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Abstract

Objective: This study aimed to identify risk factors for recurrence after pancreatic resection for 

intraductal papillary mucinous neoplasm (IPMN).

Summary Background Data: Long-term follow-up data on recurrence after surgical resection 

for IPMN are currently lacking. Previous studies have presented mixed results on the role of 

margin status in risk of recurrence after surgical resection.
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Methods: A total of 126 patients that underwent resection for noninvasive IPMN were followed 

for a median of 9.5 years. Dedicated pathological and radiological reviews were performed 

to correlate clinical and pathological features (including detailed pathological features of the 

parenchymal margin) with recurrence after surgical resection. In addition, in a subset of 32 

patients with positive margins, we determined the relationship between the margin and original 

IPMN using driver gene mutations identified by next-generation sequencing.

Results: Family history of pancreatic cancer and high-grade IPMN was identified as risk 

factors for recurrence in both uni- and multivariate analysis (adjusted hazard ratio 3.05 and 1.88, 

respectively). Although positive margin was not significantly associated with recurrence in our 

cohort, the size and grade of the dysplastic focus at the margin were significantly correlated with 

recurrence in margin-positive patients. Genetic analyses showed that the neoplastic epithelium at 

the margin was independent from the original IPMN in at least 9 of 32 cases (28%). The majority 

of recurrences (74%) occurred after 3 years, and a significant minority (32%) occurred after 5 

years.

Conclusion: Sustained postoperative surveillance for all patients is indicated, particularly those 

with risk factors such has family history and high-grade dysplasia.
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The increased use of abdominal imaging and improved imaging techniques has increased 

the diagnosis of intraductal papillary mucinous neoplasms (IPMNs) of the pancreas in 

recent years.1–4 A subset of these patients undergo surgical resection to prevent malignant 

progression, particularly if main duct (MD) dilatation, solid component, jaundice, or other 

high-risk features is present. Although recurrence in the remnant pancreas has been reported 

in as many as 20% of surgically resected patients, recommendations for postoperative 

surveillance are controversial, and more data are needed to inform the best approach.5–10 

Particularly, the time to recurrence and the risk factors predicting recurrence are important 

data for clinical decision-making.

Pancreatic parenchymal margin status may contribute to risk of recurrence and is typically 

reported in a binary fashion as either positive or negative. However, there is no standard 

definition for what constitutes a positive pancreatic transection margin. High-grade dysplasia 

or invasive carcinoma at the margin is universally reported, as this will result in additional 

surgical resection. However, low-grade dysplasia at the margin is inconsistently reported 

as it does not currently alter clinical care. These inconsistencies significantly complicate 

retrospective studies on margin status, which use variable definitions of margin positivity. 

Additionally, the origin of the neoplastic epithelium at the surgical margin is unclear, as it 

may represent extension of a single IPMN or multiple independent precancerous lesions. 

This is of importance to understand the biological behavior of these lesions, especially the 

extent of intra-pancreatic disease and recurrence after surgical resection.

In this study we set out to determine risk factors for IPMN recurrence after surgical 

resection. In a large cohort of surgically resected IPMNs, we performed a detailed 
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pathological analysis of IPMN specimens with a particular emphasis on the pancreatic 

parenchymal surgical margin. We then correlated clinical and pathological features to the 

risk of clinically significant recurrence and radiological progression over long-term follow-

up, with a median follow-up of almost 10 years. Furthermore, in a subset of margin-positive 

specimens, we performed targeted next-generation sequencing to determine the relationship 

of the neoplastic epithelium at the margin with the original resected IPMN.

METHODS

The study was approved by the Institutional Review Board (IRB) of The Johns Hopkins 

Hospital. This study is a follow-up retrospective review and re-analysis of the previously 

described cohort of resected IPMNs reported by He et al.5 Patients in the cohort underwent 

surgery for IPMN without associated invasive carcinoma at The Johns Hopkins Hospital 

between 1995 and 2009. Surgical procedures included pancreaticoduodenectomy, central 

pancreatectomy, and distal pancreatectomy. Patients who underwent total pancreatectomy 

(TP) at the initial surgery were excluded, as removal of the entire pancreas eliminates the 

potential for intra-pancreatic recurrence. Clinical patient information was retrieved from 

our institutional database; pathological slides and radiographic imaging were separately 

reviewed for this study by trained experts (L.A.A.B. and S.K., respectively). Family history 

was considered positive if any family history of pancreatic ductal adenocarcinoma (PDAC) 

was reported.

Pathological Examination

Detailed histopathological review of the formalin-fixed paraffin-embedded (FFPE) tissue 

slides of all available pancreatic resection specimens in the study cohort was performed by a 

single pancreatic pathologist (L.A.A.B.). Presence of any mucinous epithelium at the margin 

was considered a positive margin. If positive, additional features at the margin such as grade, 

size, number of dysplastic foci, and MD involvement were assessed. See Supplementary 

Methods, http://links.lww.com/SLA/C554 for additional details.

Follow-Up

Typically, follow-up imaging was performed every 6 months for 2 years and 

annually thereafter. Primary imaging modalities included computed tomography (CT) or 

magnetic resonance imaging (MRI) with cholangiopancreatography, but positron emission 

tomography (PET) or endoscopic ultrasound (EUS) was also performed as clinically 

indicated. CT, MRI, and PET/CT data were reviewed on a picture archiving and 

communication system (Emageon Workstation; Advanced Visualization, Version 5.30.7.26: 

Emageon Inc., Birmingham, AL). For 6 patients, follow-up imaging studies after surgery 

were performed but not available for review, and radiology (CT or MRI) reports were used 

for analysis.

Clinically significant recurrence was defined as diagnosis of IPMN requiring resection or 

PDAC during the follow-up period. Diagnosis of PDAC included cases with pathological 

diagnosis based on resection specimen or biopsy in unresected disease. Additionally, 
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patients found to have died from PDAC based on social security death index, death 

certificates, and/or obituaries were included.

Radiographic progression was defined as (a) worsening (>5 mm increasing size of cyst or 

>2 mm increasing diameter of dilated (>5 mm) MD) compared to the initial postoperative 

imaging and/or (b) new cystic lesion (>5 mm) or new MD dilatation (>5 mm) or new solid 

mass in the remnant pancreas on cross-sectional follow-up imaging. The size of cysts and 

MD diameter were measured by the largest diameter on axial plane using an electronic 

caliper. Apparent postoperative MD dilatation (diffuse dilatation that started immediately 

after surgery) was not considered progression. Because imaging studies were not available 

for review, 15 patients had missing information on radiographic progression and were not 

included in this analysis.

Statistical Analysis

The data were processed using Excel (Microsoft Co., Redmond, WA) and all statistical 

analyses were compiled with R version 3.6.0 (R Foundation for Statistical Computing, 

Vienna, Austria).

P values <0.05 were considered statistically significant, if not stated otherwise. Details are 

provided in the Supplementary Methods, http://links.lww.com/SLA/C554.

Analysis of Somatic Mutations in IPMN and Margin Samples

In a subset of 32 patients with positive margins on pathology review, the somatic mutations 

in the original resected IPMN and the corresponding margin were compared. Mutations 

in 11 known driver genes in pancreatic neoplasia were analyzed with next-generation 

sequencing using a previously established panel (KRAS, GNAS, TP53, SMAD4, CDKN2A, 
RNF43, TGFBR2, ARID1A, BRAF, MAP2K4, and PIK3CA).10 Details are provided in the 

Supplementary Methods, http://links.lww.com/SLA/C554. Based on these results, IPMN/

margin pairs were categorized to assess the relatedness of the separate lesions. Lesions were 

categorized as “independent” if no shared somatic mutations were identified and categorized 

as “potentially related” if at least one mutation was shared.

RESULTS

Clinical and Pathological Features of Cohort

In total, 126 patients with a median age of 69 years (range 3690) were included in the 

study. The cohort showed an almost equal sex distribution (62 females, 49%). Patient 

characteristics are displayed in Table 1. Whipple’s procedure was performed in 90 cases 

(71%), distal pancreatectomy in 33 (26%), and central pancreatectomy in 3 (2%) cases. 

According to the preoperative imaging, 92 cases (73%) were classified as branch duct, 

10 cases (8%) as MD, and 24 (19%) as mixed duct type. Dedicated pathological review 

determined a mean IPMN cyst size of 2.5 cm, and assessment of the IPMN lesions based 

on a 3-tiered grading system led to a diagnosis of low-grade dysplasia in 14 cases (11%), 

intermediate-grade in 69 (55%), and high-grade dysplasia in 41 cases (33%). Synchronous 
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PanIN lesions were found in 102 cases (81%). Of these, 6 (5%) were high-grade PanINs, 

and 54 patients (43%) had ≥5 PanIN lesions.

Review of the final resection margins showed presence of mucinous epithelium in 90 

patients (71%), including 68 with low-, 17 with intermediate-, and 4 with high-grade 

dysplasia. A median of 2 (range 1–11) dysplastic foci were found at the margin and 43 

(48%) patients had >1 focus. Median size of the largest dysplastic focus was 0.2 cm (range 

0.05–1.5). Additional histopathological features are depicted in Table 2.

Interval, Pattern, and Features of Recurrence

A total of 124 patients (98%) had a follow-up of at least 1 year after primary surgery, 

with a maximum of >17 years. Median follow-up time from surgery to death or last 

follow-up date was 9.5 years in the entire cohort. Clinically significant recurrence was 

reported in 19 cases (15%), whereas radiographic progression was found in 30 cases (27%). 

The estimated median survivals were not reached for clinically significant recurrence-free 

survival (csRFS) and radiographic progression free survival (rPFS). The median time from 

surgery to the onset of clinically significant recurrence was 4.5 years (range 1.0 – 10.1), 

and the median time from surgery to the onset of radiographic progression was 4.0 years 

(range 0.5–9.7). Three-year csRFS was 95% [95% confidence interval (CI): 91%−99%], and 

5-year csRFS was 86% (95% CI: 76%−94%). Notably, of the 19 patients with clinically 

significant recurrence, 14 (74%) recurred after 3 years and 6 (32%) after 5 years. Three-year 

rPFS was 87% (95% CI: 81%−94%), and 5-year rPFS was 73% (95% CI: 64%−84%). The 

corresponding Kaplan-Meier curves are displayed in Figure 1.

Clinically significant recurrence represented PDAC in 13 cases and IPMN in 6 cases. 

Intriguingly, none of the patients diagnosed with IPMN in the follow-up experienced 

symptoms and only 8 of 13 PDAC patients were symptomatic before diagnosis, with 

abdominal pain and weight loss as the most prevalent manifestations. Pancreatic re-resection 

was performed in 12 cases of clinically significant recurrence (6 IPMN, 6 PDAC) and 

led to removal of the entire remnant gland in all cases. Procedures of these completion 

pancreatectomies were distal pancreatectomy in 9 cases and pancreaticoduodenectomy in 

3 cases, reflecting recurrence in the pancreatic body and/or tail in the majority of cases. 

Of the 6 cases with PDAC for which the pancreatic re-resection specimen was available, 

IPMN was synchronously found in 3 of them. The remaining cases of clinically significant 

recurrence as PDAC were identified by death certificates in 5 cases and extrapancreatic 

biopsy of metastatic disease in 2 cases. Thus, for these cases, information on pancreatic 

re-resection specimen was not available or secondary pancreatic surgery was not performed 

due to unresectable disease.

Of all patients that were diagnosed with radiographic progression in the follow-up, 15 

patients (50%) developed a new disease (ie, new cyst, new MD dilatation, or new solid 

mass) in a pancreatic remnant that was free from disease (ie, no cyst or MD dilatation) 

on the initial postoperative imaging study. Radiographic progression occurred at the margin 

in 6 cases (20%), distant from the margin in 19 cases (63%), and involved both locations 

in 5 cases (17%). Fourteen cases with clinically significant recurrence met the criteria for 

radiographic progression.
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Risk Factors for Recurrence

Univariate analyses revealed that family history of pancreatic cancer (P = 0.03) and high-

grade dysplasia of the IPMN (P = 0.0156) were significantly associated with decreased 

csRFS. In patients with positive margin, the size of the largest dysplastic focus at the 

margin (P = 0.04) and high-grade dysplasia at the margin (P = 0.04) were statistically 

significant risk factors for csRFS. Patients with foci of mucinous epithelium measuring >0.5 

cm at the margin had a significantly worse csRFS compared to those with foci <0.5 cm 

(Supplementary Figure 1, http://links.lww.com/SLA/C553). Interestingly, only body mass 

index (P = 0.007) was found to be a risk factor for rPFS in univariate analysis of the 

entire cohort. Results of multivariate analyses revealed 2 independent risk factors for csRFS. 

Patients with family history of PDAC were at risk of recurrence with an adjusted hazard 

ratio (aHR) of 3.05 (1.17–7.94; P = 0.023). Similarly, patients with high-grade dysplasia in 

their original IPMN were at increased risk of recurrence [aHR 1.88 (1.17–3); P = 0.008]. 

Of note, variables of the margin were not considered in multivariable analysis because this 

information was only available for margin positive patients. Results of uni- and multivariate 

analyses are shown in Tables 3 to 5.

Mutations at Margin

Of 90 patients (71%) with positive margin, we selected 32 cases to investigate somatic 

mutations at the margin. Selection was made after pathological review and was based on 

tissue availability for sequencing of primary IPMN, margin, and normal control tissue. 

The majority (n = 23; 72%) of this subset did not develop a recurrence during follow-up. 

However, 6 patients (19%) showed progression on imaging, 2 patients (6%) were diagnosed 

with IPMN, and 1 patient (3%) with PDAC. All 3 patients with pathologically proven IPMN 

or PDAC underwent reoperation. Targeted next-generation sequencing of the mucinous 

epithelium at the margin and the original IPMN lesion revealed KRAS mutations at the 

oncogenic hotspots at codons 12, 13, and 61 in 28 margin samples and 30 IPMNs samples. 

GNAS mutations at the oncogenic hotspot at codon 201 were found in 8 margin samples 

and 22 IPMN samples, and RNF43 mutations were found in 2 margin samples and 2 IPMN 

samples. In each IPMN sample at least one of the mutations targeted with our panel was 

present, whereas these mutations were absent at the margin in 4 cases.

Intriguingly, mutations in margin and corresponding IPMN matched entirely only in 2 cases. 

The majority showed at least some difference in the somatic mutations identified in the 

2 separate lesions. To determine relatedness, we categorized the lesions according to the 

overlap of their somatic mutations. Lesions were called “independent” in 9 cases because 

there were no shared somatic mutations in the neoplastic epithelium at the margin and 

original IPMN lesion. The other 23 cases were “potentially related,” meaning they shared 

at least 1 somatic mutation. However, because many of the identified somatic mutations 

occurred in oncogenic hotspots, it is possible that some of these “potentially related” lesions 

were actually independent but shared hotspot alterations by chance. Detailed results of the 

genetic analyses are depicted in Table 6.
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DISCUSSION

Surgical resection of IPMN is recommended for a subgroup of patients to prevent 

progression to pancreatic cancer and is increasingly performed due to improvements in 

cross-sectional imaging, surgical technique, and postoperative care.11,12 Previous studies 

indicate that as many as 20% of patients develop recurrent disease in their remnant 

pancreas after IPMN resection.5–10 The majority of current guidelines recommend lifelong 

postoperative surveillance for as long as the patient is fit to undergo surgery.2,3,13 However, 

the underlying studies were hindered by limited length of the postoperative observation 

periods (median follow-up 2.2–4.8 years in previous studies, compared to 9.5 years in our 

study, see Table 7), and long-term results were based on predictions rather than on actual 

follow-up.5,6,9,14–22 Given that intraepithelial neoplastic disease may be left behind after 

surgical resection and progression to pancreatic canceris a slow process, sufficient data on 

long-term recurrence are of particular interest.23 With the present study, we provide these 

data by extending the previously investigated median follow-up by several years. Our results 

show a 5-year csRFS of 86% (95% CI: 76%−94%), indicating an ongoing risk of recurrence 

with 6 of 19 (32%) clinically significant recurrences diagnosed after 5 years. Of note, a 

considerable proportion of patients with clinically significant recurrence did not experience 

any symptoms before diagnosis of recurrent disease. These data underscore the importance 

of continued postoperative surveillance after resection. In contrast to the majority of 

recommendations, the AGA guidelines do not recommend postoperative surveillance of 

patients with resected lesions that are low- or intermediate-grade.1 However, we show that 

the 5-year csRFS was 91 % (95% CI: 84%−98%) for patients that had a resection of low- 

or intermediate-grade IPMN in their primary surgery, and 8 of the 19 patients (42%) in 

our cohort that developed recurrent IPMN or PDAC had a resection of low- or intermediate-

grade IPMN in their primary surgery.

Uni- and multivariate analyses of our long-term data both identified family history of 

pancreatic cancer and high-grade dysplasia of the resected IPMN lesion to be independent 

risk factors for recurrence. Family history of pancreatic cancer is an established risk factor 

for PDAC, and an association with recurrence following IPMN resection has been identified 

before.5,24,25 Interestingly, a recent study detected the prevalence of deleterious germline 

variants in sporadic IPMN patients to be similar to that in sporadic PDAC patients.26 Of 

the 315 tested patients with surgically resected IPMN in that study, 7.3% had a deleterious 

germline variant in a hereditary cancer predisposition gene and 2.9% in pancreatic cancer 

susceptibility genes. If these patients have a similarly increased risk of recurrence as those 

with a documented family history, germline testing in IPMN patients may have clinical 

utility for recurrence risk stratification.

Previous studies have reported mixed results with regards to grade of dysplasia in IPMN 

and its role as risk factor for recurrence. Although some authors identified presence of 

high-grade IPMN to be a risk factor for recurrence, others did not.5,8,10,17,22,27,28 The latter 

includes a previous study utilizing our cohort, which did not find statistical significance 

for this factor.5 Of note, the study had a shorter postoperative observation period with a 

median follow-up of 38 months (vs 114 months in ours). This may indicate that dysplastic 

grade of IPMN becomes more relevant for recurrence in the long-term following resection. 

Pflüger et al. Page 7

Ann Surg. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, our current results appear to be consistent with previous studies that have 

shown an increased risk of subsequent development of invasive cancer in patients with an 

IPMN with high-grade dysplasia as compared to patients with low/intermediate lesions.10,27 

A recent study from the Mayo clinic confirmed this finding in MD-IPMNs.29 Therefore, it is 

reasonable to label patients with high-grade IPMN as group with a particularly high risk of 

postoperative recurrence. Of note, our analysis did not confirm other previously reported risk 

factors such as MD involvement.17 In addition, since type of surgery (Whipple vs distal) was 

not indicative of recurrence, location of the lesion did not seem to have played a major role 

for recurrence in our cohort.9,21,22

The results of our statistical analyses did not show a significant impact of margin status 

(defined as positive or negative for any mucinous epithelium) on recurrence, neither 

clinically significant (P = 0.09) nor radiographic (P = 0.28). However, although not 

statistically significant, margin-positive patients showed considerably higher recurrence 

rates, with clinically significant recurrence in 17 of 90 (19%) margin-positive cases, 

compared to 2 of 36 (6%) margin-negative cases. The lack of statistical significance may 

be due to the low number of events in our cohort, which limits the statistical power. Of 

note, although presence of any neoplastic epithelium at the margin was not significantly 

associated with recurrence, multiple features of the neoplastic epithelium at the margin were 

associated with recurrence. Specifically, both size and grade of dysplasia at the margin were 

associated with an increased risk of clinically significant recurrence (P = 0.04 and P = 

0.04, respectively), with a size threshold of 0.5 cm identifying a subset of margin-positive 

patients with significantly increased risk of recurrence. These additional features may aid 

decision-making on postoperative surveillance interval or even consideration of completion 

pancreatectomy, if the margin is determined to be positive.

There is currently controversy in literature about the impact of margin status on IPMN 

recurrence. Although some studies previously reported increased risk of recurrence if margin 

is positive,9,18,19,30 others did not find such an association.7,8,16,20,22 This difference may be 

explained in part by various definitions of margin positivity among publications. Definition 

of margin positivity ranged from “any dysplasia”20,22 to “IPMN only,”16 whereas some 

authors included all PanINs20,22 and others excluded PanIN-1A and 1B30 from margin 

positivity. The large variation in the rate of margin positivity between studies (4.9%−71.4%, 

see Table 7) may not only be a result of these differing definitions, but may also be 

influenced by the source of information used to assess margin status. Although presence 

of high-grade dysplasia and invasive carcinoma at the margin are consistently reported 

in clinical pathology reports due to their impact on the surgical procedure, reporting of 

low-grade dysplasia is more variable because it does not currently impact clinical decision-

making. Separate review of FFPE margin tissue blocks by trained experts, as in our study, is 

likely to be more accurate and consistent than assessment of margin status based on review 

of pathological reports only. Such reports are driven by clinical considerations and thus may 

not contain the required data to answer specific research questions. For example, in our 

study, mucinous epithelium was reported at the margin of 50 cases in the clinical pathology 

report, whereas dedicated pathological review revealed it in 90 cases, underscoring the 

potential inaccuracies in relying on the clinical pathology report for variables that do not 

drive clinical care. This highlights the importance of precise terminology and consistent 
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definitions of “positive” margins to compare data between studies. Our study identified a 

trend toward increased recurrence based on the presence of mucinous epithelium at the 

margin. In addition, the size of the largest dysplastic focus at the margin (P = 0.04) and 

high-grade dysplasia at the margin (P = 0.04) were statistically significant risk factors for 

csRFS. Larger cohorts could confirm this finding, but only if a consistent definition of 

margin positivity (including size of lesions) is adopted across studies. Our data suggest that 

dysplastic foci >0.5 cm at the margin separate a group with increased risk of recurrence, 

which is in keeping with the size threshold used to distinguish PanIN from IPMN.31 Taken 

together, our results indicate that criteria beyond dichotomous assessment of the margin may 

be more helpful to determine recurrence risk.

For more insights into molecular relationship between the margin and the IPMN, we 

performed targeted next-generation sequencing in a subset of 32 margin positive patients. 

Comparison of driver gene mutations at the margin with those found in the synchronous 

IPMN lesion suggests that in a sizable number of cases (at least 9/32), the dysplastic 

focus at the margin is a second precancerous neoplasm, unrelated to the original IPMN. 

This interpretation of independent neoplasms in the absence of shared somatic mutations 

is supported by several previous studies.10,32,33 As most of the shared mutations in the 

remaining 23 cases are hotspot mutations, they could be shared in unrelated lesions 

by chance, and it is likely that some of these “potentially related” lesions are in fact 

independent. In a previous study, whole exome sequencing of IPMNs and co-occurring 

cancers sharing only KRAS mutations revealed that the majority shared no additional 

mutations, suggesting that chance sharing of KRAS hotspot mutations in unrelated 

pancreatic ductal neoplasms occurs commonly.33 In addition, the much lower prevalence 

of GNAS mutations in the sequenced margin samples (8/32) compared to IPMNs (22/32) 

suggests that in many cases the neoplastic epithelium at the margin represents PanIN rather 

than IPMN. Moreover, a high proportion (>80%) of the analyzed samples histologically 

had PanIN lesions in addition to the IPMN. These results, along with the clinical data 

discussed above, highlight the concept of IPMN and precancerous pancreatic neoplasia 

more generally as a multifocal disease affecting the entire organ. Previous work from 

our group indicated that IPMN recurrences are often genetically independent neoplasms.10 

Thus, IPMN resection should be viewed as a risk-reducing rather than curative procedure, 

as recurrence often occurs remotely from the margin and could be a solid mass/cancer 

with no preceding cystic lesion. This concept is supported by our imaging data, in which 

radiographic progression was more likely to be found distant from the previous resection 

margin. Since TP eradicates the risk of local recurrence including the risk of pancreatic 

cancer and can nowadays be performed with similar outcomes as partial pancreatectomy, it 

has been proposed for surgical first-line management of IPMN lesions, particularly those 

with features suggestive of a high risk of postoperative recurrence.34–36

An additional finding of our sequencing analyses is genetic heterogeneity, which has been 

described in the context of IPMNs and pancreatic cancer development before.33,37,38 By 

extracting genomic DNA from 3 different blocks of each IPMN, we were able to obtain 

mutations from different areas of the lesion. Of the paired IPMN-margin lesions that were 

“potentially related,” only 2 cases had perfect concordance of these patterns and the majority 

presented with only partially shared mutation patterns. Although we cannot exclude that 

Pflüger et al. Page 9

Ann Surg. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



we may have missed some mutations by our tissue collection method, these findings likely 

indicate significant heterogeneity with respect to driver gene mutations in genetically related 

lesions, confirming the findings of previous studies.33,37,38

Although our study has several strengths, some limitations should be noted. First, imaging 

studies may lack accuracy of detecting recurrence, especially given that the entire organ 

may show alterations on imaging before surgery and assessment is additionally hampered by 

postoperative changes. To remove subjectivity and variability, a single radiologist reviewed 

all available imaging studies. Of note, the statistically significant features in our study 

referred to clinically significant recurrence and were not dependent on radiology. Second, 

our cohort comprises retrospective data from a single tertiary referral center, which could 

limit the generalizability of our results. However, pancreatic surgery is recommended in 

specialized centers, and many of our results are concordant with other studies, indicating 

general applicability. Third, we reported family history of PDAC in <20% of our cohort, and 

our retrospective study was limited to the data documented in the medical record. However, 

family history is routinely queried and recorded in the medical records at our institution, and 

detailed information on the individual’s relationship to family members previously affected 

by PDAC is typically included. Still, studies in larger cohorts with dedicated family history 

data along with analyses of germline mutations may be helpful to confirm the risk associated 

with specific patterns of family history and germline mutations.

Taken together, our data underscore the need for long-term surveillance for all patients 

after IPMN resection, as the median time to onset of recurrence in our cohort was 4.5 

years, with about one-third of patients recurring after 5 years. In addition, we identified 

specific clinical and pathological features significantly associated with increased risk of 

recurrence, including family history of pancreatic cancer, high-grade dysplasia in the IPMN 

or at the margin, and size of neoplastic focus at the margin. Finally, we demonstrate using 

genetic data that neoplastic epithelium at the margin is frequently unrelated to the resected 

IPMN, highlighting prominent multifocality in premalignant pancreatic neoplasia. These 

results provide important insights into IPMN progression, with direct implications for the 

postoperative surveillance of IPMN patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Kaplan-Meier curves of csRFS and rPFS. Fifteen patients had missing date of rPFS.
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TABLE 1.

Patient Characteristics and Clinical Features of Study Cohort

Age, y, median (range) 69 (36–90)

Sex, male/female 64 (50.8%)/62 (49.2%)

Race, white/non-white 110 (87.3%)/16 (12.7%)

BMI, median (range) 25.7 (14.5–38.8)

 Missing 4

Smoker

 Never 48 (38.1%)

 Former 66 (52.4%)

 Current 12 (9.5%)

Alcohol

 Never/rare 96 (76.2%)

 Frequent/former 27 (21.4%)

 Missing 3

Diabetes (preop)

 No 107 (84.9%)

 Yes 19 (15.1%)

Family history of PDAC

 absent 104 (82.5%)

 ≦ 2 First-degree relatives or germline mutation 9 (7.1%)

 BRCA2 2

 STK11 1

 ≦ 1 First-degree relative 7 (5.6%)

any other FH of PDAC 6 (4.8%)

Previous other malignancy or neoplasm

 No 80 (63.5%)

 Yes 46 (36.5%)

Surgical procedure

 Whipple 90 (71.4%)

 Distal pancreatectomy 33 (26.2%)

 Central resection 3 (2.4%)

Margin (original diagnostic pathology report)

 Negative 95 (75.4%)

 Positive 31 (24.6%)

Margin (pathology review for study)

 Negative 36 (28.6%)

 Positive* 90 (71.4%)

BMI indicates body mass index.

*
For this study, margins were considered positive if any mucinous epithelium was identified on pathology review.
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