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Abstract
The objective of this study is to examine the invasiveness of haemostasis by nonthermal plasma (NTP) compared with haemostasis by thermal coagulation (TC). The
inflammation recovery process after haemostasis by TC and NTP was compared by using
histological methods and nuclear medical molecular imaging. The necrotic areas in the NTP
group disappeared after 5 days, whereas they remained 15 days after haemostasis in the TC
group. The accumulation of 2-deoxy-2-fluoro-18F-D-glucopyranose (18F-FDG), which reflects
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the existence of inflammatory cells, was higher in the TC group than in the NTP group on day
15. Thus, this study indicates that haemostasis by NTP is less inflammatory than TC. This
report is the first to evaluate inflammation that occurred after haemostasis with medical
devices noninvasively.
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Introduction
Plasma is a mixture of ionized molecules, radicals, and electrons that is generated by
intense electromagnetic fields. Recently, techniques to generate non-thermal plasma (NTP) at
atmospheric pressure have been developed. There are several medical applications of NTP,
including in blood coagulation, wound healing, bacterial inactivation, and cancer treatment.[15]

Bleeding from vessels in clinical practice is controlled by cauterization with a thermal

coagulator (TC). However, the mechanical contact and heat produced by the TC injures
tissues and causes long-lasting inflammation and postoperative problems.[6,7] Haemostasis by
NTP may overcome these issues because it is a noncontact method and the gas temperature of
NTP is close to the ambient temperature. To establish NTP haemostasis as a common medical
practice, it is necessary to elucidate a detailed profile of inflammation following NTP
haemostasis.
Nuclear medical molecular imaging is a procedure to visualize the distribution of
radiopharmaceuticals noninvasively by using an imaging modality such as positron emission
tomography (PET). Since a target protein that specifically binds to and/or metabolizes
radiopharmaceuticals regulates their accumulation, this technique can evaluate the amount
and localization of the target protein’s expression. Thus, nuclear medical molecular imaging
contributes to reveal physiological functions and disease-related changes of the target proteins.
In fact, many diseases, such as Alzheimer’s disease, cancer, and myocardial infarction can be
detected by nuclear medical molecular imaging.[8-10] Furthermore, PET imaging has been used
recently to monitor and/or predict the efficacy of drug treatment, both in preclinical and
clinical settings.[11,12] Therefore, we applied this concept to evaluate the severity of
inflammation after haemostasis either by NTP or by TC.
Among radiopharmaceuticals, 2-deoxy-2-fluoro-18F-D-glucopyranose (18F-FDG) is
one of the most commonly used in the world. Because it is an analogue of glucose, cells take
up 18F-FDG instead of glucose. Therefore, areas where many and/or active cells exist, such as
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inflammatory sites, can be visualized by

18

F-FDG.[13] This study aimed to compare

inflammation and the healing process after haemostasis with NTP or TC by histological
analysis and

18

F-FDG imaging, and revealed that NTP haemostasis was less invasive. This

study is a first challenge to evaluate inflammation that occurs after haemostasis with medical
devices noninvasively.

Experimental Section
Plasma equipment and experimental setup
An NTP device was used as previously described.[14,15] Helium was used as the
working gas. While He gas was flowing, the peak to peak voltage applied to the electrode was
6.1 kV for the plasma production. The line averaged electron density in the plasma source was
8 × 1014 cm-3, and the effective current to the target was 0.37 mA. The flow rate of He gas
was set at two standard litres per minute, and the distance between the tip of the plasma jet
and samples was fixed at 10 mm.

Surgical operation
Animal studies were conducted in accordance with our institutional guidelines, and the
Okayama University Animal Care Committee approved the experimental procedures. Male
ICR mice ten weeks of age were purchased from Japan SLC, Inc. (Hamamatsu, Japan) and
maintained at a constant ambient temperature with a 12-h light/dark cycle and free access to
food and water. The mice were anesthetized by intraperitoneal injection of sodium
pentobarbital (10 mg/kg) and then placed in a supine position. The liver was exposed and cut
(length: 20 mm, depth: 3 mm) using a surgical mess, and blood from the wound was stopped
using either a bipolar TC (Micro-3E, Mizuho Ika Kogyo Co., Ltd., Chiba, Japan) or an NTP.
The abdominal incision was closed with sutures after completing haemostasis. In the sham-4-

operated group, the liver was exposed, left intact, and then irradiated with NTP for the same
duration as the NTP group. The mice were individually returned to their cages and left to
recover until the experiments.

Histological analysis
For the histological assessment, the mice (n = 3 for each time point) were euthanized 1,
5, and 15 days after the surgical operation, and the livers were removed. After taking
photographs of the livers, they were embedded in Optimal Cutting Temperature compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and frozen on dry ice. Tissue sections (5-μm
thick) were prepared by using a cryomicrotome (CM1850 Cryostat; Leica Microsystems,
Wetzlar, Germany) and mounted on MAS-coated glass slides (Matsunami Glass Ind., Ltd.,
Osaka, Japan). The tissue sections were fixed with 4% paraformaldehyde/phosphate-buffered
saline (PBS) and then stained with haematoxylin and eosin (HE). Changes in histological
morphology were observed with a microscope (BZ-9000; Keyence Corporation, Osaka,
Japan).

Autoradiography
Autoradiography was performed 5 and 15 days after surgery in both the TC and NTP
groups (n = 5–7). The mice were intravenously injected with 18F-FDG (11.4–41.9 MBq). At 2
h after injection, the mice were euthanized, and the livers were removed and frozen. The
frozen liver samples were sliced into 20-μm thick sections with the cryomicrotome (CM1900
Cryostat). The sections were exposed to imaging plates (BAS-SR; Fuji Photo Film, Tokyo,
Japan) for 1 h. Autoradiograms of these sections were obtained with a BAS5000 scanner (Fuji
Photo Film).[16] The intensity and area of 18F-FDG accumulation in the haemostasis sites were
quantified using a dedicated software (Image Gauge ver. 3.1; Fuji Photo Film).[17]
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18F-FDG

PET/CT

PET and X-ray computed tomography (CT) were performed 5 and 15 days after
surgery in both the TC and NTP groups (n = 2). The mice were intravenously injected with
18

F-FDG (17.5–44.3 MBq). At 2 h after injection, the mice were imaged for 10 min by using

Triumph LabPET12/SPECT4/CT (TriFoil Imaging Inc., Chatsworth, CA, USA) under 2.5 %
isoflurane anaesthesia.[18] Coincident data were collected for 511-keV gamma rays with an
energy window of 250–650 keV. PET images were reconstructed by using a threedimensional ordered-subset expectation maximization algorithm (20 iterations, 4subsets).
After the PET imaging, a CT scan was performed for 5 min. The tube voltage and current
were set at 60 kV and 320 μA, respectively.
PET and CT images were fused, and the accumulated radioactivity in the volumes of
interest (VOIs) was quantified by a dedicated software (PMOD software ver. 3, PMOD
Technologies Ltd., Zurich, Switzerland). Spheroidal VOIs on the surface of the liver were set
to be the same size (20 x 3 x 4 mm) in both groups. The VOI size was based on the maximum
lesioned area to avoid underestimation caused by the partial volume effect.

Statistical Analyses
The statistical difference between the two groups was evaluated by a Student’s t-test.
Differences were considered significant when the P value was less than 0.05.

Results and Discussion
Histological analysis
Figure 1 shows macroscopic images of the liver treated with TC or NTP. Large
lesioned areas were observed in the TC group and the areas still existed 15 days after surgery.

-6-

In contrast, the lesioned areas in the NTP group were much smaller than in the TC group, and
the areas had disappeared by day 15. The results from the HE-stained sections agreed with the
macroscopic observations. Large necrotic areas were observed in the TC group, and the areas
remained on day 15 (Figure 2, arrows). On the other hand, in the NTP group, although a small
necrotic area existed on day 1, it disappeared by day 5, and inflammatory cells had migrated
instead (Figure 2, arrowhead). On day 15, many inflammatory cells surrounded the necrotic
area in the TC group, but the migrated inflammatory cells had almost completely disappeared
in the NTP group. In general, wound healing starts from haemostasis and haemostasis initiates
the inflammatory process, i.e., the recruitment of neutrophils and macrophages. After the
inflammatory phase, proliferation and remodelling of tissues occur and the wound healing
process is completed.[19] Thus, the histological analysis indicated that the wound healing
process after NTP haemostasis was faster than after TC haemostasis. When the intact liver
was irradiated with NTP or He, no necrotic area was observed (Figure 2). Therefore, the
necrotic area observed on day 1 in the NTP haemostasis group was not caused by NTP
irradiation.

Autoradiography
It has been reported that the expression of neutrophils and macrophages correlates
with the inflammatory reaction.[20] Since

18

F-FDG was taken up by neutrophils and

macrophages,[21] we used 18F-FDG to evaluate the severity of the inflammation that occurred
after haemostasis with TC or NTP. Representative autoradiograms are shown in Figure 3A.
The accumulation sites of 18F-FDG are indicated by arrows and correspond to the haemostasis
sites (data not shown). Quantitative analyses revealed that the intensity of radioactivity
accumulation was similar in both groups (Figure 3B). In contrast, the area of radioactivity
accumulation in the NTP group was significantly smaller than that in the TC group (Figure
3C). These findings suggest that although the severity of inflammation that occurred in the
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haemostasis sites is similar regardless of haemostasis methods, the inflammatory area in the
NTP group disappeared faster than in the TC group. The inflammatory process can be divided
into two phases: an early phase with neutrophil recruitment and a late phase with macrophage
migration.[19] However, in this study, it was unclear which phases of inflammation occur after
haemostasis with TC and NTP, because

18

F-FDG accumulated in both cells.

Immunohistochemical analyses for neutrophils and macrophages will answer that question.

PET/CT imaging
Finally, a preliminary PET evaluation was performed. Figure 4 shows the
representative PET/CT images. Since the 18F ion that is attributable to metabolism of 18F-FDG
in vivo accumulates in bone

[22]

, the vertebrae were clearly visualized in all mice (Figure 4,

circles). On day 5, prominent radioactivity accumulated in the laparotomy wound, and it was
difficult to compare the radioactivity accumulated in the liver in the two groups. On the other
hand, on day 15, much more radioactivity accumulated in the liver of the TC group than the
NTP group (Figure 4, arrowheads). The results of the quantitative analysis agreed with visual
evaluation. The standardized uptake values that represent the radioactivity concentration in
tissues of interest [23], the liver in this case, were 0.27 and 0.30 in the TC group and 0.19 and
0.21 in the NTP group. Although the statistical difference could not be evaluated due to the
limited number of mice examined,

18

F-FDG accumulation in the NTP group was

approximately 2/3 of the accumulation in the TC group. This finding suggests that
haemostasis with NTP is less invasive than haemostasis with TC.

Conclusion
In comparison, NTP haemostasis resulted in earlier clearance of both inflammatory
cell infiltration and 18F-FDG accumulation at the haemostasis site than TC haemostasis. Thus,
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this study indicates that NTP haemostasis is associated with a shorter period of inflammation
than TC haemostasis. We have noninvasively succeeded in evaluating inflammation that
occurred after haemostasis with medical devices for the first time.
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Figure 1. Representative macroscopic images of the livers. Lesioned areas that resulted from
different haemostasis treatments (TC or NTP) are highlighted by white boxes. Data were
obtained from 3 mice.
TC, thermal coagulator; NTP, non-thermal plasma.
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Figure 2. Liver sections stained with haematoxylin-eosin. The arrows and arrowheads
indicate the necrotic areas and areas with accumulated inflammatory cells, respectively. Data
were obtained from 3 mice.
TC, thermal coagulator; NTP, non-thermal plasma; Scale bars, 500 μm.
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Figure 3. (A) Representative autoradiograms of liver sections. The areas with accumulated
18

F-FDG are indicated by the arrows. (B) The intensity of radioactivity accumulation in the

haemostasis site with NTP and TC. Columns and bars represent the mean and standard
deviation (n = 5–7), respectively. (C) The area of radioactivity accumulation in the
haemostasis sites with NTP or TC. Columns and bars represent the mean and standard
deviation (n = 5–7, *P < 0.05), respectively.
TC, thermal coagulator; NTP, non-thermal plasma; %ID, percent injected dose.
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Figure 4. Representative PET/CT images of mice 2 h after injection of

18

F-FDG. The

vertebrae of mice are highlighted in white circles. The arrows and arrowheads indicate
FDG accumulation in the laparotomy wound and the liver, respectively.
TC, thermal coagulator; NTP, non-thermal plasma.
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