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Abstract

Background

Pulsed water jet dissection is an emerging surgical method for achieving maximal resection of a lesion
and postoperative function preservation. We aimed to clarify liver damage and long-term results after
liver resection using a novel surgical device, piezo actuator-driven pulsed water jet (ADPJ), in a rat model.

Methods

We categorizedSprague—Dawley rats into four groups and subjected themto sham operation or liver
resection using an ADPJ, an ultrasonic aspirator (UA), or a radio knife. At 1, 3, 7, 14, 28, and 56 days
postoperatively, we euthanizedfive rats from each group after collecting blood samples and harvested
residual livers.We measured serum aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and glutamate dehydrogenase (GLDH) concentrations. Morphological characteristics and resection
surfaces were assessed by hematoxylin—eosin staining.

Results

On day 1, serum AST and ALT levels were significantly lower with an ADPJ than with an UA and a radio
knife (AST: ADPJ vs. UA, P<0.05, ADPJ vs. radio knife, P<0.01; ALT: ADPJ vs. UA, P<0.05, ADPJ vs. radio
knife, P<0.01). GLDH levels on day 1 were significantly lower with an ADPJ than with other devices (ADPJ
vs. UA, P<0.05; ADPJ vs. radio knife, P<0.01).Degree of degeneration from the resection surface was mild
with an ADPJ. Number of rats in which denaturation completely disappeared was significantly more
withan ADPJ than with other devices on day 28 (ADPJ vs. UA, P<0.05; ADPJ vs. radio knife, P<0.01).

Conclusions

Liver damage afterliver resection was markedly less with an ADPJ than with an UA or a radio knife.
Furthermore, the liver recovered faster after an ADPJ.

Background

Recent years have witnessed the introduction of several interventions to decrease intraoperative blood
loss during liver surgery because excessive blood loss exacerbates the risk of postoperative
complications.[1] Previously, vascular occlusion techniques, including inflow occlusion (Pringle
maneuver),[2] outflow occlusion, or both, have been used to decrease bleeding during parenchymal
resection.[3, 4] Reportedly, concomitant use of hypoventilation [5] and low central venous pressure (CVP)
anesthesia [6] further minimizes blood loss by evading retrograde bleeding from the hepatic veins.
Considering inflow occlusion and low CVP anesthesia could cause marked damage by ischemia and
reperfusion, especially in patients with declined liver functional reserve, developing new devices is
necessary to facilitate bloodless resection by precluding the need for vascular occlusion. In the 1960s, the
finger fracture technique was developed to dissect the liver parenchyma while preserving the hepatic
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vessels,[7] which was followed by the introduction of the clamp-crushing technique,[8] ultrasonic
aspirators (UAs),[9] and water jet dissectors with continuous water flow.[10, 11] Nevertheless, to date, the
optimal method for liver parenchymal resection while preserving the hepatic vessels to minimize blood
loss and procedure time awaits establishment. At present, selecting the type of parenchymal dissection
method during surgery is primarily at the surgeons’ discretion.

Water jet devices with continuous water flow [12] facilitate the dissection of an organ while preserving
vessels exceeding 100-200 pm in diameter [13]; however, some limitations of these tools are the
formation of air bubbles, which obscure the operative field, and the splashing of bloody fluids.
Meanwhile, pulsed water jet dissection [14, 15] is an evolving technology that could attain dissection with
remarkably decreased water consumption.[16] Some recent neurosurgical studies using laser-induced
pulsed water jet devices reported a marked reduction in intraoperative blood loss and procedure time
along with the increased tumor removal volume in cases of complex pituitary and skull base lesions.[17]

The novel piezo actuator-driven pulsed water jet (ADPJ) system [16] offers intermittent water flow,
contributing to dissection at a constant depth and reduction in the water volume. Compared with laser-
induced pulsed water jet devices, the ADPJ system can be pulsed at a higher frequency (laser: 1-10 Hz,
ADPJ:100-800 Hz) and adjust the output more precisely by altering the driving voltage. Thus, compared
with other techniques mentioned above, the ADPJ system can make an incision more quickly, precisely,
and safely.[16] In an ex vivo study using swine livers, the ADPJ system enabled the operator to dissect the
liver parenchyma while preserving the hepatic veins and Glisson’s sheaths.[18] A 7-day observational
study in a swine model reported successful liver resection with the new ADPJ system; however, it did not
evaluate liver damage and the observation period was short.[19] Moreover, the UA used was SonoSurg™
(Olympus Corporation, Tokyo, Japan), not CUSA™ Excel+ (Tullamore, Co. Offaly, Ireland), which is used
most often [19]. Thus, for the future clinical application, studies investigating liver damage after liver
resection with the ADPJ system, along with prolonged observation, are warranted. Furthermore, the ADPJ
system merits comparison with CUSA™ Excel+. Hence, this study aimed to evaluate liver damage and
long-term results after partial liver resection using the ADPJ system and compare the findings with a
commercially available UA (CUSA™ Excel+) or radio knife. A rat model was used in the present study
because long-term results are easy to obtain and the number of animals used increases.

Results
Subjects

We observed no differences in the preoperative body weights of the rats among the four groups (P=
0.669) and no significant differences among the three groups regarding partial liver resection volumes (P
=0.981). In addition, operative procedure times were significantly shorter with an UA than with the ADPJ
system and a radio knife (P<0.01; Table 1). No complications were observed in any rat during the
experiments.
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On day 7, postoperative changes in body weight were significantly lower in the radio knife group than that
in the ADPJ system and UA groups (P<0.05; Fig. 1). We observed no difference between the ADPJ system
group and the UA group in all periods (Fig. 1).

Table 1
Surgical outcomes
Radio Knife ADPJ UA Sham

Preoperative body weight (g) Mean 303.67 305.13 303.87 302.20

SD 7.71 10.57 6.90 10.16
Operative procedure time (min)  Mean  16.27 15.93 14.57 4.33

SD 1.65 1.29 1.48 0.54
Liver resection volume (g) Mean 1.48 1.47 1.48 -

SD 0.27 0.24 0.26 -

No differences were noted in the preoperative body weights of the rats among the four groups (P=0.669).
Operative procedure times were significantly shorter with an ultrasonic aspirator (UA) than with the
actuator-driven pulsed water jet (ADPJ) system and a radio knife (P<0.01). Furthermore, no significant
differences were observed among the three groups regarding partial liver resection volumes (P=0.981).

Blood samples

On day 1, serum AST and ALT levels were significantly lower in the ADPJ system group than in the UA and
radio knife groups (AST: ADPJ vs. UA, 136.0 £ 27.29 U/L vs. 191.4 + 29.33 U/L, P<0.05; ADPJ vs. radio
knife, 136.0 £ 27 29 U/L vs. 318.6 + 76.34 U/L, P<0.07; ALT: ADPJ vs. UA,82.0 + 21.70 U/L vs. 141.4
36.85 U/L, P<0.05; ADPJ vs. radio knife, 82.0 + 21.70 U/L vs. 283.6 = 72.23 U/L, P<0.01). We observed no
differences between the sham group and the ADPJ system group (AST, P=0.082; ALT, P= 0.153). After
day 3, both AST and ALT levels declined to the preoperative levels in all groups with no difference
between each group (Figs.2 and 3).

On day 1, serum GLDH levels were significantly lower with the ADPJ system than with other devices
(ADPJ vs. UA, 8.10 + 1.59 mU/mL vs. 12.91 + 3.39 mU/mL, P<0.05; ADPJ vs. radio knife, 8.10 *

1.59 mU/mL vs. 15.76 + 2.75 mU/mL, P<0.01). On day 3, higher GLDH levels were observed in the radio
knife group alone compared with the ADPJ system group (ADPJ vs. radio knife, 3.42 + 0.76 mU/mL vs.
6.18 £+ 0.61 mU/mL, P<0.01).Conversely, compared with the sham group, the ADPJ system was the first
group in which the GLDH difference disappeared (Fig.4).

Histopathological examination
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The HE staining of the liver tissue dissected by the ADPJ system exhibited marginal crush injury and
degeneration on postoperative day 1; this change was almost notvisible at 14 days postoperatively and
completely disappeared on day 28. Contrarily, we observed broad necrosis below the resection surface in
almost all livers coagulated by a radio knife,which persisted even after 28 days postoperatively. Although
not as much as the radio knife group, degenerative parts persisted on day 28 in the UA group (Fig.5).

Despite observing no significant difference compared with UA, the maximum depth of degeneration from
the resection surface was mild in the ADPJ system group (Fig.6). The number of rats in which
denaturation completely disappeared was significantly higher in the ADPJ system group than in the radio
knife group by day 14 (P< 0.05) and the UA group by day 28 (P< 0.05; Table 2).

Table 2
Number of rats in which denaturation completely disappeared

Day Device Fisher's exact test (vs.ADPJ)
Radio Knife ADPJ UA  P(Radio Knife) P (UA)

Day 1 0 0 0

Day 3 0 0 0

Day 7 0 0 0

Day14 O 4 1 0.0238 0.1032

Day28 O 5 1 0.0040 0.0238

Day56 O 5 5 0.0040

The number of rats in which denaturation had completely disappeared was significantly higher in the
actuator-driven pulsed water jet (ADPJ) system group than in the radio knife group by day 14 (P< 0.05)
and the ultrasonic aspirator (UA) group by day 28 (P< 0.05).

Discussion

Water jet technology, which is based on a conventional pressure-driven continuous method [13, 20] or
pulsed laser method,[15] is promising in terms of tissue dissection. Reportedly, water jet technology can
selectively dissect a tissue while preserving fine blood vessels (~ 100—200 pm) and nerves based on
different tensile strengths of tissues against the jet flow.[13] Thus, compared with ultrasonic aspiration or
blunt dissection, water jet technology has been frequently used to decrease blood loss and parenchymal
trauma during liver surgery because the liver contains an abundant small vessel network.[10]

Previously, surgeons using water jet devices with continuous water flow for liver resection have reported
that compared with other conventional methods such as UA, water jet devices decreased blood loss,
transection time, and complication rates.[10, 11] Another advantage of water jet technology is the
absence of thermal damage, which is inevitable with other commercially available instruments. Recently
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developed piezoelectric actuator can replace a pulsed laser system, and we have developed a piezo ADPJ
system that can dissect tissues while preserving fine blood vessels and causing no thermal injury.[16] Of
note, the ADPJ system is markedly different from a conventional water jet dissector because the ADPJ
system offers intermittent water flow providing more precise dissection within a certain depth and less
water volume compared with a conventional continuous water jet. In a basic engineering experiment, Seto
et al. reported that the dissection characteristics of pulsed jets were superior to those of existing
continuous water flows.[16]

Furthermore, thermal injury should be regarded as a risk factor for liver damage. Regarding liver damage
after partial liver resection using the ADPJ system in this study, the serum AST, ALT, and GLDH levels
immediately after surgery were markedly lower in the ADPJ group than in the UA and radio knife groups,
suggesting that compared with other devices, the ADPJ system might exert no effect of thermal injury on
liver cells during surgery. In addition, the resection surface with the ADPJ system was less injured than
that with other devices on HE staining. Remarkably, compared with the other available devices, the ADPJ
system exhibited the best recovery after dissection. Hence, the ADPJ system could attenuate liver damage
after partial liver resection.

In this study, because one surgeon performed all partial liver resections under similar conditions, the liver
enzyme elevation and differences of damage in the resection surface could be attributed to the
characteristics of each surgical device. In addition, compared with conventional surgical devices, the
ADPJ system could minimize liver damage after partial liver resection. Moreover, water jet technology
could be useful for endoscopic surgery. Sato et al. reported that an endoscopic pulsed water jet system is
a feasible alternative to endoscopic submucosal dissection in a swine model.[21] Similarly, Shi et al. [22]
safely conducted natural orifice transluminal endoscopic liver resection using a water jet device in a non-
surviving swine model. Perhaps, the ADPJ system could overcome some of the limitations related to
water jet devices that arise from the continuous water flow. Reportedly, the peak pressure of the pulsed
water jet is controllable in the ADPJ system by changing the input voltage [18]; thus, this device could be
used to dissect various tissues with different physical properties. Yamada et al. reported the difference in
the physical properties of the liver parenchyma, hepatic veins, and Glisson’s sheaths and successfully
dissected the liver parenchyma while preserving the hepatic veins and Glisson’s sheaths.[18] Similarly,
assessing the physical properties of liver tumors in the future could facilitate the excavation of only the
tumor without breaking the tumor, which would be useful in cases of liver resection when a tumor is
adjacent to the main vessel.

Although we used a rat model in this study, we previously reported successful liver resection using the
ADPJ system in a surviving pig model.[19] Remarkably, the ADPJ system causes less liver damage than

CUSA™ Excel+, one of the most commonly used devices. In addition, our 56-day observation revealed that
liver recovery could be faster using the ADPJ system than using CUSA™ Excel+. These findings suggested
that the ADPJ system could be safely used in clinical liver resection.
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This study has several limitations. First, operation times were markedly shorter with UA than with the
ADPJ system. The characteristic of the ADPJ system prolongs the time required to stabilize the output,
thereby extending the operation time. Although this limitation warrants further investigation, it could be
solved by improving the pump. Second, we used a rat model in this study because of the number of
animals needed to assess liver damage and histological changes after partial liver resection. Finally, the
experimental period of 56 days after partial liver resection was not very long because no differences
existed between the ADPJ system and UA, although the observation was ended to minimize the number
of animals used.

Conclusions

In this study, compared with the existing UA or radio knife, the ADPJ system caused less liver damage
after partial liver resection, highlighting a possibility of accelerating tissue repair. Therefore, this study
suggests that the ADPJ system could cause less liver function impairment in partial liver resection,
thereby contributing to improved outcomes after partial liver resection.

Methods
Partial liver resection in rats

This study was designed based on a previous study.[23] In this study, we randomly categorized 120 (age,
9 weeks; male) Sprague—-Dawley rats into four groups and subjected them to sham operation, partial liver
resection by the ADPJ system, an UA (CUSA™ Excel+; aspiration, 30%; irrigation, 2 mL/min; amplitude, 30;
tissue select, standard), and a radio knife (Diatermo MB122K; GIMA, Gessate, Italy; Monopolar COAG
mode, 15 V; n=30/group). The rats were supplied by Kumagai-shigeyasu Co.,Ltd, (sendai, Miyagi,
Japan). Thise rats were placed inside each cage in a temperature-controlled room, with food and water
provided ad libitum under a 12-h light/dark diurnal cycle. All rats were anesthetized with inhalation of an
isoflurane anesthesia apparatus (MK-A110; Muromachi Kikai Co., Ltd., Tokyo, Japan). In the sham group,
the rats’ abdomens were opened but immediately closed. In the ADPJ system group, after opening the
abdomen, we lifted the left lateral lobe of the liver. Then, the liver capsule was cut with a scalpel, and the
liver parenchyma was dissected by the ADPJ system (input voltage, 25 V; water supply, 4 mL/min; pulsed
water jet ejection rate, 400 Hz; Fig. 7a). Next, we ligated the preserved fine blood vessels using the ADPJ
system by silk thread (Fig. 7b). Notably, the mean weight of the removed liver tissue was 1.47 g. Likewise,
in the radio knife and UA groups, we dissected the liver parenchyma using each device. The weight of the
removed liver in these groups corroborated that in the ADPJ system group (P=0.981). All operative
procedure times were recorded, and all operations were performed by a single surgeon.

All rats were again anesthetized with isoflurane. At 1, 3, 7, 14, 28, and 56 days after partial liver resection,
we humanely euthanized five rats from each group with exsanguination under deep anesthesia in the
laboratory, after collecting blood samples and harvested all residual livers (n=5/group, during each
period). In addition, blood was also collected from 5 new 9-week-old rats for comparison. All experiments
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conducted in this study were approved by the Institutional Review Board at the Center for Laboratory
Animal Research, Tohoku University (the approval code: 2017MdA-202).

Blood samples

We assessed liver damage after partial liver resection by aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and glutamate dehydrogenase (GLDH) concentrations in the serum. AST and
ALT were measured using a clinical analyzer (FUJI DRI-CHEM 7000V; Fuji Film Co., Ltd., Tokyo, Japan),
whereas GLDH was measured using an Enzyme-Linked ImmunoSorbent Assay kit (CSB-E13841r; Cusabio
Technology LLC, Houston, USA).

Histopathological examination

All harvested entire livers were immediately immersed in 10% neutral-buffered formalin solution. First, we
embedded the livers in paraffin, which were sectioned to 3-mm sections, and examined using
hematoxylin—eosin (HE) staining. Next, coagulation necrosis was defined as degeneration, and the
maximum depth of degeneration from the resection surface was verticallymeasured. In addition, we
counted the number of rats in which denaturation had completely disappeared in the preparations.All
preparations were observed with a microscope (AxioCam MRc, Carl Zeiss Microimaging GmbH,
Gottingen, Germany) and measured.

Statistical analysis

In this study, statistical analyses were performed using JMP 13 Pro statistical software (SAS Institute
Inc., Cary, NC). All data are presented as mean * standard deviation. All four groups were compared using
one-way analysis of variance. In addition,individual groups were compared using ttest, whereas the
number of rats with disappeared denaturation was compared using Fisher’s exact test. P< 0.05 was
considered statistically significant.

Abbreviations

ADPJ

piezo actuator-driven pulsed water jet
UA

ultrasonic aspirator

AST

aspartate aminotransferase

ALT

alanine aminotransferase
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GLDH

glutamate dehydrogenase
CVP

central venous pressure
HE

hematoxylin—eosin
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Weight changes after surgery
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Figure 1

Postoperative weight changes. On day 7, the postoperative weight changes were significantly smaller in
the radio knife group than in the actuator-driven pulsed water jet (ADPJ) system group and the ultrasonic
aspirator (UA) group (*P< 0.05).
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Figure 2

Changes in the serum aspartate aminotransferase (AST) levels. The serum AST levels on day 1 were
significantly lower with the actuator-driven pulsed water jet (ADPJ) system than with an ultrasonic
aspirator (UA) and radio knife (ADPJ vs. UA, *P<0.05; ADPJ vs. radio knife, *P<0.01). No differences were
noted between the sham group and the ADPJ system group (AST, P = 0.082).
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Changes in theserum alanine aminotransferase (ALT) levels.The serum ALT levels on day 1 were
significantly lower with the actuator-driven pulsed water jet (ADPJ) system than with an ultrasonic
aspirator (UA) and radio knife (ADPJ vs. UA, *P<0.05; ADPJ vs. radio knife, *P<0.01).No differences were
observed between the sham group and the ADPJ system group (ALT, P = 0.153).

Page 15/19



GLDH

* —4—Radio Knife
=i- ADPJ

20.00 ~

18.00 A

——UA
=>&=Sham

16.00 ~

14.00 ~

12.00 A

10.00 A

8.00 -

GLDH (mU/mL)

6.00 -

4.00 A

2.00 -

000 Ll L T I I i 1
Preoperation 1 3 7 14 28 56

Figure 4

Changes in the serum glutamate dehydrogenase (GLDH) levels. The serum GLDH levels on day 1 were
significantly lower with the actuator-driven pulsed water jet (ADPJ) system than with other devices (ADPJ
vs.ultrasonic aspirator[UA], *P<0.05; ADPJ vs. radio knife, *P<0.01). On day 3, changes in the GLDH levels
were high only in the radio knife group compared with the ADPJ system group (**P<0.01).Compared with
the sham group, the ADPJ system group exhibited no significant difference from day 7, but the UA group
displayed no difference from day 14 and the radio knife group from day 28.

Page 16/19



Device

Radio Knife

UA

Figure 5

Chronological changes in the resection surface (hematoxylin—eosin [HE]). The boundary between the
area of degeneration and normal tissue is indicated by an arrow. The HE staining of the liver tissue
dissected by the actuator-driven pulsed water jet (ADPJ) system exhibited marginal crush injury and
degeneration on 1 day after liver resection; this change was almost not visible at 14 days after liver
resection and completely disappeared on day 28. Contrarily, we observed broad necrosis below the
resection surface in almost all livers coagulated by the radio knife, which persisted even after 28 days
postoperatively. Although not as much as the radio knife group, degenerative parts persisted on day 28 in
the ultrasonic aspirator (UA) group. Scale bar,200 Im.
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Maximum depth of degeneration
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Figure 6

Maximum depth of degeneration. The maximum depth of degeneration from the resection surface in the
actuator-driven pulsed water jet (ADPJ) system group was significantly milder than that in the radio knife
group at 1,3,7,14, and 28 days (*P<0.05; **P<0.01). No significant difference was observed in the
maximum depth of degeneration between the ADPJ system and ultrasonic aspirator (UA) groups.
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Figure 7

Partial liver resection with the actuator-driven pulsed water jet (ADPJ) system. a The ADPJ system can
resect the hepatic parenchyma while preserving the liver vessels. b The preserved liver vessels using the
ADPJ system are ligated by a silk thread and cut.
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