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the use of interrupted duct-to-mucosa sutures and
coverage of the entire cut surface of the pancreas
with the seromuscular layer of the jejunum. Closed
suction drains were placed in the vicinity of the
pancreaticojejunal and choledochojejunal anasto-
mosis. Pancreatic consistency was evaluated subjec-
tvely as soft or hard by the surgeon during the
operation. POPI was defined according to the clas-
sification of the International Study Group on
Pancreatic Fistula.”!

Measurement of the EM of the resected
pancreas. After the PD specimen had been resected,
it was immediately subjected to ex vivo measure-
ment. The EM, also known as Young’s modulus, is a
measure of the stiffness of an elastic material.” It is
defined as the ratio of the stress along an axis over
the strain along that axis within the range of stress
covered by Hooke’s law. Stress is the degree of
compressive loading and strain is the amount of
deformation, both of which are generated by
external force imposed on a material. The EM can
be derived experimentally from a stress-strain curve
generated by conducting tensile testing of a mate-
rial sample.

In a model for which Hooke’s law holds, the EM
is a characteristic of an elastic material determined
from the distortion resulting from loading and the
recovery observed upon unloading. According to
the contact stress theory of Hertz,®™ when an
elastic material is compressed vertically by a rigid
spherical probe, the EM (E) of the material is
defined by the following formula, based on the
relationships among force (), Poisson’s ratio (v),
a variant of compression (#), and the radius (R)
of the rigid spherical probe compressing the mate-
rial vertically (Fig 1, A).
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The EM of the resected pancreas was measured
using a Venustron (Axiom, Koriyama, Japan)
automatic indentation apparatus®™ (Fig 1, B),
based on Hooke’s law and Hertz’s contact stress

6,92,23 :
theory.”=*" The whole specimen was placed on
a board with sufficient stability, and the pancreatic
cut edge was directed just upward so that the probe

could be directed vertically toward the organ
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surface. A rigid spherical probe with a radius (R)
of 2.5 mm indented the pancreatic cut edge verti-
cally for 4.0 mm after making contact with the sur-
face, and then released, at a computer-controlled
constant velocity (1.5 mm/s). The initial contact
pressure was set at 1.0 gt/ mm? by a built-in motor.
The EM of the specimen was calculated for every
0.005 mm of indentation depth, and the EM at
a loading depth of 1.25 mm was used for the anal-
ysis. Poisson’s ratio was set at 0.49.7%>%

Consecutive measurements of the EM were
performed three times at each of three points on
the pancreatic cut surface, and the average value of
the three median values for each point was then
used for the analysis. Before the start of this trial,
silicon objects with a tactile sensation similar to
that of the human pancreas were used to calibrate
the experimental apparatus with appropriate
values, and 10 resected pancreatic specimens
were tested preliminarily to provide a learning
curve for the measurement procedure. In every
case, the measurement procedure and circum-
stances were standardized, and all experiments
were performed by a single investigator (M.S.).

Histologic evaluation. Formalin-fixed, paraffin-
embedded specimens obtained from a pancreatic
stump were cut into 3-um-thick serial sections. The
sections were stained with hematoxylin and eosin
(HE) and azan-Mallory (azan) and by immunohis-
tochemistry for cesmooth muscle actin (-SMA) and
CD31. Immunohistochemical staining for a-SMA
and CD31 was performed automatically on a Ven-
tana Benchmark ULTRA (Ventana Medical Sys-
tems, Tucson, AZ). Monoclonal antthuman «-SMA
antibody (Dako, Glostrup, Denmark) was used at
a dilution of 1:100, and the conditions for antigen
retrieval and primary antibody incubation were set
at 91°C for 8 minutes and 35°C for 60 minutes,
respectively. Antihuman CD31 antibody (Dako,
Glostrup, Denmark) was used at a dilution of
1:200, and antigen retrieval and primary antibody
incubation were performed at 95°C for 8 minutes
and 35°C for 60 minutes, respectively.

The slides were photographed using a Nano-
Zoomer Digital Pathology Virtual Slide Viewer
(Hamamatsu Photonics, Hamamatsu, Japan) and
subjected to morphometric analysis. In loupe

immunohistochemical staining for a-smooth muscle actin (-SMA). (F) The a-SMA-positive area was idendfied as bright
green using the color-detecting algorithm of the software. The a-SMA-positive ratio was 10.7%, calculated as the percent-
age area of «-SMA-positive in an entire cut surface. (G) Loupe image of immunohistochemical staining for CD31.
(H) Immunohistochemical staining for CD31 at X4.0 magnification in the blue square shown in (G). The number of
vessels was counted in terms of the CD3l-immunopositive luminal structures visible in each field. The total number
of vessels in an entire cut surface was 1,010, and the vessel density was 2.8/mm?,



1208  Sugimoto et al

images of HE-stained slides, the outer circumfer-
ence of the entire cut surface and inner circum-
ference of the main pancreatic duct (MPD) lumen
were automatically outlined, and their areas were
calculated using the tracing algorithm of the
WinROOF version 6.5 software (Mitani Corpora-
tion, Tokyo, Japan). HE- and azan-positive areas
and o-SMA-immunopositive areas were identified
and calculated on the loupe image, using each
color-detecting algorithm of the software.

The area of fat was defined as the area of an entire
cut surface minus the MPD area and HE-positive
area, and the lobular area was defined as the
HE-positive area minus the azan-positive area. The
number of vessels was counted manually as CD31-
immunopositive luminal structures detectable at
a magnification of X4.0 in an entire cut surface.
The MPD ratio was calculated as MPD area/area of
an entire cut surface X 100, the fat ratio as (area of
an entire cut surface — MPD area — HE-positive
area)/area of an entire cut surface X 100, the azan-
positive ratio as azan-positive area/area of an entire
cut surface X 100, «-SMA-positive ratio as a-SMA-
positive area/area of an entire cut surface X 100,
vessel density as number of vessels/area of an entire
cut surface X 100, and lobular ratio as (HE-positive
area — azan-positive area)/area of an entire cut
surface X 100. Histological analyses of a case are
shown in Fig 2. One investigator (M.S.) performed
all of the histological analyses under the supervision
of an experienced pathologist (M.K.).

Statistical analysis. Data for the EM of the
resected pancreatic cut surface were compared
between patients whose pancreatic consistency
palpated intraoperatively was soft and hard, using
Mann-Whitney U test. Correlation between EM
and histological findings was evaluated with
Spearman correlation coefficient p. Histological
data were compared between the cases showing
low and high EM by use of the Mann-Whitney
U test. The Mann-Whitney U test also was used to
compare the EM between patients who did and
did not develop POPF after PD. Logistic regression
analysis was used to evaluate the risk of POPF
occurrence. Numerical data were expressed as
median = SD. All P values were based on two-
sided statistical tests, setting the significance level
as .05. All statistical analyses were performed using
the SPSS Statistics version 19.0 software (SPSS,
Chicago, IL).

RESULTS

Correlation between EM and tactile sensation of
the pancreas. The median EM of the pancreatic
cut edge for 59 cases was 2.0 + 4.3 kPa. The

Surgery
November 2014

P <0.001

—
[T

et
)

W

Elastic modulus (kPa)

=

Soft pancreas

o il

Hard pancreas

<

Fig 3. Correlation between elastic modulus and pancre-
atic consistency was evaluated using the Mann-Whitney
Utest.

pancreas was palpated as soft for 31 patients and as
hard for 28 patients. The EM of the pancreas in
cases that were judged as soft and hard was
14 + 21 kPa and 4.4 % 5.1 kPa, respectively
(P < .001) (Fig 3). Because the EM was strongly
correlated with the tactile sensation felt by sur-
geons, the EM cut-off value was determined using
the receiver operating characteristic curve for its
relationship with the tactile sensation. The area
under the receiver operating characteristic curve
for the correlation between the EM and tactile
sensation of the pancreas was 0.862. When
3.0 kPa was set as the cut-off value for the EM,
sensitivity, specificity, positive predictive value,
and negative predictive value were 75.0%, 90.3%,
87.5%, and 80.0%, respectively.

Correlation between EM and histologic findings.
The EM was positively correlated with the ratio of
azan positivity (p = 0.381, P= .003), the ratio of o~
SMA positivity (p = 0.369, P=.004), and vessel den-
sity (p = 0.559, P <.001), and negatively correlated
with lobular ratio (p = —0.323, P=.013). No corre-
lation was observed between the EM and area of
an entire cut surface (p=0.015, P=.910), MPD ratio
(p=0.175, P=.184), or fatratio (p=0.244, P=.062).

Using the aforementioned EM cut-off value, we
discovered the data for histologic parameters be-
tween EM values below and above 3.0 kPa as
follows: azan positivity ratio, 6.5 = 9.3% versus
14.2 + 10.2% (P = .003); a-SMA positivity ratio,
5.8 + 11.5% versus 14.1 + 14.0% (P=.006); lobular
ratio, 78.8 + 18.7% versus 60.6 = 16.0% (P = .021);
vessel density, 1.4 + 1.4/mm? versus 2.8 + 1.5/mm?
(P <.001) (Table).

Correlation between EM and occurrence of
POPE. POPF occurred in 23 (International Study
Group on Pancreatic Fistula Grade A in 11; Grade
B in 11; Grade Cin 1) of the 39 patients. The EM
of the pancreas in cases without POPF was
3.5 + 4.9 kPa, whereas that in cases associated
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Table. Relationship between the EM with a cut-off at 3.0 kPa and histologic findings

EM < 3.0 kPa EM > 3.0 kPa P value
Area of an entire cut surface, mm? 250.1 + 106.6 2345 + 82.3 517
MPD ratio, % 0.168 + 0,982 0.450 = 1.140 .066
Azan-positive ratio, % 6.5+9.3 14.2 = 10.2 .003*
a-SMA-positive ratio, % 58+ 11.5 14.1 = 14.0 .006%
Lobular ratio, % 78.8 = 18.7 60.6 = 16.0 021*
Fat ratio, % 154 % 15.7 20.8 + 12.4 195
Vessel density,/mm” L4+ 1.4 28+ 1.5 <.001%

*P<.05.

Relationship between EM with a cut-off at 3.0 kPa and histologic findings was evaluated using the Mann-Whimey [Hest
Azan, azan-Mallory, EM, elastic modulus; MPD, main pancreatic duct; a-SMA, a-smooth muscle actin.
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Fig 4. Correlation bewween elastic modulus and the
occurrence of postoperative pancreatic fistula was evalu-
ated using the Mann-Whitney {test. POPE Postoperative
pancreatic fistula.

with POPF was 1.5 + 2.0 kPa (P=.003) (Fig 4). Uni-
variate logistic regression analysis showed that pa-
tients with an EM of less than 3.0 kPa had an
increased risk of POPF with a hazard ratio of 9.333
(95% confidence interval 2.342-37.196; P=.002).

DISCUSSION

The present study has demonstrated for the first
time that it is possible to measure the EM of a
pancreatic cut edge objectively and quantitatively
and that the value is strongly correlated with the
tactile sensation felt by surgeons. The EM cut-off
value of 3.0 kPa was a good clinical benchmark for
tactile sensation and histological findings, as well
as the occurrence of POPF after PD.

In surgery, anormal healthy pancreas generally is
palpated intraoperatively as soft, whereas a diseased
or inflamed pancreas often is palpated as hard.
However, tactile assessment of the pancreas is an ill-
definedissue, becauseitis performed only by skilled
abdominal surgeons, and the intrinsic nature of
pancreatic consistency has never been fully investi-
gated. Detailed histologic examinations using
computer-based morphometric image analysis®>*’

have revealed that the features associated with eleva-
tion of the EM of the pancreatic cut edge included
an increased proportion of azan- and a-SMA-posi-
tve components, a decrease of lobules, and an
increase of vessel density in the pancreatic paren-
chyma. The azan positivity ratio, as demonstrated
by aniline blue staining, reflects the amount of
collagen fibers and reticular fibers in the tissue,”®
and the o-SMA positivity ratio reflects the fibrotic
response activated by myoﬁbroblasl};.% 0 Increased
vessel density represented by CD31 positivity, which
showed a positive correlation with a greater EM, was
considered to reflect neovascularization. Irrevers-
ible destruction of the exocrine parenchyma associ-
ated with fibrosis and neovascularization is a
characteristic feature of chronic pancreatitis.”"**
The data that have accumulated so far suggest that
chronicinflammatory changes in the pancreatic pa-
renchyma might result in the formation of a more
tenacious pancreatic tissue structure associated
with decreased secretion of pancreatic juice, and
that this type of tissue may be better able to tolerate
surgical suture placement, thus posing a lower risk
of POPF after PD.

In a clinical setting, the measured EM value as
an objective parameter of pancreatic consistency
may facilitate a more definitive assessment of the
risk of POPF after PD and may also allow meaning-
ful comparisons among different institutions and
studies, rather than subjective tactile sensation.
Although there are no established reconstructive
procedures or types of perioperative management
to reduce the incidence of POPF after PD, coun-
termeasures for a soft pancreas may differ from
those for a hard pancreas because the former
requires far more caution. Assessment of the EM
may have potential to stratify patients according to
the risk of POPF in prospective trials aimed at
establishing definitive forms of patient care. More-
over, in the near future, accumulation of data
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obtained by direct measurement of the EM of the
pancreatic parenchyma may contribute to the
preoperative assessment of pancreatic texture,
POPF risk, and even lesion diagnosis, using elasto-
graphic imaging modalities.

The present study had certain limitations. First,
the number of patients was relatively small. Sec-
ond, although measurement of the EM was
performed with an automatic indentation appa-
ratus based on well-established physical rules,’
reproducibility is an important consideration.
The surface of the pancreas is not completely
flat, and the aqueous component of interstitial tis-
sue at the indentation point may disperse into the
surrounding area. Physical characteristics that are
not reflected in histologic features might create
marked variability of data between cases. Moreover,
the presence of plastic deformation and viscosity in
the pancreatic specimen cannot be ruled out, and
in fact this is a characteristic of human organs.
Further accumulation of cases and validation with
a modeling process may help to clarify how charac-
teristics other than pure elasticity account for the
properties of pancreatic tissue.

Third, although elevation of the EM was corre-
lated with histologic findings such as chronic
inflammation and a lower risk of POPF, pancreatic
exocrine function was not investigated sufficiently.
The relationships among fibrotic change, decrease
of lobules, elevation of the EM, and exocrine
function parameters should be the next focus of
investigation. Furthermore, the utility of the EM
for prediction of POPF was not evaluated
adequately in this study. Because the EM of the
pancreas showed a strong association with tactile
sensation, multivariate predictive analysis for POPF
including parameters possibly influencing each
other could not be performed. A larger study will
be needed to examine the value of the EM for
prediction of POPF in comparison with other
clinicopathologic parameters.

In conclusion, the present study has demon-
strated that the EM of the cut edge of a resected
pancreas represents the intraoperative tactile
sensation felt by surgeons and reflects histologic
findings including pancreatic fibrosis. The value of
the EM also was correlated with the occurrence of
POPF after PD. Measurement of the EM of the
pancreas may facilitate an objective and quantita-
tive assessment of pancreatic texture and a better
understanding of the process of disease affecting
the pancreatic parenchyma.
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