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Abstract
KRAS mutation is a major driver of pancreatic carcinogenesis and will likely be a thera-
peutic target. Due to lack of sensitive assays for clinical samples of pancreatic cancer 
with low cellularity, KRAS mutations and their prognostic association have not been 
fully examined in large populations. In a multi- institutional cohort of 1162 pancreatic 
cancer patients with formalin- fixed paraffin- embedded tumor samples, we undertook 
droplet digital PCR (ddPCR) for KRAS codons 12/13/61. We examined detection rates 
of KRAS mutations by clinicopathological parameters and survival associations of 
KRAS mutation status. Multivariable hazard ratios (HRs) and 95% confidence intervals 
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1  |  INTRODUC TION

Somatic gain- of- function mutations in the KRAS oncogene have 
been major drivers in pancreatic carcinogenesis1,2 and have been 
attributed to resistance to anti- epidermal growth factor receptor 
therapy in colorectal cancer.3 Given recent advances in effective 
molecular- targeted agents and the resultant global trend toward 
precision oncology,4,5 molecular profiling of tumors is of increasing 
importance in clinical decision making. Pancreatic cancer exhibits 
abundant desmoplastic stroma, resulting in low tumor cellularity,6– 8 
which has inhibited robust molecular annotation based on clini-
cal tissue samples. Genomic analyses of FFPE tissue samples have 
been particularly challenging due to DNA degradation during the 
processes of fixation, long- term storage, and preanalytical prepa-
ration.9,10 Consequently, research on KRAS mutations using clinical 
samples of pancreatic cancer has been limited by measurement er-
rors due to low mutation detectability of conventional technologies. 
Therefore, clinical outcomes according to KRAS mutation status 
have not been examined extensively in unselected populations of 
pancreatic cancer patients.

Droplet digital PCR has emerged as a promising diagnostic 
technique that allows sensitive and quantitative characterization 
of genetic aberrations, including point mutations and copy number 
alterations.11,12 Given the higher sensitivity of variant calling com-
pared to real- time PCR and next- generation sequencing, ddPCR has 
been applied for noninvasive specimens containing low abundance 
of tumor DNA, such as blood and urine (so- called liquid biopsy).13– 15 
The ddPCR assays have the potential of absolute quantification of 
VAF as well as technical advantages including short turnaround 
time, low assay costs, and low amount of DNA required.12 However, 
the utility of ddPCR has not been fully investigated for molecular 

profiling based on clinical FFPE samples of pancreatic cancer. In 
addition, the prognostic association of KRAS VAF has not been ex-
amined in pancreatic cancer. Given the carcinogenic effects of acti-
vating KRAS mutations and downstream signaling pathways,11,16– 18 
we hypothesized that higher levels of KRAS VAF might be associ-
ated with shorter survival times among patients with pancreatic 
cancer.

Therefore, we leveraged multiplex ddPCR for common KRAS 
mutations in a large multicenter cohort of consecutive patients with 
resected pancreatic cancer. We examined the overall feasibility of 
ddPCR for KRAS mutations and the mutation detectability according 
to clinicopathological parameters that might affect mutation detec-
tions. We also examined KRAS mutation load in relation to survival 
outcomes of patients with resected pancreatic cancer.

2  |  MATERIAL S AND METHODS

2.1  |  Study cohort

We identified consecutive patients who underwent surgical resec-
tion of pancreatic carcinoma with curative intent at The Cancer 
Institute Hospital of Japanese Foundation for Cancer Research, 
The University of Tokyo Hospital, or Keio University Hospital (all 
in Tokyo, Japan) between 2005 and 2017. Among those patients, 
we included 1162 cases with pancreatic cancer (adenocarcinoma or 
adenosquamous carcinoma) where tissue specimens were available 
for ddPCR for KRAS mutations. We excluded patients with mixed 
tumors (e.g., mixed ductal- neuroendocrine carcinoma) or ductal 
adenocarcinoma variants including carcinoma derived from intra-
ductal papillary mucinous neoplasm, undifferentiated carcinoma, 
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(CIs) for disease- free survival (DFS) and overall survival (OS) were computed using the 
Cox regression model with adjustment for potential confounders. KRAS mutations 
were detected in 1139 (98%) patients. The detection rate did not differ by age of 
tissue blocks, tumor cellularity, or receipt of neoadjuvant chemotherapy. KRAS muta-
tions were not associated with DFS or OS (multivariable HR comparing KRAS- mutant 
to KRAS-wild-type tumors, 1.04 [95% CI, 0.62– 1.75] and 1.05 [95% CI, 0.60– 1.84], 
respectively). Among KRAS- mutant tumors, KRAS variant allele frequency (VAF) was 
inversely associated with DFS and OS with HRs per 20% VAF increase of 1.27 (95% CI, 
1.13– 1.42; ptrend <0.001) and 1.31 (95% CI, 1.16– 1.48; ptrend <0.001), respectively. In 
summary, ddPCR detected KRAS mutations in clinical specimens of pancreatic cancer 
with high sensitivity irrespective of parameters potentially affecting mutation detec-
tions. KRAS VAF, but not mutation positivity, was associated with survival of pancre-
atic cancer patients.
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and colloid carcinoma. For analyses of OS, we excluded patients 
with concomitant advanced cancer of other origin and patients with 
30- day or in- hospital mortality. For analyses of DFS, we further 
excluded patients with a resected metastatic lesion, R2 resection 
margin, or no available cross- sectional imaging following the index 
surgery.

Informed consent was obtained from all participants on an opt- 
out basis given the retrospective nature of the current study. This 
study was designed and carried out according to the guidelines in 
the Helsinki Declaration. The study was approved by the ethics com-
mittees at The Cancer Institute Hospital of Japanese Foundation 
for Cancer Research, The University of Tokyo, and Keio University 
School of Medicine, and was registered with the UMIN registry (reg-
istration number UMIN000044027).

2.2  |  Data collection

Utilizing a standardized database constructed using Microsoft 
Access software, study physicians reviewed medical charts and col-
lected clinical data, including demographics, tumor characteristics, 
and treatment outcomes. Study pathologists (M.Tak., M.Tan., and 
Y.M.), blinded to clinical data, reviewed H&E- stained tissue sec-
tions of FFPE tissue blocks and recorded histopathological features 
of pancreatic carcinomas. According to the guidelines of the Japan 
Pancreas Society,19 we classified stroma type (medullary [scant 
stroma], intermediate, or scirrhous [abundant stroma]), resection 
margin status (R0, no residual tumor cells on the dissection or cut 
surface; R1, microscopic residual tumor; or R2, macroscopic resid-
ual tumor), and the degree of lymphatic, venous, or neural invasion 
(absent, mild, moderate, or marked). Percentages of tumor cells and 
inflammatory cells (e.g., lymphocytes, neutrophils, eosinophils, and 
plasma cells) were estimated microscopically within cancerous areas 
on guide H&E slides used for DNA extraction. Cancer stage was 
defined according to the eighth edition of the TNM staging system 
proposed by the UICC.20 For adenocarcinoma cases, tumor differen-
tiation was graded as well, moderate, or poor according to the WHO 
classification.21

2.3  |  Droplet digital PCR for KRAS mutations

All tissue samples were obtained from surgical specimens of the pri-
mary pancreatic carcinomas. During the study period, the surgical 
specimens were fixed with 20% formalin neutral buffer solution at 
The Cancer Institute Hospital of the Japanese Foundation for Cancer 
Research and The University of Tokyo Hospital. The specimens 
were fixed with 10% nonbuffered formalin until May 2017 and with 
10% formalin neutral buffer solution thereafter at Keio University 
Hospital. Genomic DNA was extracted from 10 μm- thick sections of 
archival FFPE tissue blocks of pancreatic cancer using the GeneRead 
DNA FFPE Kit (Qiagen). The extraction protocol includes treatment 
with uracil- DNA glycosylate that potentially reduces false- positive 

signals in ddPCR derived from formalin fixation.22 The study pa-
thologists (M.Tak., M.Tan., and Y.M.) marked tumor areas in guide 
H&E- stained slides. Using the guide H&E slides, DNA was extracted 
through macrodissection of tumor areas. The extracted DNA was 
quantified using the NanoDrop One spectrophotometer (Thermo 
Fisher Scientific) and has been stored at −20°C in well- monitored 
freezers.

The ddPCR procedures were undertaken using the QX200 
system (Bio- Rad Laboratories) at a single centralized center (The 
University of Tokyo). All reactions were prepared using a multiplex 
screening kit for seven mutations in KRAS codons 12 and 13 (G12A, 
G12C, G12D, G12R, G12S, G12V, and G13D; ddPCR KRAS Screening 
Multiplex Kit; Bio- Rad Laboratories). The total volume of 20 μl 
ddPCR reaction mix was prepared with 100 ng DNA, 1 μl of 20× mul-
tiplex assay mix, 10 μl of 2× ddPCR Supermix for Probes (no dUTP), 
and water in a variable volume. The reaction mix and 70 μl Droplet 
Generation Oil for Probes (Bio- Rad Laboratories) were loaded into 
the corresponding wells in the DG8 cartridge. The cartridge was 
placed into a QX200 Droplet Generator (Bio- Rad Laboratories), 
which partitioned each PCR mix into approximately 20000 droplets. 
Emulsified mixes were transferred to a 96- well plate, and the plate 
was heat sealed in PX1 PCR Plate Sealer (Bio- Rad Laboratories). 
Polymerase chain reaction was carried out using T100 Thermal 
Cycler (Bio- Rad Laboratories) with the following thermal cycling 
conditions: 95°C for 10 min, 40 cycles of 94°C for 30 s and 55°C for 
1 min, 98°C for 10 min, and 4°C for holding. Each run included posi-
tive and negative controls (DNA from CFPAC- 1 cells and HPNE cells, 
respectively). The plate was then loaded to a QX200 Droplet Reader 
(Bio- Rad Laboratories), and the droplets from each well were ana-
lyzed. The data were processed and analyzed using the QuantaSoft 
software (version 1.7.4, Bio- Rad Laboratories; Figure S1). To define 
positive and negative calls, we utilized the R package twoddpcr and 
undertook k- means clustering based on the Mahalanobis distance.23 
Using 50 randomly selected cases at each institution, we defined 
site- specific criteria for positive and negative calls. The results were 
in accordance with the visual inspection. The VAF of KRAS was cal-
culated as the ratio of the number of KRAS- mutant droplets to that 
of droplets including KRAS- mutant signal and/or KRAS- WT signal. 
Tumors were classified as KRAS- mutant when the VAF was 1% or 
higher; otherwise, as KRAS- WT.24 When DNA from HPNE cells was 
analyzed as negative control (one well per run, total n = 21), the mean 
fractional abundance of KRAS was 0.44% (SD, 0.37%). For cases 
negative for KRAS codons 12/13, we additionally undertook ddPCR 
using a multiplex screening kit for five mutations in KRAS codon 61 
(Q61K, Q61L, Q61R, Q61H c.183A > T, and Q61H c.183A > C; ddPCR 
KRAS Q61 Screening Kit; Bio- Rad Laboratories) in the same analyt-
ical pipeline. Given the limited number of cases at each institution, 
we pooled all cases negative for KRAS codons 12/13 and defined 
criteria for positive and negative calls for codon 61. KRAS mutations 
were detected successfully in pancreatic carcinomas with quite low 
tumor cellularity (Figure S2). Representative microscopic images of 
pancreatic cancer according to strata of KRAS VAF are shown in 
Figure S3.
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2.4  |  Statistical analysis

In our primary analyses, we pooled data from the three institutional 
cohorts. To compare clinical and pathological characteristics be-
tween KRAS categories, we used the χ2- test or Fisher’s exact test, 
as appropriate, for categorical variables, and Student’s t- test or 
ANOVA, as appropriate, for continuous variables. To compare KRAS 
mutation rates between nonordinal and ordinal subgroups, we used 
the χ2- test and the Cochran– Armitage trend test, respectively.

In survival analyses, we examined associations between KRAS 
mutation status and DFS and OS among patients with pancreatic 
cancer. Disease- free survival was defined as time from the index sur-
gery to the first recurrence of the cancer or death, whichever came 
first. When any of these end- points was not observed, the patients 
were censored at the time- point of the last cross- sectional imaging 
study. Overall survival was defined as time from the index surgery 
to death of any cause, where patients who were alive at the last 
follow- up were censored. In analyses of pancreatic cancer- specific 
survival, deaths from causes other than pancreatic cancer were cen-
sored. Cumulative survival probabilities were estimated using the 
Kaplan– Meier product- limit method and were compared using the 
log– rank test. A linear trend in survival probabilities across ordinal 
categories of KRAS VAF was assessed using the log– rank test for 
trend. The Cox proportional hazards regression models stratified by 
institutional cohort were used to calculate HRs and 95% CIs for DFS 
and OS by KRAS mutation status. Tests for trend were carried out 
by entering KRAS VAF as a continuous variable in the Cox regres-
sion models and evaluating the Wald test. To adjust for potential 
confounding factors, the multivariable Cox regression model initially 
included the following variables: age at the time of surgery (contin-
uous), sex (female vs. male), year of diagnosis (continuous), tumor 
location (head vs. body/tail of the pancreas), histological type (well/
moderately differentiated vs. poorly differentiated vs. adenosqua-
mous), tumor stroma type (nonscirrhous vs. scirrhous), lymphatic 
invasion (absent/mild vs. moderate/marked), venous invasion (ab-
sent/mild vs. moderate/marked), neural invasion (absent/mild vs. 
moderate/marked), cancer stage (I vs. II vs. III/IV), resection margin 
status (R0 vs. R1/2), receipt of neoadjuvant chemotherapy (yes vs. 
no), and receipt of adjuvant chemotherapy (yes vs. no). Backward 
elimination with a threshold p value of 0.05 was carried out to select 
variables for the final models. Complete data on the covariates were 
available for all cases. The assumption of proportional hazards was 
generally satisfied by assessing a time- dependent covariate, which 
was the cross- product of KRAS mutation status and DFS or OS 
(p > 0.09). We observed no statistically significant heterogeneity in 
the survival associations of KRAS mutation status between the insti-
tutional cohorts using Cochran’s Q statistic for the random- effects 
model (pheterogeneity > 0.05)25,26 and thus, pooled the institutional co-
horts for survival analyses. We fitted a restricted cubic spline curve 
with four knots to examine a possible nonlinear association between 
KRAS VAF and pancreatic cancer survival.27 We assessed the nonlin-
earity using the likelihood ratio test that compared the model with 
only the linear term to the model with the linear and the cubic spline 

terms. A statistical interaction was assessed using the Wald test on 
the cross- product of KRAS VAF and a variable of interest (stroma 
status or cellularity of tumor or inflammatory cells) in the Cox regres-
sion model. We calculated HRs in strata of stroma status or cellular-
ity of tumor or inflammatory cells based on a single regression model 
with a reparameterization of the interaction term.28

All statistical analyses were carried out using SAS software (ver-
sion 9.4; SAS Institute). To account for multiple comparisons, we 
used the two- sided α level of 0.005 for statistical significance ac-
cording to experts’ recommendations.29

3  |  RESULTS

We included 1162 patients with resected pancreatic cancer from the 
three institutions (Figure 1). Tables 1 and S1 summarize clinical and 
pathological characteristics of the patients with pancreatic cancer, 
overall and by institution, respectively. During the median follow- up 
time of 56.0 months (interquartile range, 42.8– 83.7 months) for all 
censored patients, 825 patients (71% of the total study population) 
were deceased. Median quantity of the extracted DNA per case was 
5646 ng (interquartile range, 2664– 9744 ng).

Utilizing the ddPCR assay, we detected KRAS mutations in 1139 
(98%) out of all 1162 patients (KRAS VAF distribution presented in 

F I G U R E  1  Flow diagram of selection of patients with resected 
pancreatic cancer in a multi- institutional cohort. aFor analyses 
of disease- free survival, we further excluded 53 patients with a 
resected metastatic lesion, R2 resection margin, or no available 
cross- sectional imaging following the index surgery. IPMN, 
intraductal papillary mucinous neoplasm; JFCR, Japanese 
Foundation for Cancer Research; KU, Keio University; UT, The 
University of Tokyo

Cross-sectional analysis
1162 patients

with pancreatic cancer

Survival analysisa

1148 patients
with pancreatic cancer

14 excluded
9 with concomitant advanced cancer
5 with in-hospital or 30-day mortality

302 excluded
231 with IPMN-derived carcinoma
65 with other pancreatic carcinoma
6 with no available tissue material 

Patients with pancreatic carcinoma 
resected between 2005 and 2017
JFCR

n = 847
UT

n = 356
KU

n = 261

Multi-institutional cohort
n = 1464
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TA B L E  1  Clinical and pathological characteristics of pancreatic cancer cases, overall or by KRAS mutation status

Characteristica

All cases

KRAS mutation

p value

KRAS- mutant tumors (n = 1139)

p value

KRAS VAF

Wild type Mutant 1%– 9% 10%– 19% ≥20%

(n = 1162) (n = 23) (n = 1139) (n = 276) (n = 503) (n = 360)

Mean age ± SD (years) 67.2 ± 9.7 66.0 ± 13.7 67.2 ± 9.6 0.55 67.1 ± 8.9 67.3 ± 9.4 67.0 ± 10.4 0.91

Sex 0.52 0.41

Female 480 (41) 8 (35) 472 (41) 108 (39) 205 (41) 159 (44)

Male 682 (59) 15 (65) 667 (59) 168 (61) 298 (59) 201 (56)

Year of diagnosis 0.23 0.037

2005– 2010 337 (29) 3 (13) 334 (29) 78 (28) 160 (32) 96 (27)

2011– 2014 393 (34) 9 (39) 384 (34) 81 (29) 162 (32) 141 (39)

2015– 2017 432 (37) 11 (48) 421 (37) 117 (43) 181 (36) 123 (34)

Tumor location 0.31 0.43

Head of the pancreas 741 (64) 17 (74) 724 (64) 184 (67) 312 (62) 228 (63)

Body to tail of the 
pancreas

421 (36) 6 (26) 415 (36) 92 (33) 191 (38) 132 (37)

Histological type 0.001 <0.001

Adenocarcinoma 1132 (97) 20 (87) 1112 (98) 276 (100) 494 (98) 342 (95)

Adenosquamous 
carcinoma

30 (2.6) 3 (13) 27 (2.4) 0 9 (1.8) 18 (5.0)

Tumor differentiationb 0.21 0.20

Well to moderate 664 (59) 9 (45) 655 (59) 169 (61) 298 (60) 188 (55)

Poor 468 (41) 11 (55) 457 (41) 107 (39) 196 (40) 154 (45)

Stroma type 0.70 0.010

Non- scirrhous 764 (66) 16 (70) 748 (66) 166 (60) 325 (65) 257 (71)

Scirrhous 398 (34) 7 (30) 391 (34) 110 (40) 178 (35) 103 (29)

Lymphatic invasion 0.58 0.013

Absent/mild 745 (64) 16 (70) 729 (64) 189 (68) 331 (66) 209 (58)

Moderate/marked 417 (36) 7 (30) 410 (36) 87 (32) 172 (34) 151 (42)

Venous invasion 0.38 <0.001

Absent/mild 403 (35) 6 (26) 397 (35) 128 (46) 175 (35) 94 (26)

Moderate/marked 759 (65) 17 (74) 742 (65) 148 (54) 328 (65) 266 (74)

Neural invasion 0.20 <0.001

Absent/mild 410 (35) 11 (48) 399 (35) 123 (45) 162 (32) 114 (32)

Moderate/marked 752 (65) 12 (52) 740 (65) 153 (55) 341 (68) 246 (68)

Mean tumor size ± SD 
(cm)

3.4 ± 1.6 3.6 ± 1.5 3.4 ± 1.6 0.64 3.2 ± 1.6 3.4 ± 1.5 3.7 ± 1.6 <0.001

Tumor cellularity 0.20 <0.001

<30% 505 (43) 13 (57) 492 (43) 248 (90) 210 (42) 34 (9.4)

≥30% 657 (57) 10 (43) 647 (57) 28 (10) 293 (58) 326 (91)

Cellularity of 
inflammatory cells

0.41 <0.001

<25% 111 (9.6) 2 (8.7) 109 (9.6) 13 (4.7) 35 (7.0) 61 (17)

25– 49% 738 (63) 12 (52) 726 (64) 123 (45) 338 (67) 265 (74)

≥50% 313 (27) 9 (39) 304 (27) 140 (51) 130 (26) 34 (9.4)

(Continues)



3102  |    SUZUKI et al.

Figure S4). KRAS mutations were detected in codons 12/13 in 1104 
cases and in codon 61 in 35 cases out of the 58 cases negative for 
codons 12/13. KRAS- WT cases had tumor cellularity of at least 5% 
(median, 20%; range, 5%– 60%), suggesting a low possibility of false 
negatives in ddPCR due to a limited amount of tumor DNA. KRAS 
mutations were detected with comparable rates across the institu-
tional cohorts and strata of clinicopathological characteristics that 
potentially affected the mutation detection (Figure 2). Of note, KRAS 
mutation rate did not differ by year of diagnosis (corresponding to 
the age of FFPE blocks). Clinical and pathological characteristics of 
pancreatic cancer cases by KRAS mutation status are summarized 
in Table 1. KRAS- WT tumors were more likely to represent ade-
nosquamous histology. Among KRAS- mutant tumors, high levels 
of KRAS VAF were associated with adenosquamous histology, ve-
nous and neural invasions, large tumor size, high tumor cellularity, 
low cellularity of inflammatory cells, and no receipt of neoadjuvant 
chemotherapy.

We examined associations of KRAS mutation status with sur-
vival outcomes among pancreatic cancer (Tables 2 and S2). KRAS 
mutations were not associated with DFS (multivariable HR compar-
ing KRAS- mutant to KRAS- wild- type tumors, 1.04; 95% CI, 0.62– 
1.75; p = 0.87) or OS (multivariable HR, 1.05; 95% CI, 0.60– 1.84; 
p = 0.86). In contrast, KRAS VAF was associated with DFS and OS 

among patients with KRAS- mutant pancreatic cancer (ptrend <0.001). 
Compared to patients with KRAS VAF of 1%– 9%, patients with VAF 
of 10%– 19% and ≥20% had multivariable HRs for DFS of 1.22 (95% 
CI, 1.02– 1.45) and 1.60 (95% CI, 1.32– 1.93), respectively; and mul-
tivariable HRs for OS of 1.19 (95% CI, 0.99– 1.44) and 1.52 (95% CI, 
1.25– 1.85), respectively. Among KRAS- mutant tumors, 20% VAF in-
crease was associated with HRs of 1.27 (95% CI, 1.13– 1.42) for DFS 
and 1.31 (95% CI, 1.16– 1.48) for OS. Kaplan– Meier analyses yielded 
consistent results (Figure 3). For KRAS- mutant and WT cases, me-
dian DFS times were 14.1 (95% CI, 13.1– 15.6) and 12.3 (95% CI, 
8.1- NA) months, respectively; median OS times were 31.0 (95% CI, 
28.8– 33.1) and 34.3 (95% CI, 18.7- NA) months, respectively. For 
patients with KRAS VAF of 1%– 9%, 10%– 19%, and ≥20%, median 
DFS times were 18.6 (95% CI, 15.1– 23.6), 15.2 (95% CI, 13.1– 17.2), 
and 11.5 (95% CI, 10.4– 12.8) months, respectively; median OS times 
were 42.0 (95% CI, 35.8– 49.7), 31.7 (95% CI, 27.9– 36.6), and 25.5 
(95% CI, 21.4– 28.8) months, respectively. We fitted a restricted 
cubic spline curve for KRAS VAF in relation to DFS or OS, which 
suggested largely linear associations of KRAS VAF with HRs among 
KRAS- mutant tumors (Figure S5). In analyses of pancreatic cancer- 
specific survival, we observed a similar prognostic association of 
KRAS mutation status. The higher risk of pancreatic cancer- specific 
mortality was noted for higher KRAS VAF (HR per 20% increase, 

Characteristica

All cases

KRAS mutation

p value

KRAS- mutant tumors (n = 1139)

p value

KRAS VAF

Wild type Mutant 1%– 9% 10%– 19% ≥20%

(n = 1162) (n = 23) (n = 1139) (n = 276) (n = 503) (n = 360)

UICC cancer stage 0.47 0.25

I 301 (26) 8 (35) 293 (26) 80 (29) 130 (26) 83 (23)

II 506 (44) 11 (48) 495 (43) 117 (42) 223 (44) 155 (43)

III 305 (26) 4 (17) 301 (26) 68 (25) 134 (27) 99 (28)

IV 50 (4.3) 0 50 (4.4) 11 (4.0) 16 (3.2) 23 (6.4)

Resection margin status 0.80 0.78

R0 899 (77) 19 (83) 880 (77) 209 (76) 397 (79) 274 (76)

R1 257 (22) 4 (17) 253 (22) 66 (24) 103 (20) 84 (23)

R2 6 (0.5) 0 6 (0.5) 1 (0.4) 3 (0.6) 2 (0.6)

Neoadjuvant therapy 0.51 <0.001

None 1013 (87) 19 (83) 994 (87) 219 (79) 442 (88) 333 (93)

Chemotherapyc 149 (13) 4 (17) 145 (13) 57 (21) 61 (12) 27 (7.5)

Adjuvant therapy 0.28 0.73

None 248 (21) 7 (30) 241 (21) 61 (22) 101 (20) 79 (22)

Chemotherapyc 914 (79) 16 (70) 898 (79) 215 (78) 402 (80) 281 (78)

Note: Data are shown as n (%) unless otherwise indicated.
Abbreviation: VAF, variant allele frequency.
aPercentage indicates the proportion of cases with a specific clinical or pathological characteristic in all cases or in each stratum of KRAS mutation 
status. Total percentages may not equal 100% due to rounding.
bTumor differentiation was assessed only for adenocarcinomas.
cThese categories include chemoradiotherapy.

TA B L E  1  (Continued)
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1.33; 95% CI, 1.17– 1.51) among KRAS- mutant tumors, but not for 
KRAS mutation positivity (HR, 0.98; 95% CI, 0.56– 1.71). Among pa-
tients with KRAS- mutant tumors, higher levels of KRAS VAF were 
associated with higher likelihood of liver metastasis at the time of 
the first recurrence (Table 3).

We undertook secondary subgroup analyses to examine factors 
that potentially affected KRAS VAF and its survival associations. In 
survival analyses stratified by tumor cellularity, the survival associa-
tions of KRAS VAF were attenuated, but a similar trend toward high 
HRs for DFS and OS associated with high levels of KRAS VAF was 
observed (Table S3). Tumors with higher levels of KRAS VAF were 
associated with lower infiltrates of inflammatory cells (Table 1), 
but the inverse associations of KRAS VAF with survival times were 

consistently observed across strata of cellularity of inflammatory 
cells (Table S4). In addition, we did not observe any statistical inter-
action between KRAS VAF and stromal fibrosis in relation to survival 
times (Table S5). Given the potential effect of neoadjuvant chemo-
therapy on tumor molecular features, we undertook a subgroup 
analysis limited to patients without neoadjuvant chemotherapy, 
which yielded similar results (Table S6).

4  |  DISCUSSION

In a large multi- institutional cohort of consecutive patients with re-
sected pancreatic cancer, we utilized multiplex ddPCR for archival 

F I G U R E  2  KRAS mutation rates by clinical and pathological parameters in a multi- institutional cohort of patients with resected pancreatic 
cancer. (A) Institutional cohort. (B) Year of diagnosis (corresponding to the age of tissue blocks). (C) Tumor cellularity. (D) Tumor size. (E) 
Receipt of neoadjuvant chemotherapy. (F) Formalin concentration. Dotted lines indicate the overall KRAS mutation rate in the total study 
group. JFCR, Japanese Foundation for Cancer Research; KU, Keio University; UT, The University of Tokyo

JFCR UT KU
Mutant 665 265 209
Total 675 275 212

(A)  Institutional cohort  
%

(C)  Tumor cellularity

< 20% 20-39% ≥ 40%
Mutant 217 602 320
Total 222 615 325

(D)  Tumor size (E)  Neoadjuvant chemotherapy

< 20 20-29 30-39 ≥ 40
Mutant 132 330 343 334
Total 136 335 350 341

No Yes
Mutant 994 145
Total 1013 149

%%

%%

mm

p = 0.078 ptrend = 0.078

ptrend = 0.88 p = 0.52

ptrend = 0.53
(B)  Year of diagnosis

(F)  Formalin concentration

10% 20%
Mutant 209 930
Total 212 950

2005
-2007

2008
-2010

2011
-2013

2014
-2015

2016
-2017

Mutant 168 166 270 254 281
Total 170 167 277 257 291

p = 0.78%
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FFPE tumor samples and detected KRAS mutations with high sen-
sitivity. The high analytical sensitivity was not susceptible to clin-
icopathological factors that might have an impact on the mutation 
detection. Of note, we successfully detected KRAS mutations in 
tumor samples preserved for up to 15 years with a comparable de-
tection rate. Our survival analyses have shown that high KRAS muta-
tion load, but not KRAS mutation positivity, is associated with worse 
survival outcomes of patients with resected pancreatic cancer. Our 
study supports the utility of ddPCR for genomic characterization in 
personalized management of patients with pancreatic cancer and 
the prognostic role of KRAS mutation load.

Pancreatic cancer develops through a stepwise accumulation 
of genetic and epigenetic alterations, including those for KRAS, 
CDKN2A (p16), SMAD4, and TP53.1,2 An activating point mutation of 
the KRAS gene serves as a critical driver of this carcinogenic process, 
which not only dysregulates various cellular processes, including 
proliferation and survival, but also impairs antitumor immune re-
sponse.11,16,30 In parallel with the global trend of precision oncology, 
molecular profiling of tumors is of increasing importance. In the I- 
PREDICT trial, targeting of a larger proportion of molecular alter-
ations was associated with better survival outcomes of patients with 
refractory malignancy.31 In pancreatic cancer, the PARP1 and PARP2 
inhibitor, olaparib, has shown great promise in treating patients with 
a germline BRCA1 or BRCA2 mutation.32 KRAS has long been consid-
ered undruggable, but tumors harboring KRAS G12C mutation might 
respond to highly specific molecular- targeted agents (e.g., sotorasib 
and adagrasib).33,34 Despite the relatively low frequency of KRAS 
G12C mutation reported in pancreatic cancer (<6%),35– 47 further 
research on tumor characteristics according to specific patterns of 
KRAS mutations is warranted. Taken together, there is an increasing 
need for rapid and sensitive screening of specific mutations in clini-
cal samples of pancreatic cancer.

To overcome the hurdle to clinical sequencing of pancreatic can-
cer characterized by desmoplastic cellular stroma and low tumor 
cellularity, we utilized multiplex ddPCR for archival FFPE samples 
and successfully detected KRAS mutations in up to 98% of cases. 
Compared to prior studies, summarized in Table 4,35– 49 the use of 
ddPCR provided more sensitive detection of KRAS mutations in pan-
creatic cancer. Studies reporting the KRAS mutation rate of more 
than 90% were all based on next- generation sequencing,44– 47,49 
which required high levels of DNA quality and quantity during the 
quality control process.47,50,51 In contrast, the current study included 
consecutive patients with resected pancreatic cancer as long as 
FFPE blocks of the primary pancreatic tumors were available and 
successfully detected KRAS mutations with high sensitivity irrespec-
tive of age of the tissue blocks, tumor cellularity, and other clinical 
and pathological factors affecting the mutation detection. Given 
that ddPCR can be readily applied for other genetic loci, our data 
support the potential of ddPCR in genetically characterizing various 
tumors in the current oncology practice. During our ddPCR proce-
dures, we used 100 ng DNA per case to ensure the sensitivity of 
mutation calling and the robustness of measurements of KRAS VAF. 
However, given the reported usefulness of ddPCR in biospecimens 
containing low amounts of tumor DNA,13– 15 a reduced amount of 
DNA may be effective for ddPCR for KRAS mutations.

In the current study, the absolute quantification of variant alleles 
based on ddPCR allowed us to demonstrate the inverse association 
of KRAS VAF with postoperative survival times of patients with pan-
creatic cancer. Our data support the linear increase in the mortality 
hazard according to the VAF increase among KRAS- mutant tumors. 
This result is consistent with the mechanistic evidence indicating the 
contribution of an increased dosage of mutant KRAS gene to rapid 
progression and metastasis of pancreatic neoplasms.17,18 It should be 
noted that the VAF is a multifactorial index reflecting intratumoral 

TA B L E  2  KRAS mutation status and survival among patients with pancreatic cancer

Disease- free survival Overall survival

No. of 
cases

No. of 
events

Univariable 
HR (95% CI)

Multivariable 
HRa (95% CI)

No. of 
cases

No. of 
events

Univariable 
HR (95% CI)

Multivariable 
HRa (95% CI)

KRAS mutation

Wild type 23 15 1.00 (referent) 1.00 (referent) 23 13 1.00 (referent) 1.00 (referent)

Mutant 1072 850 1.23 (0.74– 2.05) 1.04 (0.62– 1.75) 1125 799 1.26 (0.73– 2.19) 1.05 (0.60– 1.84)

p value 0.43 0.87 0.40 0.86

KRAS VAF

1%– 9% 258 189 1.00 (referent) 1.00 (referent) 269 172 1.00 (referent) 1.00 (referent)

10%– 19% 479 374 1.22 (1.02– 1.45) 1.22 (1.02– 1.45) 498 348 1.27 (1.05– 1.52) 1.19 (0.99– 1.44)

≥20% 335 287 1.63 (1.35– 1.96) 1.60 (1.32– 1.93) 358 279 1.70 (1.40– 2.05) 1.52 (1.25– 1.85)

ptrend
b <0.001 <0.001 <0.001 <0.001

Abbreviations: CI, confidence interval; HR, hazard ratio; VAF, variant allele frequency.
aThe multivariable Cox regression model initially included age, sex, year of diagnosis, tumor location, histological type, stroma type, lymphatic 
invasion, venous invasion, neural invasion, cancer stage, resection margin status, receipt of neoadjuvant chemotherapy, and receipt of adjuvant 
chemotherapy. Backward elimination with a threshold p of 0.05 was conducted to select variables for the final models. The variables that remained in 
the final models are described in Table S2.
bptrend was calculated by entering KRAS VAF (continuous) in the Cox regression model.



    |  3105SUZUKI et al.

F I G U R E  3  Kaplan– Meier survival 
curves of patients with pancreatic cancer 
according to KRAS mutation status. (A) 
Disease- free survival by KRAS mutations. 
(B) Overall survival by KRAS mutations. 
(C) Disease- free survival by variant allele 
frequency (VAF) of KRAS among KRAS- 
mutant tumors. (D) Overall survival by 
KRAS VAF among KRAS- mutant tumors

KRAS Months
0 12 24 36 48 60

Mutant 1072 593 363 285 190 136
Wild type 23 12 9 7 5 3

Number at risk

Disease-free survival (months)

(A)

12 24 36 48 600

1.0

0.8

0.6

0.4

ytilibaborp lavivruS

Log-rank p = 0.43

Mutant
Wild type

0.2

0

KRAS VAF Months
0 12 24 36 48 60

1-9% 258 166 109 90 57 42
10-19% 479 270 170 135 92 64
≥ 20% 335 157 84 60 41 30

Number at risk

Disease-free survival (months)

(C)

12 24 36 48 600

1.0

0.8

0.6

0.4

ytilibaborp lavivruS

Log-rank ptrend < 0.001

KRAS VAF
1-9%

0.2

0

10-19%
≥ 20%

Overall survival (months)

(B)

12 24 36 48 600

1.0

0.8

0.6

0.4

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Log-rank p = 0.40

Mutant
Wild type

0.2

0

KRAS Months
0 12 24 36 48 60

Mutant 1125 924 640 470 324 214
Wild type 23 21 16 9 6 3

Number at risk

(D)

12 24 36 48 600

1.0

0.8

0.6

0.4

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Log-rank ptrend < 0.001

KRAS VAF
1-9%

0.2

0

10-19%
≥ 20%

KRAS VAF Months
0 12 24 36 48 60

1-9% 269 240 187 146 95 67
10-19% 498 410 282 216 150 95
≥ 20% 358 274 171 108 79 52

Number at risk

Disease-free survival (months) Overall survival (months)

Site of recurrencea

All cases

KRAS VAF

ptrend
b

1%– 9% 10%– 19% ≥20%

(n = 1139) (n = 276) (n = 503) (n = 360)

Liver 299 (26) 45 (16) 112 (22) 142 (39) <0.001

Local 266 (23) 70 (25) 122 (24) 74 (21) 0.14

Peritoneum 160 (14) 39 (14) 75 (15) 46 (13) 0.58

Lung 153 (13) 45 (16) 63 (13) 45 (13) 0.19

Lymph node 144 (13) 34 (12) 58 (12) 52 (14) 0.38

Remnant pancreas 56 (4.9) 8 (2.9) 30 (6.0) 18 (5.0) 0.28

Others 36 (3.2) 10 (3.6) 15 (3.0) 11 (3.1) 0.71

Note: Data are shown as n (%).
aSites of recurrence were assessed on the cross- sectional imaging study delineating the first 
recurrence. Multiple sites might be assigned for one case.
bptrend was calculated by the Cochran– Armitage trend test.

TA B L E  3  Recurrence patterns of 
resected KRAS- mutant pancreatic cancer 
by KRAS variant allele frequency (VAF)
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KRAS mutation load and tumor cellularity; therefore, the low mortality 
hazard associated with low levels of KRAS VAF might be attributable 
at least in part to intense lymphocytic infiltrates resulting in low tumor 
purity.52– 54 However, the inverse associations of KRAS VAF with sur-
vival times were similarly observed across strata of cellularity levels 
of tumor and inflammatory cells as well as strata of stromal fibrosis 
status. In turn, our data suggest that tumors with high KRAS VAF might 
be more likely to represent the adenosquamous phenotype,55,56 which 
has been associated with unfavorable survival outcomes of pancre-
atic cancer.57,58 In addition, our data indicate that tumors with higher 
levels of KRAS VAF might be more likely to metastasize to the liver, 
suggesting the high metastatic potential associated with high KRAS 
mutation load.49 However, we found no statistically significant asso-
ciation of KRAS positivity with survival outcomes, which was some-
how inconsistent with prior reports.11 The null association might be 
due to differences in study cohorts, chance findings, or unmeasured 
confounding factors. Nonetheless, there is a possibility that KRAS 
VAF- low tumors, which were associated with long survival, were mis-
classified as KRAS- WT tumors due to the less sensitive assays used in 
the prior studies, potentially overestimating survival times of patients 
with KRAS- WT tumors. A large validation study is warranted to exam-
ine characteristics of pancreatic cancer according to KRAS mutation 
positivity utilizing sensitive assays such as ddPCR. In aggregate, our 
data highlight the importance of considering VAF in addition to mu-
tation positivity when molecularly characterizing pancreatic cancer.

The current study has notable strengths, including the large sam-
ple size derived from three independent institutional cohorts. The 
large sample size allowed us to carry out various subgroup analyses 
and support the applicability of highly sensitive ddPCR for muta-
tion detection in archival FFPE tissue samples of pancreatic cancer. 
Of note, we did not exclude cases with resected pancreatic cancer 
in terms of tumor characteristics but included the cases as long as 
FFPE blocks of the tumors were available. The multicenter study 
design was another strength. We did not observe statistically sig-
nificant heterogeneity between the institutional cohorts in our main 
findings, supporting the generalizability of our data.

We acknowledge limitations of our study. The use of multiplex 
panels inhibited examinations of specific patterns of KRAS muta-
tions occurring in codons 12/13 or codon 61. Different mutations 
in a single gene could represent distinct biological effects on tumor 
development and progression, and thereby have different clinical 
implications.59,60 For survival analyses, there might be confounding 
factors that were unaccounted for; nonetheless, we adjusted for a 
variety of clinical and pathological characteristics, and the adjust-
ment did not alter the results substantially.

In conclusion, the current study supports the feasibility of ddPCR 
for assessment of KRAS mutations in clinical tumor samples of pan-
creatic cancer. Given its high sensitivity and cost- effectiveness, 
ddPCR can serve as a first- line analytical assay for mutation de-
tection using FFPE tumor samples in the era of precision oncology. 
Utilizing high- quality data on KRAS mutations in unselected popu-
lations of patients with resected pancreatic cancer, our study has 
shown that high levels of KRAS mutation load could contribute to 

aggressive tumor behavior and, thereby, have a prognostic value be-
yond KRAS mutation positivity, independent of clinical and patho-
logical characteristics.
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