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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy
with poor prognosis[1]. Surgical resection with adjuvant chemotherapy has
been the standard treatment for patients with localized PDAC[6]. However, at
the time of diagnosis, at most 20% of patients are considered candidates for
surgical resection because most patients have advanced and unresectable
disease[7]. Worse prognostic factors for recurrence and survival after
resection of PDAC included PDACs with large size, metastasis of lymph
node[9], poor differentiation (high tumor grade)[10], involvement of resection
margins[11,12], lymphovascular invasion[13], perineural invasion[14],
peripancreatic fat invasion[15], and involvement of large vessels, such as
superior mesenteric or portal veins[16].

Of which, resection margin status is a very important prognostic factor.
When PDAC is located on pancreatic head, Whipple operation or pylorus—
preserving pancreaticoduodenectomy (PPPD) is performed. Whipple or PPPD
specimens have several margins, such as pancreatic neck, bile duct, duodenal,
jejunal, and radial or uncinate margins. Radial or uncinate margin is the most
important margin because the radial margin is the most common site of local
recurrence after surgery[17]. In addition, involvement of the radial margin is
closely related with decreased survival[17]. The radial margin is composed of
the superior mesenteric vein (SMV) groove and the superior mesenteric artery
(SMA) margin[18]. The true resection margin is the SMA margin, and the SMV

groove 1s false margin which is just the concavity where the SMV comes In



contact with retroperitoneal surface of the pancreas[19]. These two margins
are the most common sites to be R1 resection [18]. R1 resection is when
cancer cells directly involve or are located within 1mm from the radial
margin[20]. In addition to anatomical difficulty to approach[21], another
reason of frequent involvement of the radial margin is that the radial margin is
hard to evaluate during operation because the margin area is wide. Meanwhile,
pancreatic neck and bile duct margin can be checked during surgical resection
with frozen section evaluation [22]. At present, pathologic evaluation of the
radial margin is done by submission of a few representative sections where
the tumor is the closest to the radial margin during gross examination[23].
However, there is a possibility of underestimating the radial margin status.
Although entire submission of the whole radial margin can be a solution to
overcome the problem of underestimation[22], it is time consuming and labor-
intensive.

In recent years, neoadjuvant chemotherapy for locally advanced PDAC
has been increasingly applied due to its ability to lower disease stage and
transform locally advanced PDAC into borderline resectable or resectable
PDACI[8]. However, the impact of pathologic margin status for patients who
got neoadjuvant treatment remains uncertain. Several studies have reported
that margin status had prognostic impact on survival outcomes in neoadjuvant
setting[24-26]. However, other studies showed that margin status did not hold
the prognostic significance in neoadjuvant setting[27-29]. These

controversies made us validate prognostic impact of pathologic margin status



in neoadjuvant treatment setting, and investigate better method to evaluate
radial margin status.

The KRAS gene encodes the protein KRAS, which acts as a molecular
switch for various cellular processes[30]. PDAC is the most frequently KRAS
mutating cancers with almost 100% KRAS mutation frequency[31]. In the
majority of PDAC cases, an activating point mutation occurs on codons 11, 12,
13, 61 or 146[30]. The KRAS mutation is unlikely to be found in noncancerous
peripancreatic soft tissue including the radial margin. In the previous study by
Kim et al.[32], KRAS mutational status was assessed in the radial margin as
complementary method to pathologic evaluation. In addition to KRAS mutation,
inactivating mutations in tumor suppressor genes such as 7P53, CDKNZ2A/p16,
and SMAD4 cooperate with KRAS mutation to cause aggressive PDAC tumor
growth[33].

The aim of this study is to evaluate and compare the impact of
pathologic margin status on survival outcome in neoadjuvant setting and
treatment naive setting. Also, in an effort to investigate better method to
evaluate radial margin, we evaluated and compared pathologic margin status,
KRAS mutational status, cytomorphologic feature, and p53

immunocytochemical staining pattern in the radial margin.



MATERIALS AND METHODS

Study population

We included 154 surgically resected PDAC patients, regardless of neoadjuvant
treatment status, who gave consent to our study from November, 2019 to
February, 2021 at Asan Medical Center. Approval from the institutional review

board (approval number: 2019-1683) was obtained.

Pathologic margin evaluation

The radial margin was inked black and cut parallel to the plane of the radial
margin in about 5 to 10 mm in thickness[34]. One or two representative
sections, where the tumor was the closest to the radial margin grossly, was
submitted as a perpendicular margin. Two pathologists (JH and SM)
independently evaluated the radial margin status, and agreement was reached
in all cases. The positive pathologic margin was defined when tumor cells

directly infiltrated or were present within 1mm from the radial margin.

Sample collection

After identification of radial margin through external examination, we collected
sample only in true radial margin, which was SMA margin, not SMV groove.
The Whatman FTA swab (GE Healthcare Life Sciences, Buckinghamshire,
United Kingdom) was used to rub the radial margin (Figure 1). Then, the
swabbed cells were collected in a 5 ml tube for KRAS mutation analysis and a

15ml tube for cytologic evaluation, respectively.



Figure 1. Swabbing and collection of cells on the radial margin. The radial
margin from Whipple or PPPD specimen is rubbed with a swab. The swabbed

cells are collected in a bml tube with 70% ethanol.

Evaluation of KRAS mutation

The swabbed cells from the radial margin were collected with 70% ethanol and
washed 3 times with 1X PBS and harvested by centrifugation at 13,000
revolutions/min for five minutes. Genomic DNA was extracted using the
QIAamp DNA Micro kit (Qiagen, Hilden, Germany) by the company’s protocol
after overnight incubation with proteinase K. With the Nanodrop2000 (Thermo
Scientific, Wilmington, Del), DNA quality was evaluated by measuring the
260/280 absorbance ratio. Droplet digital PCR (ddPCR) was used to detect
seven hotspot KRAS mutations at codons 12 and 13 (G12A, G12C, G12D, G12R,
G12S, G12V, and G13D). 20X KRAS probes fluorescently labeled with FAM

(mutant; Bio-Rad, Hercules, California) or HEX (wild-type; Bio-Rad), and 2X



ddPCR Supermix buffer were loaded into the Droplet Generator (Bio—Rad) with
DG oil to create DNA droplet, which is 5ng DNA. The generated DNA droplets
were incubated at 95°C for 10 minutes, and the KRAS target regions were
amplified at 94°C for 30 seconds and 55°C for 1 minute for 40 cycles. The
temperature ramp increment was 2.5°C/s in all PCR steps by using the C-1000
thermal cycler (Bio—Rad). The fluorescence intensity of the probes in droplets
was assessed to determine whether wild—type or mutant KRAS with the QX100
Droplet Reader (Bio-Rad). The ddPCR data was processed by the QuantaSoft
v.1.6.6 (Bio—Rad). To minimize the rate of false positivity of wild-type or
mutant KRAS, we used 3 no-template controls for seven hotspot KRAS
mutations. Independently, the KRAS mutation rates of three wild-type KRAS
controls (normal pancreas tissue) were calculated. The mutation threshold was
defined as the “mean + 3 SDs”[32,35]. Finally, each mutation rate of 7 hotspot

KRAS mutations were summed.

Total cytology score: smear, cell block and p53 immunocytochemistry

The swabbed cells from the radial margin were washed and collected with
preservative solution (YD diagnostics, Yongin, Korea). After centrifugation at
2,000 revolutions/min for 5 minutes, the collected cells were applied directly
onto the slides and stained based on the fixation method by Papanicolaou (Pap)
method. The swabbed cells on Pap smear were cytomorphologically scored as
follows: negative, 0; atypical, 1; positive, 2 (Figure 2). After making a smear

slide, the remaining cells were fixed with 95% alcohol for 5 minutes and



centrifuged at 2,000 revolutions/min for 5 minutes again. The sediments were
processed into a paraffin block and stained by Hematoxylin and Eosin (H&E).
The cell block was scored as follows: negative, O; atypical, 1; positive, 2
(Figure 3). P53 immunocytochemistry was applied to the paraffin section, and
scored as follows: normal, O; abnormal, 2 (Figure 4). Lastly, total cytology
score was calculated by the sum of the above three components, which ranged
from zero to six. Two pathologists (JH and SM) independently evaluated total

cytology score, and the Cohen's kappa coefficient (k) was 0.861.

Negative Atypical Positive

Figure 2. Representative images of cytology on Pap smear of radial margin. (A)
Negative is scored zero point when atypical or malignant cells are not present
at all. (B) Atypical is scored one point when nucleus is hyperchromatic, and
shows mild atypia short of positive. Nuclear size variation is less than 4:1, and
not many atypical cell clusters are observed. (C) Positive is scored two points
when nucleus is hyperchromatic and shows overt pleomorphism. Nuclear size

variation is greater than 4:1.



Negative Atypical Positive

Figure 3. Representative images of cell block on H&E of radial margin. Each

criterion is the same as Figure 2.




Figure 4. Representative images of p53 immunocytochemistry of cell block. (A)
Total loss or (B) diffusely strong p53 expression patterns are regarded as
abnormal p53 expression. Abnormal pattern is scored two points and normal

pattern is scored zero point.

Determining cutoff point for KRAS mutation and total cytology score

To set the cutoff for discriminating the recurrence free survival (RFS) the best,
the survival data of patients were divided and compared according to the
summed KRAS mutation rate and total cytology score. Classification and

regression tree (CART) model was applied[36].

Statistical analysis

The radial margin status was compared with other clinicopathologic factors,
such as patient age, sex, tumor size, lymphovascular invasion (LVI), perineural
invasion (PNI), differentiation, T category, lymph node metastasis. SPSS
Statistics 27.0 IBM, Armonk, NY) was used. Associations between categorical
variables were analyzed by the Pearson X? test. RFS rate was calculated by
the Kaplan—-Meier method, and statistical significance was evaluated by the
log-rank test and the Cox proportional hazards regression model. P value less

than 0.05 was considered statistically significant.



RESULTS

Clinicopathologic characteristics of patients

Out of 154 surgically resected PDAC patients, 126 patients underwent Whipple
or PPPD; 24 patients underwent distal pancreatectomy, and 4 patients
underwent total or subtotal pancreatectomy (Figure 5). Out of 126 patients who
got Whipple or PPPD operation, 55 patients underwent neoadjuvant
chemotherapy, and 71 patients did not get any treatment before surgery. The
clinicopathologic characteristics of the patients in this study are summarized
in Table 1. The mean age of the patients was 65.5 £ 9.6 years. Among 126
patients, 55 were female and 71 were male. The mean tumor size was 2.7 +
1.2 cm. LVI was present in 69 cases (54.8%), and PNI was present in 97 cases
(77.0%). Most cases were designated as moderately differentiated (94 cases,
74.6%) followed by well differentiated (18 cases, 14.3%) and poorly
differentiated (14 cases, 11.1%). Most cases were T2 (77 cases, 61.1%)
followed by T1 (38 cases, 30.2%) and T3 (11 cases, 8.7%) stage according to
the eighth edition of the American Joint Committee on Cancer TNM staging
system[37]. Regarding conventional pathologic radial margin status, 15 (11.9%)

cases were R1 and 111 (88.1%) cases were RO.
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154 surgically resected
PDAC patients

| 24 distal .
pancreatectomy patients
E— 4 total or subtotal

pancreatectomy patients

126 Whipple or PPPD
patients

Figure 5. Study population included in our study. One hundred twenty-—six

patients who underwent Whipple or PPPD were included.

Table 1. Clinicopathologic characteristics

Characteristics Variable  No. (%)
Age, years <60 35 (27.8)
>60 91 (72.2)
Sex Male 71 (56.3)
Female 55 (43.7)
Size, cm <2 38 (30.2)
>2 88 (69.8)
Lymphovascular invasion Absent 57 (45.2)
Present 69 (54.8)
Perineural invasion Absent 29 (23.0)
Present 97 (77.0)
Differentiation Well 18 (14.3)

Moderate 94 (74.6)

11



Poor 14 (11.1)

Lymph node metastasis Absent 65 (51.6)
Present 61 (48.4)

T category T1 38 (30.2)
T2 77 (61.1)
T3 11 (8.7)
T4 0 (0)

Pathologic radial margin Negative 111 (88.1)

Positive 15 (11.9)

KRAS mutational status in the radial margin

The representative KRAS mutation results by ddPCR are illustrated in Figure
6. The frequency of seven types of KRAS mutations were as follows: 32.5%
(41 cases) for G12D, 31.0% (39 cases) for G12V, 17.5% (22 cases) for G12S,
11.9% (15 cases) for G12R, 10.3% (13 cases) for G13D, 9.5% (12 cases) for
G12C, and 1.6% (2 cases) for G12A. The G12D and G12V mutations were the
two most common KRAS mutations. One case harbored four types of KRAS
mutations, and eight cases harbored three types of KRAS mutations. Thirty—
five cases showed two types of KRAS mutations; 46 cases showed single type
of KRAS mutation, and 36 cases showed no KRAS mutation. The KRAS
mutation rates (mean * standard deviation [SD]) from highest to lowest were
as follows: G12V (1.26 [2.10]), G12C (0.91 [2.39]), G12R (0.87 [2.16]), G12D
(0.72 [1.40]), G12A (0.16 [0.15]), G12S (0.13 [0.22]), and G13D (0.09 [0.10]).
To determine overall KRAS mutational status which represent so called

“molecular margin”, we summed the seven types of KRAS mutation rates. The

12



mean value of the summed KKRAS mutation rate of all cases was 0.73 £ 2.34
and ranged from O to 19.15%. To set the cutoff, patients’ RFS times were
plotted against the summed KRAS mutation rates. By CART model, the cutoff
point of 0.365% was determined. When the summed KRAS mutation rate was
greater or equal to 0.365%, we defined this as positive molecular margin. When
the summed ARAS mutation rate was less than 0.365%, we defined this as
negative molecular margin. Thirty-two (25.4%) cases were molecular margin

positive, and 94 (74.6%) cases were molecular margin negative.

COTCAR A CHISCAD- 87 CB1-Ce 30 O 003 UB1 G12R Cn1CA  CN1CA0- 91 O TT7 000 1880 G12C
- s il : A

1200 \ tiee
10000 4 9.5% . 19006 4 9.6% -
o e |
T fom
§ o & Lo
% T - ’_.'!,- » o -
F o ! Bl
g g
: - . ] : o - .
e | il 0 1 % =
e 4 - | = oy 4 o P
L] L)
s e e e o P et e ] e e 0 o m e ™
et ] Arciihe Cranesl ] hopitay
anany arm wmormaaren (312D oo smmsones 12V
o M
| 5.6% e | 8.87%
100 4 i . et 1
100 4 ‘\.\ .. -
2 oo} T"\\ ] £
§ ww el ; § nooe
o .
: 2 e |
Rt | 1 3
LT 1 £ 0 4
] £
L . & -
o L 1
s | o o=
o Bo 4 | o P i ——— 4
oog + - -
. 0 i
' o e ) an o ¢ e w e o s e e
Curval? g Curees it

Figure 6. Representative images of KRAS mutations by ddPCR. Green dots on
X axis represent wild—type KRAS probes fluorescently labeled with HEX. Blue
dots on Y axis show mutant KRAS probes fluorescently labeled with FAM.

Orange dots represent KRAS probes simultaneously labeled with HEX and FAM.
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The sum of the fluorescent intensity of blue and orange dots correlates with

the KRAS mutation rate.

Smear, cell block and p53 immunocytochemistry in the radial margin

On smear, 96 (76.2%) cases were negative; 20 (15.9%) cases were atypical,
and 10 (7.9%) cases were positive. On cell block, 111 (88.1%) cases were
negative; 8 (6.3%) cases were atypical, and 7 (5.6%) cases were positive. On
p53 immunocytochemical staining, 120 (95.2%) cases showed normal pattern,
and 6 (4.8%) cases showed abnormal pattern which was total loss or diffusely
strong expression. The distribution of total cytology score, the sum of the
above three components, was as follows: 71.4% (90 cases) for score zero,
13.5% (17 cases) for score one, 9.5% (12 cases) for score two, 0.8% (1 case)
for score three, 2.4% (3 cases) for score four, and 2.4% (3 cases) for score
six. By CART model, the cutoff of score 0.5 was calculated. Because total
cytology score can only exist as whole number, we determined the cutoff point
as score one. When the total cytology score was greater or equal to one, we
called this as positive cytologic margin. When the total cytology score was
zero, we called this as negative cytologic margin. Thirty-six (28.6%) cases
were cytologic margin positive, and 90 (71.4%) cases were cytologic margin

negative.

Association with pathologic resection margin and other clinicopathologic factors

Associations between pathologic margin and other clinicopathologic factors

14



are summarized in Table 2. Positive pathologic margin was associated with

poor differentiation (P = 0.02).

Table 2. Association with pathologic resection margin and other

clinicopathologic factors

Pathologic Margin, No. (%)

Characteristics Negative Positive P

Age, years <60 31 (88.6) 4(11.4) 1.00
>60 80 (87.9) 11 (12.1)

Sex Male 63 (88.7%) 8 (11.3%) 0.80
Female 48 (87.3) 7 (12.7)

Size, cm <2 34 (89.5) 4 (10.5) 1.00
>2 77 (87.5) 11 (12.5)

LVI Absent 50 (87.7) 7 (12.3) 0.91
Present 61 (88.4) 8 (11.6)

PNI Absent 28 (96.6) 1.4 0.19
Present 83 (85.6) 14 (14.4)

Differentiation Well 16 (88.9) 2 (11.1) 0.02"
Moderate 86 (91.5) 8 (8.5)
Poor 9 (64.3) 5(35.7)

LR node Absent 58 (89.2) 7 (10.8) 0.69
Present 53 (86.9) 8 (13.1)

* Indicates P < 0.05.

Association with molecular resection margin and other clinicopathologic factors
Associations between molecular margin and other clinicopathologic factors are
summarized in Table 3. Positive molecular margin was associated with positive

cytologic margin (P < 0.01). Positive molecular margin showed tendency for

15



positive pathologic margin, but did not show statistical significance (P = 0.06).

Table 3. Association with molecular resection margin and other

clinicopathologic factors

Molecular Margin, No. (%)

Characteristics Negative Positive P

Age, years <60 29 (82.9) 6 (17.1) 0.19
>60 65 (71.4) 26 (28.6)

Sex Male 54 (76.1) 17 (23.9) 0.67
Female 40 (72.7) 15 (27.3)

Size, cm <2 29 (76.3) 9 (23.7) 0.77
>2 65 (73.9) 23 (26.1)

LVI Absent 45 (78.9) 12 (21.1) 0.31
Present 49 (71.0) 20 (29.0)

PNI Absent 23 (79.3) 6 (20.7) 0.51
Present 71(73.2) 26 (26.8)

Differentiation Well 13 (72.2) 5 (27.8) 0.84
Moderate 71 (75.5) 23 (24.5)
Poor 10 (71.4) 4 (28.6)

LR node Absent 51 (78.5) 14 (21.5) 0.30
Present 43 (70.5) 18 (29.5)

Pathologic margin Negative 86 (77.5) 25 (22.5) 0.06
Positive 8 (53.3) 7 (46.7)

Cytologic margin Negative 77 (85.6) 13 (14.4) <0.01"
Positive 17 (47.2) 19 (52.8)

* Indicates P < 0.05.

Association with cytologic resection margin and other clinicopathologic factors
Associations between cytologic margin and other clinicopathologic factors are
summarized in Table 4. Positive cytologic margin was associated with positive

pathologic margin (P < 0.01) and molecular margin (P < 0.01).
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Table 4. Association with cytologic resection margin and other clinicopathologic

factors
Cytologic Margin, No. (%)

Characteristics Negative Positive P

Age, years <60 24 (68.6) 11 (31.4) 0.66
>60 66 (72.5) 25 (27.5)

Sex Male 52 (73.2) 19 (26.8) 0.61
Female 38 (69.1) 17 (30.9)

Size, cm <2 26 (68.4) 12 (31.6) 0.62
>2 64 (72.7) 24 (27.3)

LVI Absent 41 (71.9) 16 (28.1) 0.91
Present 49 (71.0) 20 (29.0)

PNI Absent 22 (75.9) 7 (24.1) 0.55
Present 68 (70.1) 29 (29.9)

Differentiation Well 13 (72.2) 5 (27.8) 0.17
Moderate 70 (74.5) 24 (25.5)
Poor 7 (50.0) 7 (50.0)

LR node Absent 50 (76.9) 15 (23.1) 0.16
Present 40 (65.6) 21 (34.4)

Pathologic margin Negative 85 (76.6) 26 (23.4) <0.01"
Positive 5 (33.3) 10 (66.7)

* Indicates P < 0.05.

RFES based on pathologic, molecular, and cytologic radial margin status

The median RFS time in patients with negative pathologic margin was 15
months, and the median RFS time in patients with positive pathologic margin
was 6 months (Figure 7A, hazard ratio (HR) = 2.40, 95% confidence interval
(CD = 1.28-4.49; P = 0.006). The median RFS time in patients with negative

molecular margin was 16 months, and the median RFS time in patients with

17



positive molecular margin was 6 months (Figure 7B, HR = 2.96, 95% CI = 1.79-
4.92; P < 0.001). The median RFS time in patients with negative cytologic
margin was 16 months, and the median RFS time in patients with positive
cytologic margin was 6 months (Figure 7C, HR = 2.62, 95% CI = 1.55-4.41; P
< 0.001). The all three radial margin status were statistically associated with
shorter RFS. However, molecular and cytologic radial margin status were
slightly better predictive for RFS than pathologic radial margin. Median follow

up period was 10 months (range 1 to 21 months).
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Figure 7. Kaplan—-Meier RFS analyses based on pathologic, molecular, and
cytologic radial margin status. (A) Patients with positive pathologic margin
(median, 6 months) had significantly shorter REFS than those with negative
pathologic margin (15 months). (B) Patients with positive molecular margin (6
months) had significantly shorter RFS than those with negative molecular
margin (16 months). (C) Patients with positive cytologic margin (6 months) had
significantly shorter RFS than those with negative cytologic margin (16

months).
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Univariate and multivariate analyses for RES

In addition to pathologic, molecular, and cytologic radial margin status, tumor

size greater than 2 cm (P = 0.02), LVI (P = 0.03), PNI (P = 0.03), tumor

differentiation (P < 0.01), and lymph node metastasis (P < 0.01) were

associated with shorter RFS in univariate analysis (Table 5). However, age (P

=(0.82) and sex (P=0.24) did not show statistical significance. By multivariate

analysis, tumor differentiation (P < 0.01), lymph node metastasis (P = 0.03),

molecular margin (P < 0.01), and cytologic margin (P = 0.05) remained

independent worse prognostic factors (Table 5). Pathologic radial margin

showed tendency for shorter RFS, but did not show statistical significance (P

=0.13).

Table 5. Univariate and multivariate analyses for REFS

Univariate Analysis

Multivariate Analysis

Characteristics
Median Survival, mo P HR (95% CD) P

Age, years <60 13 0.82 - -
>60 14

Sex Male 13 0.24 - -
Female 16

Size, cm <2 17 0.02x 0.11
>2 13

LVI Absent 16 0.03# 0.49
Present 12

PNI Absent 17 0.03* 0.36
Present 13

Differentiation Well 17 <0.01= 1 <0.01*
Moderate 14 2.35 (1.06-5.19)
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Poor 4 5.64 (2.08-15.34)

Lymph node metastasis Absent 16 <0.01= 1 0.03%*
Present 11 1.74 (1.06-2.84)

Pathologic margin Negative 15 <0.01= 0.13
Positive 6

Molecular margin Negative 16 <0.01= 1 <0.01=
Positive 6 2.90 (1.60-5.26)

Cytologic margin Negative 16 <0.01% 1 0.05%
Positive 6 1.83 (0.99-3.37)

* Indicates P < 0.05.

RES based on pathologic, molecular, and cytologic radial margin status in
neoadjuvant chemotherapy subgroup

The median RFS time in patients with negative pathologic margin was 16
months, and the median RFS time in patients with positive pathologic margin
was 9 months (Figure 8A, HR = 1.53, 95% CI = 0.53-4.43; P = 0.434).
Pathologic radial margin positivity showed no statistical significance. However,
molecular radial margin showed statistical significance (Figure 8B, median
survival: negative, 17 months; positive, 6 months; HR = 3.66, 95% CI = 1.54-
8.73; P = 0.003). In addition, cytologic radial margin showed statistical
significance (Figure 8C, negative, 17 months; positive, 7 months; HR = 2.58,

95% CI = 1.15-5.79; P = 0.022).
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Figure 8. Kaplan—Meier RFS based on pathologic, molecular, and cytologic radial
margin status in neoadjuvant chemotherapy subgroup. (A) Patients with positive
pathologic margin (median, 9 months) did not show statistically significant
difference from those with negative pathologic margin (16 months). (B)
Patients with positive molecular margin (6 months) had significantly shorter
RFS than those with negative molecular margin (17 months). (C) Patients with
positive cytologic margin (7 months) had significantly shorter RFS than those

with negative cytologic margin (17 months).

RES based on pathologic, molecular, and cytologic radial margin status in
treatment naive subgroup

The median RFS time in patients with negative pathologic margin was 14
months, and the median RFS time in patients with positive pathologic margin
was 5 months (Figure 9A, HR = 3.58, 95% CI = 1.63-7.85; P = 0.001). The
median RFS time in patients with negative molecular margin was 15 months,
and the median RFS time in patients with positive molecular margin was 6
months (Figure 9B, HR = 2.44, 95% CI = 1.30-4.58; P = 0.006). The median

RES time in patients with negative cytologic margin was 15 months, and the
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median RFS time in patients with positive cytologic margin was 6 months
(Figure 9C, HR = 2.64, 95% CI = 1.32-5.27; P = 0.006). The all three radial

margin positive status were statistically associated with poor RFS.
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Figure 9. Kaplan—Meier RFS based on pathologic, molecular, and cytologic radial
margin status in treatment naive subgroup. (A) Patients with positive pathologic
margin (median, 5 months) showed significant difference from those with
negative pathologic margin (14 months). (B) Patients with positive molecular
margin (6 months) had significantly shorter RFS than those with negative
molecular margin (15 months). (C) Patients with positive cytologic margin (6
months) had significantly shorter RFS than those with negative cytologic

margin (15 months).

DISCUSSION

Margin status has been known as an independent prognostic factor on RFS in
PDAC patients undergoing curative surgical resection[23]. However, the
impact of margin status for patients who got neoadjuvant treatment remains

uncertain. Several studies have reported that margin status had prognostic
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impact on survival outcomes in neoadjuvant setting[24-26]. However, in our
study, we observed that margin positivity offered incomplete information about
RFES in neoadjuvant treatment setting. These results are consistent with other
studies which showed that margin status did not hold the prognostic
significance in neoadjuvant setting[27-29].

We applied so called “l1-mm rule” according to the previous
studies[23,46,47], which concluded that resection margin distance of 1mm or
less was associated with worse survival. Locoregional recurrence is closely
associated with R1 resection[23]. In addition, tumor spreading by
lymphovascular or perineural invasion might contribute to locoregional
recurrence. By univariate analysis in our study, pathologic radial margin (P <
0.01) and PNI (P = 0.03) were associated short RFS. LVI (P = 0.03) might
contribute to distant metastasis as well as local recurrence.

When we detect KRAS mutations, we used ddPCR method, ddPCR is
one of the most sensitive techniques, which can detect one mutant out of
10,000 cells[48]. In PDACs, ddPCR has been applied as a tool to evaluate
circulating tumor DNA (ctDNA), which could be used in noninvasive serial
monitoring of clinical response or detecting early signs of relapse after
surgical resection [49-51]. In addition, PCR method has been tried to assess
margin status of PDAC as evaluation of KRAS mutations[32,52-54]. There
were four previous studies of KKRAS mutation evaluation in PDAC resection
margin[32,52-54]. Kim et al.[52] assessed KRAS mutation in 70 histologically

free pancreatic transection and radial margins by quantitative real time PCR.
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Kim et al.[52] reported a significant difference in overall survival between
patients with KRAS mutation positive margins and negative margins (median,
15 and 55 months; P = 0.0008). Turrini et al.[53] evaluated KRAS mutation in
22 paraffin embedded tissue blocks of RO venous resection margin (portal vein
bed) by quantitative real time PCR. They observed a significant difference of
median overall survival (positive, 16 months; negative, 25 months; P = 0.04),
which showed that KRAS mutation detection had strong impact on survival[53].
Ohigashi et al.[54] evaluated KRAS mutation by PCR in additional peri-SMA
tissue and compared with conventional histologic evaluation method. The
author concluded the KRAS mutation assay was more sensitive than histologic
examination. Lastly, Kim et al.[32] evaluated KRAS mutation by ddPCR from
81 patients with a swab rubbing radial margin. Kim et al.[32] reported that
patients with positive molecular margin, in which KRAS mutation rate of 4.19%
or greater, had significantly worse RFS (median, 7 months) than those with
negative molecular margin (12 months). In addition, they demonstrated patients
with either pathologic or molecular margin positive had significantly worse
RFS (median, 9 months) than those with both pathologic and molecular margin
negative (18 months) when pathologic and molecular margins were combined
[32]. While the previous studies only included cases without having
neoadjuvant treatment, we included all cases regardless of neoadjuvant
treatment status. We observed that molecular margin status correlated better
with RFS than pathologic margin status especially in neoadjuvant

chemotherapy group. In our study, 90 out of 126 cases (71.4%) showed at least
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one KRAS mutation. This high KRAS mutation detected rate might explain the
reason of frequent recurrence after surgical resection of PDAC patients.
Mutant KRAS was believed from chronic pancreatitis[55,56]. However, it was
finally revealed that KRAS mutation detected in the previous studies of chronic
pancreatitis was associated with presence of PanIN[57]. With pathologic
review of radial resection margin of the surgically resected PDACs, no PanIN
lesions were observed in the radial margin.

Only one previous study evaluated transaction resection margin of
PDAC with cytologic method[58]. Tone and colleagues evaluated transaction
resection margin of 34 PDAC cases with touch preparation and then the
cytology result was compared with frozen section and final histology With a
100% of sensitivity and 92.9% of specificity 92.9%[58]. In our study, positive
cytologic margin was also associated with positive pathologic margin. Out of
15 pathologic margin positive cases, 10 cases (66.7%) were cytologic margin
positive, and out of 111 pathologic margin negative cases, 85 cases (76.6%)
were cytologic margin negative. We differently approached and evaluated the
radial margin by rubbing a swab, not touch preparation. The performance of
cytologic margin status to predict RFS was almost equal to those of molecular
margin status. Especially in neoadjuvant chemotherapy subgroup, cytologic
margin status was correlated better with RFS than pathologic margin status.
By multivariate analysis, cytologic margin status as well as molecular margin
status remained independent prognostic factors. In contrast, pathologic margin

status did not. The advantage of cytologic evaluation method is convenient,
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cost-effective, and its result comes fast. We chose the smear method instead
of liquid-based cytology method in order to reduce false negativity by
minimalizing the loss of swabbed cells.

This study has several limitations. First, molecular test for KRAS
mutation detection with ddPCR 1is still expensive compared to pathologic
margin evaluation. Second, median follow—-up period was relatively short,
which was 10 months. Additional validation studies with longer follow—up
period and larger sample size are required. Third, this study was subject to
the selection bias because patients who gave consent to our study were only
included.

In 111 pathologic margin negative cases, 25 cases (22.5%) and 26
cases (23.4%) were molecular and cytologic margin positive, respectively.
These cases could be explained by sampling error of pathologic resection
margin because submission of one or two representative sections with close
to PDAC during gross examination. In addition, only 4 um thick sections of
H&E slides were finally evaluated under microscope from 3 to 4mm-thick slab
of formalin fixed and paraffin embedded tissues. Therefore, additional
molecular and cytologic evaluation method of radial resection margin can
overcome this limitation of evaluation of resection margin with conventional
pathology method.

In conclusion, we evaluated and compared the radial margin status from
Whipple or PPPD specimens based on conventional pathologic method, KRAS

mutational status and cytomorphologic features (Table 6). Based on our study,
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evaluation of molecular margin by KRAS mutation analysis, and assessment of

cytologic margin by smear, cell block and p53 immunocytochemical staining

may provide valuable recurrence and survival information especially in PDAC

patients with neoadjuvant treatment.

Table 6. Comparison between the prognostic impact of each radial margin status

on RFS

Pathologic margin

Molecular margin

Cytologic margin

Not identified Present Present

HR =1.53 HR = 3.66 HR = 2.58
Neoadjuvant group

95% CI = 0.53-4.43195% CI = 1.54-8.73195% CI = 1.15-5.79

P=0.434 P=0.003" P=0.022"

Present Present Present

HR = 3.58 HR = 2.44 HR = 2.64
Treatment naive group

95% CI = 1.63-7.85|95% CI = 1.30-4.58 |95% CI = 1.32-5.27

P=0.001" P=0.006" P=0.006"

HR, hazard ratio; CI, confidence interval

* Indicates P < 0.05.
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ABSTRACT

Background of Study

Radial margin evaluation of Whipple operation specimen of pancreatic ductal
adenocarcinoma (PDAC) is important in predicting local recurrence and
decision for adjuvant therapy. Neoadjuvant chemotherapy for locally advanced
PDAC has been increasingly applied due to its ability to lower disease stage
and transform locally advanced PDAC into borderline resectable or resectable
PDAC. However, the impact of pathologic margin status for patients who got
neoadjuvant treatment remains uncertain. We evaluated prognostic impact of
pathologic margin status in neoadjuvant treatment setting, and investigated

better method to evaluate radial margin status.

Materials and Methods

We prospectively collected a total of 126 Whipple or pyrolus preserving
pancreaticoduodenectomy (PPPD) specimens of PDAC patients. We evaluated
conventional pathologic margin status. We obtained swabbed cells from radial
margin by brushing cytology, and assessed molecular radial margin by
evaluating KRAS mutations which were observed with high frequency in PDAC
by sensitive droplet digital polymerase chain reaction (ddPCR). In addition, we
evaluated cytologic radial margin by combining smear, cell block and p53
immunocytochemical staining. RFS was measured based on pathologic,

molecular, and cytologic radial margin status.
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Results

One hundred twenty-six patients met inclusion criteria. Fifty—five patients
underwent neoadjuvant chemotherapy, and 71 patients did not get any
treatment before surgery. Median follow up period was 10 months. Fifteen
(11.9%) cases were pathologic margin positive. Ninety (71.4%) cases showed
at least one KRAS mutation, and 32 (25.4%) cases were classified as molecular
margin positive. Cytologic margin positive cases were 36 (28.6%) cases. In
neoadjuvant treatment subgroup, pathologic radial margin positivity showed no
statistical difference of RFS. However, molecular radial margin showed
statistical significance (median survival: negative, 17 months; positive, 6
months). In addition, cytologic radial margin showed statistical significance

(median survival: negative, 17 months; positive, 7 months).

Conclusion

Pathologic radial margin status is not associated with RFS in neoadjuvant
treatment setting. Molecular and cytologic radial margin evaluation provides
prognostic information about RFS time for PDAC patients in neoadjuvant

treatment setting.
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