(complete or near-complete) pathologic responses. A minority of patients (23%) received any postoperative chemotherapy: 17 (9%) received adjuvant chemotherapy,
whereas 27 (14%) received palliative chemotherapy after
subsequent recurrence.
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At follow-up, 82 (41%) patients developed recurrence
and 140 (69%) remained alive. Supplemental eTable 2
shows the univariate analysis for factors associated with
RFS and OS. Although optimal CA 19-9 levels, major CA
19-9 response, and lymphovascular invasion were associated with RFS alone, chemoradiation was associated with
OS alone. Perineural invasion (hazard ratio [HR], 2.41; 95%
CI, 1.56–3.74 [RFS]; HR, 2.11; 95% CI, 1.2–3.71 [OS]), major
metabolic response (HR, 0.32; 95% CI, 0.2–0.51 [RFS];
HR, 0.25; 95% CI, 0.13–0.48 [OS]), and major pathologic
response (HR, 0.27; 95% CI, 0.15–0.45 [RFS]; HR, 0.37;
95% CI, 0.19–0.72 [OS]) were signiﬁcantly associated with
both RFS and OS. Of these factors, only biochemical (CA
19-9) and metabolic (FDG-PET) variables were known before resection. Figure 1 shows the RFS and OS curves for
each preoperative factor.
Given the signiﬁcance of the association between NAT
pathologic response and survival known only postoperatively,
we then assessed the associations of preoperatively known
biochemical (CA 19-9) and metabolic (PET) response factors
to subsequent NAT pathologic responses (Table 1). Major
pathologic response was more likely in patients with optimal
CA 19-9 levels (82% vs 43%; P,.0001), major CA 19-9 responses (86% vs 36%; P,.0001), and major metabolic responses (94% vs 21%; P,.0001). A small cohort of 19 (9%)
patients who received NAT without subsequent chemoradiation were identiﬁed. Even in this smaller cohort, there was still
a signiﬁcant association between metabolic response and
pathologic response (P5.004), as opposed to CA 19-9 levels
(P5.52) or CA 19-9 responses (P51.00). Relative contributions
of various combinations of biochemical and metabolic responses were assessed (Table 1). Biochemical response in the
absence of an associated major metabolic response did not
correlate with a subsequent major pathologic response (major
pathologic response among patients with optimal CA 19-9
level and minor metabolic response, 7.1%; among patients
with major CA 19-9 response and minor metabolic response,
3.8%), suggesting that CA 19-9 alone is insufﬁcient in determining the adequacy of NAT response. In contrast, major
metabolic response was highly associated with major pathologic response regardless of biochemical response (major
pathologic response among patients with major metabolic response and any CA 19-9 level or response, 73.5%). Furthermore, when both factors were present, pathologic response
was even more predictive.
Table 2 reveals diagnostic testing measures for major
metabolic response, optimal CA 19-9 level, and major CA
19-9 response in predicting major pathologic response.
Major metabolic response was superior compared with
biochemical assessments in all measures. Figure 2 shows
the superior performance of metabolic response on ROC
analyses in predicting pathologic response. On multivariate regression, both biochemical and metabolic responses
were independently associated with major pathologic
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Figure 1. RFS and OS, respectively, stratiﬁed by (A, B) pathologic response, (C, D) metabolic response, (E, F) CA 19-9 level, and (G, H) CA 19-9
response.
Abbreviations: OS, overall survival; RFS, recurrence-free survival.
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Table 1. Metabolic and Biochemical Factor Associations With Pathologic Response

Variable

Major
Pathologic Response
n (%)

Minor
Pathologic Response
n (%)

Total, n

77 (38.1)

125 (61.9)

Optimal CA 19-9 level

63 (81.8)

54 (43.2)

Suboptimal CA 19-9 level

14 (18.2)

71 (56.8)

P Value

Biochemical (CA 19-9)
CA19-9 level
<.0001

CA19-9 response
Major CA 19-9 responsea

38 (86.4)

33 (36.3)

Minor CA 19-9 responsea

6 (13.6)

58 (64.7)

<.0001

Metabolic (PET)
Major metabolic response

72 (93.5)

26 (20.8)

Minor metabolic response

5 (6.5)

99 (79.2)

<.0001

Biochemical (CA 19-9) and metabolic (PET)
Optimal CA 19-9 level and major metabolic response

60 (80.0)

15 (20.0)

<.0001

Optimal CA 19-9 level and minor metabolic response

3 (7.1)

39 (92.9)

<.0001

Optimal CA 19-9 level

63 (53.8)

54 (46.2)

Suboptimal CA 19-9 level and major metabolic response

12 (52.2)

11 (47.8)

Suboptimal CA 19-9 level and minor metabolic response

2 (3.2)

60 (96.8)

<.0001

Suboptimal CA 19-9 level

14 (16.5)

71 (83.5)

<.0001

a

Major CA 19-9 response and major metabolic response

37 (82.2)

8 (17.8)

<.0001

Major CA 19-9 responsea and minor metabolic response

1 (3.8)

25 (96.1)

.0003
.55

a

.4
.17

38 (53.5)

33 (46.5)

Minor CA 19-9 responsea and major metabolic response

5 (35.7)

9 (64.3)

Minor CA 19-9 responsea and minor metabolic response

1 (2)

49 (98)

<.0001

Minor CA 19-9 responsea

6 (9.4)

58 (90.6)

<.0001

Major metabolic response

72 (73.5)

26 (26.5)

<.0001

Minor metabolic response

5 (4.8)

99 (95.2)

<.0001

Major CA 19-9 response

.79

Bold indicates statistically signiﬁcant P value.
a
Included only those with initial CA 19-9 elevation.

responses, although with a signiﬁcantly higher OR for
metabolic response (Table 3). Finally, multivariate Cox
proportional hazard analyses for preoperatively known
factors associated with RFS and OS on univariate analyses
revealed that metabolic response was the only signiﬁcant
independent preoperative predictor of survival (Table 4).

Discussion
If we intend NAT to be of beneﬁt in patients with BR/LA
PDAC, then we must show treatment efﬁcacy objectively.
Standard radiologic and biochemical assessments provide insufﬁcient predictions about NAT effectiveness in
PDAC. Anatomic imaging has not been useful in BR/LA
PDAC,5,6,13,26–28 and NCI and NCCN Guidelines for Pancreatic Adenocarcinoma do not include, and discourage,
radiologic responses as relevant treatment endpoints because they do not predict survival.4,7 Biochemical
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responses (CA 19-9) are not assessable in at least 40% of
patients (10% nonsecretors, 30% with normal CA 19-9
levels), and variability exists regarding what constitutes
an appropriate NAT response (ie, stability, partial stability, or normalization).13,29–31 Therefore, biochemical responses to NAT, although helpful in some (ie, baseline
elevated),8 are generally inadequate in patients with BR/LA
PDAC. Given these limitations, the absence of metastatic
disease alone is an indication for proceeding with resection
post-NAT, a strategy with possible suboptimal oncologic
and potentially devastating surgical outcomes given the increased risks with these operations. Thus, current standards
of NAT response assessment are inadequate.
Determining the optimal response to initial induction
chemotherapy in BR/LA PDAC presents a therapeutic dilemma. A multidisciplinary team needs to determine
whether chemotherapeutic beneﬁt has been maximized
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Table 2. Diagnostic Testing Accuracy Measures of Major Metabolic Response, Optimal CA 19-9 Level,
and Major CA 19-9 Response in Predicting Major Pathologic Response
Biochemical (CA 19-9)

Diagnostic Accuracy

Metabolic (PET)
Major Response

Optimal CA 19-9 Level

Major CA 19-9 Responsea

Sensitivity

93.5 (85.49–97.86)

81.8 (71.38–89.69)

86.4 (72.65–94.83)

Speciﬁcity

79.2 (71.01–85.94)

56.8 (47.64–65.63)

63.7 (52.99–73.56)

PPV

73.5 (63.59–81.88)

53.8 (44.39–63.1)

53.5 (41.29–65.45)

NPV

95.2 (89.14–98.42)

83.5 (73.91–90.69)

90.6 (80.7–96.48)

LR1

4.5 (3.18–6.36)

1.89 (1.51–2.38)

2.38 (1.77–3.2)

LR2

0.08 (0.04–0.19)

0.32 (0.2–0.53)

0.21 (0.1–0.46)

Accuracy

84.7

66.34

71.11

AUC (95% CI)

0.86 (0.81–0.9)

0.69 (0.63–0.75)

0.75 (0.67–0.82)

P value (model)

,.001

,.001

,.001

P value (AUC)

ref

,.001

.004

Abbreviations: AUC, area under the curve; LR1, positive likelihood ratio; LR–, negative likelihood ratio; NPV, negative predictive value; PPV, positive
predictive value.
a
This model included only those with initial CA 19-9 elevation. Estimated prevalence is the proportion of the sample with a positive major pathologic
response. The estimated prevalence has been used as a valid estimate of the population prevalence because the entire sample is a random sample of the
population and is comparable to what have been reported previously in the literature including Truty et al.13 The AUC is calculated from the predicted
values generated from the adjusted binary logistic regression analysis controlling for the chemoradiation effect.

and either proceed to chemoradiation2 and/or surgery,32
extend the duration of the same chemotherapeutic regimen, or consider a chemotherapeutic switch.33 Having
highly predictive preoperative data is critical for decisionmaking, with a substantial inﬂuence on patient outcomes.
Most NAT studies have identiﬁed pathologic treatment

response—a postoperative metric—as the most independent predictor of survival. This retrospective study assessed preoperative FDG-PET in determining the
adequacy of NAT response in relation to pathologic response and survival. The current approved role of
FDG-PET in PDAC is to assess metastatic disease when

1.0
0.9
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Figure 2. ROC curves and AUC to compare how metabolic response, optimal CA 19-9 level, and major CA 19-9 response predict major pathologic response.
Abbreviations: AUC, area under the curve; ROC, receiver operating characteristic.
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Table 3. Multivariate Regression Analysis on Preoperative Factors Predicting Major Pathologic Response
P Value

Multivariate Cohort

Variable

OR (95% CI)

n5202

Chemoradiation

1.29 (0.24–8.11)

.77

Optimal CA 19-9 level

3.27 (1.35–8.07)

.009

Major metabolic response
n5135a

<.0001

43.20 (16.88–135.16)

Chemoradiation

0.49 (0.04–12.29)

.61

Major CA 19-9 response

6.91 (2.09–25.40)

.001

76.25 (18.61–571.15)

<.0001

Major metabolic response
Bold values indicate a statistically signiﬁcant P value.
Abbreviation: OR, odds ratio.
a
This model included only those with initial CA 19-9 elevation.

standard imaging is indeterminate. FDG-PET is not formally recommended to assess NAT responses in BR/LA
PDAC, in contrast to many other malignancies in
which it is the standard of care.34 We found that postNAT metabolic response is the preoperative metric superior to biochemical responses alone in predicting
pathologic response and the most signiﬁcant independent predictor of survival. FDG-PET results increase
the likelihood of making accurate treatment decisions
beyond biochemical responses alone by shifting major
pathologic response probability to more accurate estimates. Although both biochemical and metabolic response
factors are individually distinct, our ﬁndings logically suggest
that they together likely potentiate the likelihood of compatible pathologic response, with metabolic responses having a
greater probability of predicting pathologic responses than
biochemical responses alone. These data support their dual
role during NAT given the rarity (n52) of patients with major
pathologic response when both major biochemical and metabolic responses were absent. Most relevant, FDG-PET precisely categorized pathologic responses in patients in whom
formal biochemical responses could not be assessed (ie,
nonsecretors/nonelevated)—a signiﬁcant proportion of
patients with PDAC. If we cannot achieve optimal FDGPET response despite NAT alterations, then we assume
chemoresistance and suboptimal postoperative survival. In these circumstances, patients should be

counseled appropriately, with the risks of planned operation weighed against predicted survival beneﬁt.
Our ﬁndings align with previous reports showing
that FDG-PET predicts chemotherapy response in BR/LA
PDAC.35 However, some previous studies showing the
FDG-PET utility of NAT response in PDAC did not compare
metabolic parameters with pathologic responses.24,36–38
One trial terminated due to low accrual and too small a
size to draw meaningful conclusions.37 Another compared metabolic responses with radiologic responses38;
however, RECIST has previously established low correlation to pathologic response. Lee et al39 did not detect
FDG-PET metabolic activity and pathologic response
associations, likely explained by small sample size and
very low overall major pathologic response rates. We
found that FDG-PET responses are independently predictive of survival outcomes, similar to previous studies,38–41
which are explained by the association between metabolic
response and post-NAT tumor viability. Tumor viability
within the resected specimen is the only direct NAT response test with true ﬁndings; therefore, any test to predict
NAT response should be compared with the standard reference, pathologic treatment response, as performed in
this series. Others have looked at the correlation between
NAT response and percentage change in FDG-PET parameters, such as the SUV maximum.21,42,43 Although partial
metabolic responses are encouraging, they only indicate

Table 4. Multivariate Cox Proportional Hazard Analyses on Preoperative Factors Predicting RFS and OS
RFS (n5135)b

RFS (n5202)
Variablea
Chemoradiation
Optimal CA 19-9 level
Major CA 19-9 response
Major metabolic response

OS (n5135)b

OS (n5202)

HR (95% CI)

P Value

HR (95% CI)

P Value

HR (95% CI)

P value

HR (95% CI)

—

—

—

—

0.33 (0.15–0.87)

.03

0.36 (0.12–1.55)

.28

.15

—

—

1.39 (0.76–2.54)

—

—

0.56 (0.3–1.02)

.06

—

—

1.46 (0.6–3.21)

.35

0.37 (0.22–0.6)

<.0001

0.43 (0.22–0.8)

.01

0.21 (0.1–0.42)

<.0001

0.26 (0.1–0.61)

.002

0.64 (0.4–1.02)

.06

—

P Value

—

Bold values indicate a statistically signiﬁcant P value.
Abbreviations: HR, hazard ratio; OS, overall survival; RFS, recurrence-free survival.
a
Only signiﬁcant variables on univariate RFS or OS have been used for the multivariate Cox proportional hazards RFS or OS as appropriate.
b
This model included only those with initial CA 19-9 elevation.
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incomplete pathologic response and likely incomplete
systemic efﬁcacy. Tumors with any residual metabolic
activity post-NAT, regardless of degree, will likely still
harbor signiﬁcant viable tumors with associated worse
survival. Thus, the goal of NAT before any higher-risk interventions should be complete or near-complete metabolic responses. The concept of tumor viability and
consequences of high stakes treatment support FDG-PET
dichotomization of metabolic response into either major
or minor response for better prognostication. Although it
is difﬁcult to contextualize FDG-PET without baseline
FDG-PET, and some patients underwent ﬁrst FDG-PET
after initial NAT (treated elsewhere), serial FDG-PET
throughout NAT duration is still possible and useful. We
conducted subgroup analysis by excluding the 40% of patients without pretreatment PET. All of the measures (ie,
metabolic, CA 19-9 level, and CA 19-9 response) had identical results to the full cohort analysis, showing that metabolic PET response associates with pathologic response far
better than biochemical response (CA 19-9).
Although data from prospective clinical trials of
FDG-PET utility in assessing NAT response in PDAC
would be optimal (a current R01-funded trial is underway
at our center), the feasibility and beneﬁts of such FDGPET studies have already been established in many other
cancers.44,45 For a test to be mandated, we need to show
that without it, a potential target disorder is dangerous if
left undiagnosed, and that results change management
with the potential for additional treatment being available and rendered.12,13,46 Given the high correlation of
FDG-PET in predicting post-NAT pathologic response
and survival, FDG-PET serves as an optimal preoperative
assessment of NAT response, thus stratifying patients
into speciﬁc downstream options (ie, proceed to surgery,
continue current NAT, or chemotherapy switch).33,47
This study has signiﬁcant limitations due to its retrospective cohort design with selection bias that likely may
overestimate the prognostic ability compared with unselected populations. However, our sample was very representative of all patients with PDAC who received surgical
resection at our institute, where FDG-PET has become
more standardized in our practice; however, we cannot
exclude selection bias in general. We included patients
referred from other centers to enhance sample representativeness, although this inclusion may still impact the
generalizability of our ﬁndings. Both BR and LA in our
practice are grouped together because they are treated
identically; the only difference is the magnitude and
complexity of any possible subsequent operation, so we
do not typically stratify between these 2 types. Our criteria for surgery are more liberal, and thus a higher proportion of patients underwent resection, many of whom
may have been deemed unresectable elsewhere. We do
not use RECIST criteria in making surgical decisions,
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given low speciﬁcity with minimal survival prediction21
and the fact that they are not included in the NCCN
Guidelines criteria for surgery post-NAT in patients with
BR/LA PDAC.4 Radiologic downstaging is not relevant in
our practice because patients are either anatomically reconstructable or they are not. Metabolic nodal activity and
response were not suitable to address in this study for the
following reasons: (1) early NAT was administered before
some FDG-PET scans were performed, and (2) FDG-PET
may have low sensitivity for detecting lymph node metastasis. In addition, we included patients who underwent both
standard PET/CT and PET/MRI and did not ﬁnd any significant differences between modalities; thus, we feel that the
results translate to any FDG-PET modality that is available
at any center. Our FDG-PET protocols may differ and
require standardization to enhance agreement beyond
chance; however, the outcomes measured were reproducible and sufﬁcient to answer the study question about evaluating the diagnostic accuracy of the FDG-PET metabolic
response in predicting pathologic responses and survival
compared with biochemical response in patients with
BR/LA PDAC undergoing NAT pre-resection. Finally, our
metabolic and pathologic response rates may differ from
those of other centers because we generally use total
NAT (chemotherapy 1 chemoradiation) with extendedduration NAT and consideration of chemotherapy switch.33

Conclusions
Among patients with BR/LA PDAC undergoing NAT,
FDG-PET is superior in predicting pathologic treatment
response versus biochemical assessments alone, with
those metabolic responses independently predictive of
survival. Such preoperative metabolic data may either
support or refute the adequacy of NAT pre-resection.
Further validity evidence on the use of PET in assessing
treatment responses in PDAC should be actively collected through other centers’ studies and clinical trials (a
current R01-funded clinical trial is underway at our center). Although prospective studies are warranted, the results of FDG-PET for BR/LA PDAC in this study may be
sufﬁcient to recommend FDG-PET as an approved adjunct modality in assessing NAT efﬁcacy in addition to
the currently approved but poorly predictive metrics
(CT/MRI and CA 19-9 level). We recommend that providers
combine all available response measures (ie, clinical, radiologic, biochemical, and metabolic) to make suitable decisions regarding NAT alterations and ﬁnal decisions for
surgery or no surgery on a case-by-case basis.
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eTable 1. Descriptive Cohort Demographics and
Variables

eTable 1. Descriptive Cohort Demographics and
Variables (cont.)

Variable

n (%)

Variable

202

Optimal CA 19-9 levels post-NAT

Total, N
Sex
Male

117 (58)

Female

85 (42)

Ethnicity
Non-Hispanic or Latino

190 (94.1)

Hispanic or Latino

3 (1.5)

Other/Unknown/Chose not to disclose

9 (4.4)

Race
White

187 (92.6)

n (%)

Yes

117 (58)

No

85 (42)

Major CA 19-9 response (only those with initial CA 19-9 elevation)
Yes

71 (53)

No

64 (47)

Chemoradiation
Yes

183 (91)

No

19 (9)

FDG-PET scan type

2 (1)

PET/CT

35 (17)

Asian

7 (3.4)

PET/MRI

167 (83)

Other

4 (2)

Unknown

2 (1)

Black/African American

Age at surgery
Mean [SD], y

65 [9.8]

Median (range), y

65 (24.2–85.6)

$65 y

101 (50)

.1 PET before surgery
Yes

182 (90)

No

20 (10)

Pre-NAT baseline PET
Yes

122 (60)

No

80 (40)

Avid tumor at ﬁrst baseline PET
(chemotherapy-naïve)

CA 19-9 at diagnosis
Mean [SD], U/mL

563 [1,829]

Median (range), U/mL

106 (0–20,860)

.500 U/mL

62 (31)

.1,000 U/mL

44 (22)

CA 19-9 elevated at diagnosis
Yes

135 (67)

No

42 (23)

Nonsecretors

21 (10)

NAT type

SUV at ﬁrst baseline PET
(chemotherapy-naïve), mean [SD]
Avid tumor at ﬁrst baseline PET
(previous chemotherapy)
SUV at ﬁrst baseline PET
(previous chemotherapy), mean [SD]
Days from last PET to surgery, mean [SD]

118 (97)
6.5 [2.4]
58 (73)
3.9 [1.4]
11.5 [13]

Avid regional lymph nodes on PET
Avid
Nonavid

40 (19.8)
162 (80.2)

Any FOLFIRINOX

179 (89)

Any GA

117 (58)

Major

104 (52)

94 (47)

Minor

98 (49)

Chemotherapy switch
Total chemotherapy cycles

Metabolic (PET) response

Surgery

Mean [SD]

8.8 [3.6]

Median

8

Range

2–28

Days between end of NAT and preoperative FDG-PET scan
Mean [SD]

34.8 [13.8]

Median

32.5

Range

7–128

CA 19-9 response categories

Whipple

56 (27.7)

Distal pancreatectomy

46 (22.8)

Vascular resection
Yes

134 (66)

No

68 (34)

Resection margin status
Positive

1: Elevated and normalized

71 (35)

2: Elevated and stayed elevated

64 (32)

100 (49.5)

Total pancreatectomy

Negative

5 (3)
197 (97)

Positive lymph nodes

3: Normal and stayed normal

46 (23)

Yes

42 (21)

4: Nonsecretors

21 (10)

No

160 (79)

(continued in next column)
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eTable 1. Descriptive Cohort Demographics and
Variables (cont.)
Variable

n (%)

Lymphovascular invasion
Yes

21 (10)

No

181 (90)

Perineural invasion
Yes

76 (38)

No

126 (62)

Pathologic treatment response
Score 0: complete

27 (13)

Score 1: near-complete

50 (25)

Score 2: partial

108 (54)

Score 3: none

17 (8)

Major pathologic response (0 or 1)
Yes

77 (38)

No

125 (62)

90-day operative mortality
Yes

13 (6)

No

189 (94)

Postoperative chemotherapy
Adjuvant (before progression and/or recurrence)
Palliative (after progression and/or recurrence)
No

17 (9)
27 (14)
145 (77)

Any recurrence
Yes
Distant recurrence
No

82 (41)
63 (77)
120 (59)

Alive at last follow-up
Yes

140 (69)

No

62 (31)

Abbreviations: FOLFIRINOX, ﬂuorouracil/leucovorin/irinotecan/oxaliplatin;
F/U, follow-up; GA, gemcitabine/nab-paclitaxel; NAT, neoadjuvant
therapy; SUV, standardized uptake value.
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eTable 2. Univariate RFS and OS Models
Univariate RFS Analysis
Variable

HR (95% CI)

Sex, female

0.7 (0.44–1.08)

Univariate OS Analysis
P Value

HR (95% CI)

P Value

.11

0.88 (0.50–1.56)

.67

Age at surgery, y

1.01 (0.99–1.04)

.36

1.02 (0.99–1.05)

.31

Age at surgery, y

1.23 (0.8–1.9)

.35

1.22 (0.69–2.13)

.5

CA 19-9 at diagnosis .500 U/mL

1.4 (0.88–2.17)

.15

1.23 (0.68–2.21)

.49

CA 19-9 at diagnosis .1,000 U/mL

1.52 (0.91–2.45)

.11

1.38 (0.73–2.60)

.32

CA 19-9 elevated at diagnosis

1.29 (0.74–2.24)

.38

1.02 (0.50–2.08)

.96

Optimal CA 19-9 level

0.47 (0.3–0.73)

<.001

0.75 (0.43–1.32)

.32

Major CA 19-9 responsea

0.38 (0.22–0.65)

<.001

0.70 (0.35–1.41)

.32

Chemoradiation

0.56 (0.29–1.2)

.13

0.36 (0.15–0.84)

.02

Neoadjuvant therapy duration, mo

1.04 (0.99–1.09)

.13

0.99 (0.92–1.07)

.86

Major metabolic (PET) response

0.32 (0.2–0.51)

<.001

0.25 (0.13–0.48)

<.001

Vascular resection

1.28 (0.8–2.16)

.32

1.19 (0.63–2.24)

.56

Positive margin

2.25 (0.55–6.08)

.22

1.53 (0.37–6.33)

.56

Positive lymph nodes

1.29 (0.75–2.12)

.34

1.2 (0.63–2.28)

.58

Lymphovascular invasion

2.13 (1.16–3.65)

.02

1.08 (0.46–2.55)

.86

Perineural invasion

2.41 (1.56–3.74)

<.001

2.11 (1.20–3.71)

.009

Major pathologic response

0.27 (0.15–0.45)

<.001

0.37 (0.19–0.72)

.004

Adjuvant chemotherapy

0.56 (0.22–1.19)

.14

0.43 (0.13–1.41)

.12

Bold values indicate statistically signiﬁcant P values.
Abbreviations: HR, hazard ratio; OS, overall survival; RFS, recurrence-free survival.
a
Included only those with initial CA 19-9 elevation.
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