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Wenzhou, China, 2Department of Anesthesiology, The First Affiliated Hospital of Wenzhou Medical
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Background: Borderline resectable pancreatic cancer (BRPC) poses significant

surgical challenges due to tumor-vessel involvement and high risk of positive

margins and early recurrence. While neoadjuvant chemoradiotherapy has

demonstrated potential benefits in this setting, the role of intensity-modulated

radiation therapy (IMRT) combined with gemcitabine and nab-paclitaxel has not

been specifically evaluated.

Methods: In this single-center retrospective cohort study, we analyzed patients

with histologically confirmed borderline resectable pancreatic ductal

adenocarcinoma treated between 2019 and 2022 who ultimately underwent

curative-intent resection. Patients either underwent upfront surgery or received

neoadjuvant chemoradiotherapy consisting of gemcitabine (1000 mg/m²) and

nab-paclitaxel (125 mg/m²) combined with IMRT (36 Gy in 20 fractions), followed

by surgery when feasible. Overall survival (OS) and recurrence-free survival (RFS)

were calculated from the date of surgery. To address baseline imbalances,

propensity score overlap weighting was performed to estimate the average

treatment effect in the overlap population (ATO).

Results: A total of 152 patients were included, with 109 in the upfront surgery

group and 43 in the chemoradiotherapy group. In unweighted analyses, median

RFS was 27months (95%CI 20.4-33.6) in the chemoradiotherapy group versus 13

months (95% CI 8.2-17.8) in the upfront surgery group (HR 0.61, 95% CI 0.39-

0.94; p=0.026), and median OS was 33 months (95% CI 19.5-46.5) versus 21

months (95% CI 14.1-28.0) (HR 0.58, 95% CI 0.36-0.94; p=0.027). In ATO-

weighted analyses, median RFS was 25 months (95% CI 14-not reached) versus

11 months (95% CI 8-17) (HR 0.56, 95% CI 0.35-0.88; p=0.013), and median OS

was 33 months (95% CI 19-not reached) versus 17 months (95% CI 14-24) (HR

0.56, 95% CI 0.34-0.94; p=0.027).
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2026.1744117&domain=pdf&date_stamp=2026-02-03
mailto:cwt870656160@163.com
https://doi.org/10.3389/fonc.2026.1744117
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2026.1744117
https://www.frontiersin.org/journals/oncology


Huang et al. 10.3389/fonc.2026.1744117

Frontiers in Oncology
Conclusion: Neoadjuvant chemoradiotherapy with IMRT plus gemcitabine and

nab-paclitaxel was associated with improved surgical and survival outcomes in

patients with BRPC compared to upfront surgery. These findings support the

integration of modern chemoradiotherapy into the neoadjuvant treatment

paradigm for BRPC and warrant prospective validation.
KEYWORDS

borderline resectable pancreatic cancer, gemcitabine, intensity-modulated radiation
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the

most lethal malignancies, with the majority of patients presenting at

an advanced stage and a 5-year survival rate in the single digits (1,

2). Among those patients considered for curative-intent surgery, the

subgroup defined as borderline resectable pancreatic cancer (BRPC)

poses unique clinical challenges (3, 4). BRPC is characterized by

tumor involvement of adjacent major vessels to an extent that

precludes a straightforward resection while still offering the

possibility of surgical clearance with vascular resection or

reconstruction (5). Patients with BRPC often experience high

rates of positive resection margins (R1) and early recurrence

when taken directly to surgery due to the close vascular

involvement and likely presence of micrometastatic disease at

diagnosis (6, 7). These challenges have prompted the exploration

of neoadjuvant treatment strategies in an effort to improve

outcomes for this subset.

Neoadjuvant therapy has a strong rationale in BRPC. Treating

the tumor with systemic chemotherapy, with or without radiation,

before surgery can potentially downstage the primary tumor,

increasing the likelihood of an R0 resection (complete tumor

removal with negative margins) (8). In addition, delivering

therapy upfront addresses occult metastatic disease earlier in the

treatment course, which may improve overall survival and helps

select patients with more favorable tumor biology for surgery (9).

Unlike upfront surgery, a neoadjuvant approach can spare patients

with rapidly progressive disease from an ineffective operation,

thereby optimizing patient selection. Given these potential

benefits, there has been growing interest in neoadjuvant

chemotherapy and chemoradiotherapy for BRPC, as reflected in

recent clinical guidelines that recommend preoperative treatment

for this group (10).

Intensity-modulated radiotherapy (IMRT) is an advanced form

of radiation delivery that allows for more precise targeting of the

tumor while sparing surrounding normal tissues, potentially

enabling higher effective doses to the tumor or reduced toxicity

(11). In pancreatic cancer, the use of IMRT could improve local

tumor control by safely escalating radiation dose or by minimizing

radiation-induced injury to organs such as the duodenum and
02
stomach, thereby allowing patients to better tolerate combined

modality therapy (12). Concurrently, the chemotherapy doublet

of gemcitabine and nab-paclitaxel has demonstrated substantial

systemic activity in pancreatic cancer and is an established first-line

regimen in the metastatic setting (13). This combination has been

explored in the neoadjuvant context as well, given its synergistic

effect and tolerable safety profile (14).

To our knowledge, evidence specifically evaluating an IMRT-

based neoadjuvant chemoradiotherapy approach combined with

gemcitabine and nab-paclitaxel in BRPC remains limited. We

therefore compared surgical and survival outcomes between

patients treated with this neoadjuvant strategy and those

undergoing upfront surgery.
Methods

Study design and patient selection

This was a single-center, retrospective cohort study conducted

at the First Affiliated Hospital of Wenzhou Medical University,

including patients diagnosed with BRPC between 2019 and 2022.

BRPC was defined according to the National Comprehensive

Cancer Network (NCCN) criteria based on cross-sectional

imaging (10). Resectability was determined by the degree of

tumor-vessel interface involving the superior mesenteric vein/

portal vein (SMV/PV), SMA, common hepatic artery (CHA), and

celiac axis, and baseline imaging was reviewed in a multidisciplinary

setting by pancreatic surgeons and radiologists.

Inclusion criteria were: (1) age ≥18 years; (2) histologically or

cytologically confirmed PDAC; (3) borderline resectable status at

initial diagnosis; (4) management with one of two initial strategies,

either upfront surgery or neoadjuvant chemoradiotherapy with

gemcitabine plus nab-paclitaxel combined with IMRT;

(5) curative-intent pancreatic resection with available imaging,

operative, and pathologic data; and (6) no evidence of distant

metastasis at baseline. Exclusion criteria included: prior

pancreatic surgery or abdominal radiotherapy, synchronous

malignancies, or incomplete clinical data. This study was

approved by the ethics committee of the First Affiliated Hospital
frontiersin.org
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of Wenzhou Medical University, and the requirement for informed

consent was waived due to the retrospective nature.
Neoadjuvant chemotherapy and
radiotherapy

Patients in the chemoradiotherapy group received a standard

neoadjuvant chemotherapy regimen consisting of gemcitabine

(1000 mg/m²) and nab-paclitaxel (125 mg/m²) administered

intravenously on days 1, 8, and 15 of each 28-day cycle, for a

total of 2 to 4 cycles depending on tolerance and response. This

regimen has demonstrated favorable efficacy and tolerability in

patients with advanced and borderline resectable pancreatic

cancer (13, 15).

In the chemoradiotherapy group, IMRT was delivered during

or after induction chemotherapy, according to institutional

practice. All patients underwent CT simulation in the supine

position with immobilization using a customized vacuum

cushion. Simulation was performed using contrast-enhanced,

pancreas-protocol CT when feasible with a slice thickness of 2–

3 mm. Respiratory motion was managed with four-dimensional

CT (4D-CT) and an internal target volume (ITV) approach, and

daily cone-beam CT was used for image guidance. Target

delineation followed institutional standards for pancreatic

cancer. The gross tumor volume (GTV) included the primary

pancreatic tumor and any radiographically involved regional

lymph nodes. The clinical target volume (CTV) encompassed

the GTV with inclusion of adjacent high-risk peripancreatic

regions, excluding uninvolved organs at risk as anatomically

appropriate. The ITV was generated from the 4D-CT to account

for respiratory motion. The planning target volume (PTV) was

generated by expanding the ITV by 5 mm in the axial direction

and 10 mm in the cranio-caudal direction. IMRT plans were

generated using 6–10 MV photons, and the prescribed dose was

36 Gy delivered in 20 fractions to the PTV. Plan normalization

aimed for at least 95% of the PTV to receive the prescription dose,

with hotspots limited to ≤107% of the prescription dose. Organs at

risk (OARs), including liver, kidneys, stomach, small bowel, and

spinal cord, were contoured and constrained according to the

QUANTEC recommendations (16).

Postoperatively, both groups were managed according to the

same institutional pathway and were intended to receive adjuvant

gemcitabine when clinically eligible.
Surgical resection and pathology
evaluation

Following neoadjuvant therapy, patients were re-evaluated with

contrast-enhanced CT or MRI. Those without progression were

considered for surgical exploration. Pancreaticoduodenectomy,

distal pancreatectomy, or total pancreatectomy was performed

depending on tumor location. Vascular resection and

reconstruction were conducted as needed.
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Pathologic evaluation included assessment of the resection

margin, lymph node status (ypN), tumor size, and tumor

regression grade. R0 resection was defined as the absence of

tumor cells within 1 mm of any resection margin (17, 18).

Pathologic response to neoadjuvant therapy was assessed on the

resection specimen by estimating the percentage of residual viable

tumor cells in the treated tumor bed, in line with commonly used

pathology response frameworks for pancreatic cancer. Pathologic

complete response (pCR) was defined as the absence of residual

viable tumor cells in the resected primary tumor bed. Major

pathologic response (MPR) was defined as ≤10% residual viable

tumor cells in the resected primary tumor bed (19). All resection

specimens were reviewed by two gastrointestinal pathologists who

assessed pathologic response and margin status independently

using predefined criteria. The pathologists were not involved in

clinical care; however, given the nature of the specimens, complete

blinding to treatment strategy was not always feasible.

Discrepancies were resolved by joint review to reach consensus.
Outcomes and follow-up

The primary outcome was overall survival (OS), defined as the

time from the date of surgery to death from any cause. Recurrence-

free survival (RFS) was defined as the time from the date of surgery

to the first documented recurrence (radiographic and/or histologic)

or death, whichever occurred first. Patients without an event were

censored at the date of last follow-up. Secondary outcomes included

R0 resection rate, pCR, and MPR. Pre- and post-treatment serum

CA19–9 levels were also recorded.

Patients were followed postoperatively at regular intervals: every

3 months during the first two years, every 6 months for years 3 to 5,

and annually thereafter. Each follow-up included physical

examination, laboratory testing (including CA19-9), and imaging

studies (CT or MRI). Recurrence was defined radiographically and/

or histologically. Vital status was determined from clinical records

and telephone follow-up. Postoperative complications were

assessed within 30 days after surgery and graded using the

Clavien-Dindo classification. Major complications were defined as

Clavien-Dindo grade III or higher.
Statistical analysis

Continuous variables were summarized as mean with standard

deviation or median with interquartile range, and compared using

the Student’s t test or the Mann-Whitney U test, as appropriate.

Categorical variables were compared using the chi-square test or

Fisher’s exact test. OS and RFS were estimated using the Kaplan-

Meier method. In addition to unadjusted Kaplan-Meier estimates

and log-rank tests, an overlap weighting approach (average

treatment effect in the overlap population [ATO]) based on the

propensity score was used to balance baseline characteristics

between groups and estimate the average treatment effect in the

overlap population. Propensity scores were estimated using
frontiersin.org
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multivariable logistic regression including prespecified baseline

covariates, and overlap weights were defined as 1 minus the

propensity score for the chemoradiotherapy group and the

propensity score for the upfront surgery group. Covariate balance

before and after weighting was assessed using standardized mean

differences (SMDs). Weighted Kaplan-Meier curves were

constructed using overlap weights, and weighted Cox

proportional hazards models with robust variance estimation

were fitted to obtain hazard ratios with 95% confidence intervals.

Univariate and multivariate Cox proportional hazards models were

also used to identify independent predictors of OS and RFS. A two-

sided p value less than 0.05 was considered statistically significant.

All analyses were performed using R (version 4.5.0).
Results

Patient demographics and baseline
characteristics

As illustrated in Figure 1a total of 298 patients were screened.

After excluding 146 patients who received neoadjuvant treatment

regimens outside the study strategy (e.g., chemotherapy alone), 152

patients who underwent curative-intent resection were included in

the final analysis. Of these, 109 patients underwent upfront surgery,

and 43 patients received neoadjuvant chemoradiotherapy followed

by surgery.

Table 1 summarizes the baseline characteristics of both groups.

The two cohorts were comparable in terms of mean age (55 ± 10 vs.

53 ± 12 years, p = 0.385), sex (18.6% vs. 16.5% female, p = 0.758),

and ECOG performance status (79.1% vs. 76.1% with ECOG 0, p =

0.700). A greater proportion of patients in the chemoradiotherapy

group had albumin levels >35 g/L (88.4% vs. 79.8%, p = 0.214) and

CA19–9 levels >100 U/mL (74.4% vs. 58.7%, p = 0.071), though

these differences were not statistically significant. Tumor location
Frontiers in Oncology 04
was similarly distributed between the two groups (p = 0.943).

However, a significant difference in vascular invasion patterns was

observed (p < 0.001): patients in the chemoradiotherapy group

more commonly had SMA involvement (32.6% vs. 8.3%), while PV

involvement was more frequent in the upfront surgery group

(63.3% vs. 44.2%). The median tumor diameter was slightly

smaller in the chemoradiotherapy group (21 mm vs. 23 mm, p =

0.199). Baseline balance before and after ATO is shown in

Supplementary Table 1.
Surgical and pathologic outcomes

Among patients in the chemoradiotherapy group, 2 patients

(4.7%) achieved a pCR, and 11 patients (25.6%) achieved a MPR.

The R0 resection rate was significantly higher in the

chemoradiotherapy group compared to the upfront surgery group

(69.8% vs. 39.4%, respectively). Detailed surgical and pathologic

results are presented in Table 2. Major postoperative complications

(Clavien-Dindo grade III or higher) occurred in 17 of 43 patients

(39.5%) in the chemoradiotherapy group and 35 of 109 patients

(32.1%) in the upfront surgery group (p = 0.449).
Survival outcomes

The median follow-up duration for the entire cohort was 21.5

months (range, 3-44), with a median of 20 months for the upfront

surgery group and 24 months for the chemoradiotherapy group.

During follow-up, 105 recurrence-free survival (RFS) events occurred

(80 in the surgery group and 25 in the chemoradiotherapy group). In

the unweighted analysis, the median RFS was longer in the

chemoradiotherapy group (27 months, 95% CI, 20.4-33.6) than in

the upfront surgery group (13 months, 95% CI, 8.2-17.8). The 1-, 2-,

and 3-year RFS rates were 72.1%, 53.3%, and 35.5% in the

chemoradiotherapy group, compared with 50.5%, 34.5%, and

23.1% in the upfront surgery group (HR, 0.61; 95% CI, 0.39-0.94; p

= 0.026; Figure 2A).

In the ATO-weighted analysis, the separation of the RFS curves

persisted. The ATO-weighted 1-, 2-, and 3-year RFS rates were

70.0%, 51.4%, and 34.2% in the chemoradiotherapy group and

46.0%, 27.3%, and 19.6% in the upfront surgery group. The

corresponding weighted hazard ratio continued to favor

chemoradiotherapy (HR, 0.56; 95% CI, 0.35-0.88; p = 0.013). The

ATO-we igh t ed medi an RFS was 25 months in the

chemoradiotherapy group (95% CI, 14-not reached) and 11

months in the upfront surgery group (95% CI, 8-17; Figure 2B).

In total, 90 OS events were recorded (69 in the surgery group

and 21 in the chemoradiotherapy group). In the unweighted

analysis, median OS was 33 months (95% CI, 19.5-46.5) in the

chemoradiotherapy group and 21 months (95% CI, 14.1-28.0) in

the upfront surgery group. The 1-, 2-, and 3-year OS rates were

81.4%, 62.7%, and 44.7% in the chemoradiotherapy group and

68.8%, 44.2%, and 27.3% in the upfront surgery group (HR, 0.58;

95% CI, 0.36-0.94; p = 0.027; Figure 2C).
FIGURE 1

Study flowchart.
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Consistent results were observed after ATO weighting. The

ATO-weighted 1-, 2-, and 3-year OS rates were 79.9%, 59.5%, and

40.2% in the chemoradiotherapy group and 67.0%, 39.3%, and

21.4% in the upfront surgery group. The weighted hazard ratio

remained similar in magnitude (HR, 0.56; 95% CI, 0.34-0.94; p =

0.027). The ATO-weighted median OS was 33 months in the

chemoradiotherapy group (95% CI, 19-not reached) and 17

months in the upfront surgery group (95% CI, 14-24; Figure 2D).
Frontiers in Oncology 05
Prognostic factors

Univariate and multivariate Cox regression analyses were

conducted to identify independent prognostic factors for both RFS

and OS (Table 3, Supplementary Table 2). Results showed that

albumin ≥35 g/L, CA19-9 >100 U/mL, and treatment group were

significantly associated with RFS. In addition, CA19–9 level and

treatment group also remained independently associated with OS.
TABLE 1 Patient demographics and baseline characteristics.

Characteristic
Group

p value
Chemoradiotherapy, N = 43 Upfront surgery, N = 109

Age, year, Mean ± SD 55 ± 10 53 ± 12 0.385

Sex, n (%) 0.758

Female 8 (18.6%) 18 (16.5%)

Male 35 (81.4%) 91 (83.5%)

ECOG performance status, n (%) 0.700

0 34 (79.1%) 83 (76.1%)

1 9 (20.9%) 26 (23.9%)

Albumin, g/L, n (%) 0.214

< 35 5 (11.6%) 22 (20.2%)

≥ 35 38 (88.4%) 87 (79.8%)

CA19-9, U/mL, n (%) 0.071

< 100 11 (25.6%) 45 (41.3%)

≥ 100 32 (74.4%) 64 (58.7%)

Tumor location, n (%) 0.943

Body, tail 20 (46.5%) 50 (45.9%)

Head 23 (53.5%) 59 (54.1%)

Vascular invasion type, n (%) <0.001

Portal vein 19 (44.2%) 69 (63.3%)

Common hepatic artery 10 (23.3%) 31 (28.4%)

Superior mesenteric artery 14 (32.6%) 9 (8.3%)

Tumor diameter, mm, Median (IQR) 21 (18, 27) 23 (19, 28) 0.199
TABLE 2 Perioperative, postoperative, and pathologic outcomes.

Outcome Chemoradiotherapy (n=43) Upfront surgery (n=109) p value

Resection Margin Status 0.003

R0 30 (69.8%) 43 (39.4%)

R1 9 (20.9%) 50 (45.9%)

R2 4 (9.3%) 16 (14.7%)

Pathologic Complete Response 2 (4.7%) Not applicable

Major Pathologic Response 11 (25.6%) Not applicable

Major complication
(Clavien-Dindo ≥III)

17 (39.5%) 35 (32.1%) 0.449
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Discussion

In this study, we found that neoadjuvant chemoradiotherapy

using IMRT plus gemcitabine and nab-paclitaxel was associated with

improved surgical and survival outcomes compared with upfront

surgery. Patients who received neoadjuvant therapy achieved a

significantly higher R0 resection rate, indicating that preoperative

treatment increased the likelihood of complete tumor removal with

negative margins. Enhanced pathologic responses were also observed

in the chemoradiotherapy group, evidenced by a proportion of

patients achieving pCR or major tumor regression in the resected

specimen. These improved local outcomes translated into better long-

term results: the neoadjuvant cohort demonstrated prolonged RFS

and OS relative to those undergoing immediate surgery.

Our findings are consistent with and add to the growing

literature supporting neoadjuvant therapy in pancreatic cancer,

particularly for borderline resectable disease. Prior studies,

including randomized trials, have reported potential advantages

of administering therapy before surgery in this setting (20). Notably,

the Dutch PREOPANC trial showed that preoperative gemcitabine-

based chemoradiotherapy increased R0 resection rates and was

associated with a modest improvement in overall survival compared

with upfront surgery (8, 21). Likewise, retrospective studies and

meta-analyses have suggested that neoadjuvant treatment may

improve survival outcomes in patients with BRPC, potentially in

part by increasing the proportion of patients who undergo margin-

negative resection (22, 23). In our study, the observed outcomes
Frontiers in Oncology 06
compare favorably with several earlier reports. For instance, the

median overall survival in our chemoradiotherapy group was longer

than that reported in PREOPANC and some historical cohorts,

although cross-study comparisons should be interpreted cautiously

given differences in patient selection and treatment protocols.

Nevertheless, these findings may be compatible with the systemic

activity of gemcitabine plus nab-paclitaxel and the use of IMRT in

our regimen. In addition, complete pathologic responses have

historically been uncommon in pancreatic cancer, yet we

observed a notable rate of pCR/MPR with IMRT plus

chemotherapy. This observation may suggest enhanced tumor

response with our combined-modality approach relative to

conventional chemoradiotherapy regimens used previously (24).

Regarding perioperative safety, neoadjuvant chemoradiotherapy

was not associated with a higher incidence of major postoperative

complications in our cohort. Major complications (Clavien-Dindo

grade III or higher) occurred in 39.5% of patients after

chemoradiotherapy and 32.1% after upfront surgery (p = 0.449),

indicating no statistically significant difference in major

postoperative morbidity among patients who proceeded to

resection. Collectively, the combination of a contemporary

chemotherapeutic doublet with advanced radiotherapy was

associated with encouraging oncologic outcomes in our cohort,

supporting further evaluation of this neoadjuvant strategy in

prospective studies.

These findings may inform current treatment strategies for

BRPC. Our results support consideration of neoadjuvant therapy
FIGURE 2

Kaplan-Meier estimated recurrence-free survival (RFS) and overall survival (OS) according to treatment before and after propensity score overlap
weighting. (A) Unweighted RFS. (B) ATO-weighted RFS. (C) Unweighted OS. (D) ATO-weighted OS. ATO, average treatment effect in the overlap
population; CI, confidence interval; HR, hazard ratio.
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as an initial approach for borderline resectable disease, consistent

with an increasing multidisciplinary preference for preoperative

regimens aimed at improving the likelihood of margin-negative

resection and selecting patients most likely to benefit from surgery

(25, 26). In our cohort, neoadjuvant chemoradiotherapy was

associated with a higher R0 resection rate and longer survival

compared with upfront surgery among patients who proceeded to

resection (10). Although the mechanisms cannot be established in

this retrospective analysis, earlier delivery of systemic therapy and

improved local disease control are plausible contributors. Our study

also suggests the feasibility of incorporating IMRT into a

neoadjuvant regimen with gemcitabine and nab-paclitaxel. IMRT
Frontiers in Oncology 07
may facilitate delivery of preoperative radiation while limiting dose

to adjacent organs at risk, which could help maintain acceptable

perioperative safety.

Despite the clear benefits observed, our study has several

limitations that must be acknowledged. The analysis is retrospective

in nature, which introduces inherent selection biases and limits the

ability to draw definitive causal conclusions. In addition, because the

chemoradiotherapy group in this analysis included only patients who

proceeded to resection, the results may not reflect the full intention-to-

treat effect of a neoadjuvant strategy and could overestimate benefit if

patients who progressed before surgery were excluded. Additionally,

this was a single-center study, which may limit the generalizability of
TABLE 3 Univariate and multivariate analysis of overall survival.

Characteristic
Univariable Multivariable

N Event HR 95% CI p value N Event HR 95% CI p value

Age, year

< 60 107 64 — — 107 64 — —

≥ 60 45 26 0.89 0.56, 1.40 0.607 45 26 0.91 0.57, 1.47 0.709

Sex

Male 126 72 — — 126 72 — —

Female 26 18 1.18 0.70, 1.98 0.538 26 18 1.12 0.65, 1.94 0.688

ECOG performance status

0 117 69 — —

1 35 21 1.07 0.66, 1.75 0.783

Albumin, g/L

< 35 27 20 — — 27 20 — —

≥ 35 125 70 0.54 0.33, 0.89 0.016 125 70 0.61 0.37, 1.02 0.057

CA19-9, U/mL

< 100 56 27 — — 56 27 — —

≥ 100 96 63 1.64 1.04, 2.58 0.032 96 63 1.81 1.14, 2.87 0.012

Tumor location

Head 82 48 — —

Body, tail 70 42 0.99 0.66, 1.51 0.979

Vascular invasion type

Portal vein 88 55 — —

Common hepatic artery 41 21 0.75 0.45, 1.24 0.263

Superior mesenteric artery 23 14 0.76 0.42, 1.37 0.355

Tumor diameter, mm

< 20 48 20 — — 48 20 — —

≥ 20 104 70 1.81 1.10, 2.98 0.019 104 70 1.66 0.99, 2.76 0.053

Group

Upfront surgery 109 69 — — 109 69 — —

Chemoradiotherapy 43 21 0.58 0.35, 0.95 0.031 43 21 0.58 0.35, 0.97 0.039
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the results. The follow-up duration in our cohort, while sufficient to

demonstrate significant differences in recurrence and survival, remains

limited; longer follow-up is necessary to assess sustained outcomes, late

recurrences, and potential long-term toxicities of the neoadjuvant

regimen. Finally, our study focused on a specific chemotherapy

regimen and radiation technique, so these results may not directly

apply to other neoadjuvant regimens (such as FOLFIRINOX or

stereotactic body radiotherapy) which are also commonly used in

BRPC management. These limitations underline the need for cautious

interpretation of our findings and highlight areas for future research.

In conclusion, in this single-center retrospective cohort of patients

with BRPC, an IMRT-based neoadjuvant chemoradiotherapy regimen

with gemcitabine and nab-paclitaxel was associated with a higher R0

resection rate and longer RFS and OS than upfront surgery, with

results that were consistent after adjustment using propensity score

overlap weighting. These findings suggest that incorporating IMRT

into a neoadjuvant chemoradiotherapy approach for BRPC is feasible.

Prospective studies are warranted to confirm these observations and to

compare this regimen with contemporary neoadjuvant strategies,

including chemotherapy-alone approaches. Further work to refine

patient selection and to identify predictive biomarkers may help

identify patients most likely to benefit from neoadjuvant therapy.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

This study was approved by the ethics committee of the First

Affiliated Hospital of Wenzhou Medical University. The studies

were conducted in accordance with the local legislation and

institutional requirements. The ethics committee/institutional

review board waived the requirement of written informed consent

for participation from the participants or the participants’ legal

guardians/next of kin because The requirement for informed

consent was waived due to the retrospective nature.
Author contributions

XH: Conceptualization, Formal Analysis, Investigation,

Resources, Writing – original draft, Writing – review & editing.
Frontiers in Oncology 08
HY: Formal Analysis, Investigation, Resources, Writing – original

draft, Writing – review & editing. WC: Conceptualization,

Investigation, Resources, Supervision, Validation, Writing –

review & editing.
Funding

The author(s) declared that financial support was not received

for this work and/or its publication.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The handling editor KW declared a past co-authorship with the

author WC.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2026.1744117/full#supplementary-material
https://doi.org/10.3389/fonc.2026.1744117
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Huang et al. 10.3389/fonc.2026.1744117
References

1. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian LM.

Projecting cancer incidence and deaths to 2030. Cancer Res. (2014) 74:2913–21.
doi: 10.1158/0008-5472.CAN-14-0155

2. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin. (2023) 73:17–48. doi: 10.3322/caac.21763

3. Lopez NE, Prendergast C, Lowy AM. Borderline resecta ble pancreatic cancer:
definitions and management.World J Gastroenterol. (2014) 20:10740–51. doi: 10.3748/
wjg.v20.i31.10740

4. Katz MH, Marsh R, Herman JM, Shi Q, Collison E, Venook AP, et al. : Borderline
resecta ble pancreatic cancer: need for standardization and methods for optimal clinical
trial design. Ann Surg Oncol. (2013) 20:2787–95. doi: 10.1245/s10434-013-2886-9

5. Varadhachary GR, Tamm EP, Abbruzzese JL, Xiong HQ, Crane CH, Wang H, et al.
Borderline resecta ble pancreatic cancer: definitions, management, and role of preoperative
therapy. Ann Surg Oncol. (2006) 13:1035–46. doi: 10.1245/ASO.2006.08.011

6. Katz MH, Wang H, Fleming JB, Sun CC, Hwang RF, Wolff RA, et al. Krishnan S
et al: Long-term survival after multidisciplinary management of resected pancreatic
adenocarcinoma. Ann Surg Oncol. (2009) 16:836–47. doi: 10.1245/s10434-008-0295-2

7. Cammarata R, Catamerò A, La Vaccara V, Coppola R, Caputo D. Neoadjuvant
therapy in pancreatic ductal adenocarcinoma: aligning guideline recommendations with
real-world evidence. Cancers (Basel). (2025) 17:3085. doi: 10.3390/cancers17183085

8. Versteijne E, Suker M, Groothuis K, Akkermans-Vogelaar JM, Besselink MG,
Bonsing BA, et al. van Dam RM et al: Preoperative Chemoradiotherapy Versus
Immediate Surgery for Resecta ble and Borderline Resect able Pancreatic Cancer:
Results of the Dutch Randomized Phase III PREOPANC Trial. J Clin Oncol Off J Am
Soc Clin Oncol. (2020) 38:1763–73. doi: 10.1200/JCO.19.02274

9. Katz MH, Pisters PW, Evans DB, Sun CC, Lee JE, Fleming JB, et al. Wolff RA et al:
Borderline resecta ble pancreatic cancer: the importance of this emerging stage of
disease. J Am Coll Surgeons. (2008) 206:833–46. doi: 10.1016/j.jamcollsurg.2007.12.020

10. Tempero MA, Malafa MP, Al-Hawary M, Behrman SW, Benson AB, Cardin DB.
Pancreatic adenocarcinoma, version 2.2021, NCCN clinical practice guidelines in
oncology. J Natl Compr Canc Netw. (2021) 19:439–57. doi: 10.6004/jnccn.2021.0017

11. Milano MT, Chmura SJ, Garofalo MC, Rash C, Roeske JC, Connell PP, et al.
Intensity-modulated radiotherapy in treatment of pancreatic and bile duct
Malignancies: toxicity and clinical outcome. Int J Radiat oncology biology Phys.
(2004) 59:445–53. doi: 10.1016/j.ijrobp.2003.11.003

12. Yovino S, Poppe M, Jabbour S, David V, Garofalo M, Pandya N, et al. Intensity-
modulated radiation therapy significantly improves acute gastrointestinal toxicity in
pancreatic and ampullary cancers. Int J Radiat OncologyBiologyPhysics. (2011) 79:158–
62. doi: 10.1016/j.ijrobp.2009.10.043

13. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, et al. Saleh
MN et al: Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine.
New Engl J Med. (2013) 369:1691–703. doi: 10.1056/NEJMoa1304369

14. Truty MJ, Kendrick ML, Nagorney DM, Smoot RL, Cleary SP, Graham RP, et al.
Harmsen WS et al: Factors Predicting Response, Perioperative Outcomes, and Survival
Following Total Neoadjuvant Therapy for Borderline/Locally Advanced Pancreatic
Cancer. Ann Surg. (2021) 273:341–9. doi: 10.1097/SLA.0000000000003284

15. Mellon EA, Hoffe SE, Springett GM, Frakes JM, Strom TJ, Hodul PJ. Long-term
outcomes of induction chemotherapy and neoadjuvant stereotactic body radiotherapy
Frontiers in Oncology 09
for borderline resecta ble and locally advanced pancreatic adenocarcinoma. Acta Oncol.
(2015) 54:979–85. doi: 10.3109/0284186X.2015.1004367

16. Bentzen SM, Constine LS, Deasy JO, Eisbruch A, Jackson A, Marks LB.
Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC): an
introduction to the scientific issues. Int J Radiat Oncol Biol Phys. (2010) 76:S3–9.
doi: 10.1016/j.ijrobp.2009.09.040

17. Callery MP, Chang KJ, Fishman EK, Talamonti MS, William Traverso L,
Linehan DC. Pretreatment assessment of resecta ble and borderline resecta ble
pancreatic cancer. Ann Surg Oncol. (2009) 16:1727–33. doi: 10.1245/s10434-009-
0408-6

18. Strobel O, Neoptolemos J, Jäger D, Büchler MW. Optimizing the outcomes of
pancreatic cancer surgery. Nat Rev Clin Oncol. (2019) 16:11–26. doi: 10.1038/s41571-
018-0112-1

19. Chatterjee D, Katz MH, Rashid A, Varadhachary GR, Wolff RA, Wang H,
et al. Crane C et al: Histologic grading of the extent of residual carcinoma
following neoadjuvant chemoradiation in pancreatic ductal adenocarcinoma: a
predictor for patient outcome. Cancer. (2012) 118:3182–90. doi: 10.1002/
cncr.26651

20. van Dam JL, Janssen QP, Besselink MG, Homs MYV, van Santvoort HC, van
Tienhoven G, et al. Neoadjuvant therapy or upfront surgery for resecta ble and
borderline resecta ble pancreatic cancer: A meta-analysis of randomised controlled
trials. Eur J Cancer. (2022) 160:140–9. doi: 10.1016/j.ejca.2021.10.023

21. Versteijne E, van Dam JL, Suker M, Janssen QP, Groothuis K, Akkermans-
Vogelaar JM, et al. Busch OR et al: Neoadjuvant Chemoradiotherapy Versus Upfront
Surgery for Resecta ble and Borderline Resecta ble Pancreatic Cancer: Long-Term
Results of the Dutch Randomized PREOPANC Trial. J Clin Oncol. (2022) 40:1220–30.
doi: 10.1200/JCO.21.02233

22. Versteijne E, Vogel JA, Besselink MG, Busch ORC, Wilmink JW, Daams JG,
et al. Meta-analysis comparing upfront surgery with neoadjuvant treatment in patients
with resecta ble or borderline resecta ble pancreatic cancer. Br J Surg. (2018) 105:946–
58. doi: 10.1002/bjs.10870

23. Dickerson LD, Gittens J, Brunning C, Jackson R, Schmid MC, Mielgo A, et al.
Neoadjuvant treatment versus upfront surgery in borderline resecta ble and resecta ble
pancreatic ductal adenocarcinoma: meta-analysis. BJS Open. (2025) 9:zrae172.
doi: 10.1093/bjsopen/zrae172

24. Miyasaka Y, Ohtsuka T, Kimura R, Matsuda R, Mori Y, Nakata K, et al. Oda Y
et al: Neoadjuvant Chemotherapy with Gemcitabine Plus Nab-Paclitaxel for
Borderline Resecta ble Pancreatic Cancer Potentially Improves Survival and
Facilitates Surgery. Ann Surg Oncol. (2019) 26:1528–34. doi: 10.1245/s10434-019-
07309-8

25. Isaji S, Mizuno S, Windsor JA, Bassi C, Fernández-Del Castillo C, Hackert T,
et al. Kishiwada M et al: International consensus on definition and criteria of
borderline resecta ble pancreatic ductal adenocarcinoma 2017. Pancreatology: Off J
Int Assoc Pancreatology (IAP) [et al] . (2018) 18:2–11. doi : 10.1016/
j.pan.2017.11.011

26. Gilbert JW, Wolpin B, Clancy T, Wang J, Mamon H, Shinagare AB, et al.
Borderline resecta ble pancreatic cancer: conceptual evolution and current approach to
image-based classification. Ann Oncol. (2017) 28:2067–76. doi: 10.1093/annonc/
mdx180
frontiersin.org

https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.3322/caac.21763
https://doi.org/10.3748/wjg.v20.i31.10740
https://doi.org/10.3748/wjg.v20.i31.10740
https://doi.org/10.1245/s10434-013-2886-9
https://doi.org/10.1245/ASO.2006.08.011
https://doi.org/10.1245/s10434-008-0295-2
https://doi.org/10.3390/cancers17183085
https://doi.org/10.1200/JCO.19.02274
https://doi.org/10.1016/j.jamcollsurg.2007.12.020
https://doi.org/10.6004/jnccn.2021.0017
https://doi.org/10.1016/j.ijrobp.2003.11.003
https://doi.org/10.1016/j.ijrobp.2009.10.043
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1097/SLA.0000000000003284
https://doi.org/10.3109/0284186X.2015.1004367
https://doi.org/10.1016/j.ijrobp.2009.09.040
https://doi.org/10.1245/s10434-009-0408-6
https://doi.org/10.1245/s10434-009-0408-6
https://doi.org/10.1038/s41571-018-0112-1
https://doi.org/10.1038/s41571-018-0112-1
https://doi.org/10.1002/cncr.26651
https://doi.org/10.1002/cncr.26651
https://doi.org/10.1016/j.ejca.2021.10.023
https://doi.org/10.1200/JCO.21.02233
https://doi.org/10.1002/bjs.10870
https://doi.org/10.1093/bjsopen/zrae172
https://doi.org/10.1245/s10434-019-07309-8
https://doi.org/10.1245/s10434-019-07309-8
https://doi.org/10.1016/j.pan.2017.11.011
https://doi.org/10.1016/j.pan.2017.11.011
https://doi.org/10.1093/annonc/mdx180
https://doi.org/10.1093/annonc/mdx180
https://doi.org/10.3389/fonc.2026.1744117
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Surgical and survival outcomes of neoadjuvant IMRT-based chemoradiotherapy versus upfront surgery in borderline resectable pancreatic cancer: a retrospective cohort study
	Introduction
	Methods
	Study design and patient selection
	Neoadjuvant chemotherapy and radiotherapy
	Surgical resection and pathology evaluation
	Outcomes and follow-up
	Statistical analysis

	Results
	Patient demographics and baseline characteristics
	Surgical and pathologic outcomes
	Survival outcomes
	Prognostic factors

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


