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Abstract
BACKGROUND
Several methods, such as finger fracture, Pean crush, cavitron ultrasonic surgical aspirator (CUSA), and water jet (WJ), are used for hepatic parenchymal dissection in liver surgery. CUSA is the conventional method in Japan. WJ is a relatively novel method for parenchymal dissection. Although it has several advantages, such as lower volume of blood loss and shorter operative time, the effect of the WJ system for hepatic dissection on the remnant liver has not yet been investigated.

AIM
To investigate and compare the effect of the WJ method vs CUSA on the remnant liver cut surface.

METHODS
This observational study compared the two types of parenchymal transection methods (WJ vs CUSA) in liver surgery. In total, 24 and 40 patients who underwent hepatectomy using the WJ method and CUSA, respectively, were included in the analysis. Accordingly, the clinicopathological characteristics and clinical outcomes of 24 and 40 patients were compared. Furthermore, postoperative contrast-enhanced computed tomography (CT) scan was performed to assess the cut surface length of the remnant liver and the degenerative thickness of the areas with a reduced contrast effect in the dissected plane. Then, the two groups were compared.

RESULTS
On CT scan, the median areas of denaturation in the liver dissection planes were 522 (range: 109.5-1242) mm2 in the CUSA group and 324 (range: 93.6-1529) mm2 in the WJ group. The area did not significantly differ between the two groups; however, the denaturation thickness of the WJ group was significantly lower than that of the CUSA group [5.8 (range: 0.7-11.1) mm vs 3.3 (range: 1.7-10.4) mm, P < 0.001].

CONCLUSION
The WJ group had significantly thinner contrast-enhanced areas in the post hepatectomy detached section than the CUSA group.
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Core Tip: We evaluated the denaturation degree of the liver dissection plane on computed tomography (CT) scan and compared the cavitron ultrasonic surgical aspirator and water jet (WJ) method. The perioperative outcomes were almost similar. However, the WJ method had a lower loss of contrast effect on the liver dissection plane. Moreover, we found a positive correlation between the denaturation degree on CT scans and the postoperative peak of hepatic enzymes. The reduced contrast effect on CT scan reflects thermal degeneration during hepatectomy, and the WJ method may be more advantageous in preserving the remnant functioning liver volume during hepatectomy.

INTRODUCTION
Hepato-parenchymal transection is an essential step in liver surgery. Since Langenbuch[1] reported the first successful liver surgery in 1888, different hepatectomy methods have been investigated and performed[2,3]. The major tools used to dissociate the liver parenchyma include the classical finger crush, which can dissociate the liver parenchyma using the finger[4], the more modern Pean-clump crushing method[5], cavitron ultrasonic surgical aspirator (CUSA), which can dissociate the liver parenchyma by applying an oscillator with a suction device[3], and water jet (WJ) scalpel, which can dissociate the liver parenchyma with a high-pressure saline flow[6]. All these methods are used for parenchymal fragmentation in the hepatic incision, and the emerging vascular structures such as the Glissonean sheath and veins must be incised after ligation via suturing, clipping, or sealing with energy devices, depending on their diameters. Thus, the hepatic incision can be divided into two steps: incision of the liver parenchyma and incision after ligation for the emerging small vascular structures.
The WJ method removes hepatocytes and exposes the vascular and bile duct structures between the liver parenchyma by jetting saline[7]. Initially, high-pressure fluid cutting was a technique developed in the glass and metal industries[8]. Since the application of the WJ system in the medical field in 1982[9], it has been marketed as a commercial product (Helix Hydro-Jet®, Erbe Elektromedizin GmbH, Tübingen, Germany) since 2001. As an extension model of the WJ system, Erbejet2® (Erbe Elektromedizin GmbH, Tübingen, Germany) has been marketed and used worldwide. Hepatectomy using the WJ method is relatively novel and is associated with the absence of thermal damage caused by the dissection procedure because saline is used as a jetted effector. In our experience, among the abovementioned methods, the WJ system is the most sensitive in exposing the quite delicate vascular structures in the liver parenchyma without bleeding or bile leakage (Figure 1A-C).
Hemorrhages in the hepatic dissected surface can be treated by compression and suture hemostasis and cauterization with energy devices[10,11]. However, all these methods may cause some damage to the remnant liver. The remnant functioning liver must be sufficient to prevent postoperative liver failure in liver surgery. Therefore, damage to the hepatic resection surface must be prevented. That is, unnecessary damage leading to a lower remaining liver volume should be avoided. Several reports show the blood loss volume, operative time, and postoperative complications of different liver dissection methods[3,12,13]. However, none have examined the effect of each technique on the liver dissected surface. Considering that the WJ system may have less impact on the residual liver than CUSA, which is a conventional method, as mentioned above, the perioperative outcomes of liver dissection were retrospectively compared. Thus, the current single-center retrospective study evaluated the efficacy of the WJ system and CUSA on the liver transection cut surface during resection.

MATERIALS AND METHODS
Study population and data collection
From April 2019 to April 2021, 87 patients who underwent hepatectomy at Tottori University Hospital were retrospectively assessed, and 64 consecutive patients who had contrast-enhanced computed tomography (CE-CT) scan with portal phase study on postoperative day (POD) 7 (± 2 d) were included in this study. However, 13 patients who did not undergo postoperative CE-CT scan or who had plain CT scan only because of impaired renal function or allergy to CT scan contrast agents were excluded.
All patients underwent preoperative blood tests within 2 wk before hepatectomy. The following data about preoperative factors were collected: age; sex; body mass index; a medical history of diabetes mellitus; creatinine, albumin, total bilirubin, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels; platelet count; prothrombin activity; Child-Pugh score and grade; and degree of liver damage. In addition, data about intra- and postoperative factors were collected according to the degree of hepatic resection (Hr 0/S, 1, 2, or more), operative time, volume of blood loss, highest postoperative AST and ALT levels, surgical complications based on the Clavien-Dindo classification, type and volume of intra- and postoperative blood transfusion, pathological diagnosis, and degree of background liver fibrosis, which was assessed microscopically according to the Inuyama Classification after Mallory-Azan or Elastica van Gieson staining[14]. Moreover, the degree of liver fibrosis was assessed, and the patients were divided into two groups: the non- and early cirrhotic (F0 + F1 + F2) group and the chronic cirrhotic (F3 + F4) group. The highest AST and ALT levels were adopted based on examining blood samples collected on PODs 1, 2, 3, 5, and 7.
All procedures carried out in this study involving human participants were in accordance with the ethical standards of the institutional and/or national research committees and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. This study was approved by the ethics committee of Tottori University School of Medicine (approval No. 21A081). This study did not perform any animal studies. In addition, due to the study's retrospective nature, written consent from the patient was not required.

Liver surgery
In total, 64 hepatectomies were performed at Tottori University Hospital, and two surgeons (Hanaki T and Sakamoto T) specializing in liver surgery performed all surgeries. Moreover, 40 patients underwent hepatectomies using CUSA (CUSA EXcel Plus; Integra LifeSciences Corp., Plainsboro, NJ, United States), and 24 patients had surgeries with the WJ system (ERBE JET2; Erbe Elektromedizin GmbH, Tübingen, Germany). The following settings were applied in the WJ system: saline blow for 35 bar (35 × 104 Pa), which is the default value, with continuous suction pressure of -0.8 bar (-8 × 103 Pa). Until November 2019, parenchymal dissection of the liver was performed using CUSA. Then, unless there are institutional constraints, the WJ is used as the primary technique for liver dissection. The saline-cooled monopolar soft-coagulation system (VIO300D; Erbe Elektromedizin GmbH, Tübingen, Germany) was utilized for hemostasis, particularly for bleeding in the dissected surface of the liver in both groups. The vessels exposed during parenchymal transection (1 mm or less) were dissected using coagulating shears (Harmonic 1000HDi; Ethicon, Inc., Cincinnati, OH, United States), and vessels measuring 1 mm or more were ligated with 4-0 or 3-0 silk and were dissected. In principle, during liver dissection, the intermittent Pringle's maneuver was performed with ≤ 15 min of clamping and ≥ 5 min of de-clamping. The extent of hepatic resection performed was classified as follows: Hr0 + S: hepatic resection of one subsegment or not exceeding one subsegment, Hr1: hepatic resection of one segment, and Hr2: hepatic resection of two segments according to the general rules for the clinical and pathological study of primary liver cancer[15].

CT scan protocols and administration of contrast agent
All patients underwent a preoperative multidetector CT scan (64 sections) with Aquilion CX (Canon Inc., Tokyo, Japan) or Discovery CT 750HD (G.E. Healthcare, Chicago, IL, United States) on POD 7 (± 2). 580 mg of iodine/kg was administrated as the contrast agent using a mechanical injector with variable injection speeds via a plastic intravenous catheter typically placed in the median cubital vein within 30 s. A scan delay of 60 s was performed for portal phase imaging. The generated CT reconstruction images with 5-mm thickness of the upper abdomen were used for all imaging evaluations in this study.

Qualitative image analysis
The images were saved in DICOM format and transferred to an image workstation with a dedicated image assessment software (SYNAPSE SAI viewer; FUJIFILM Corp., Tokyo, Japan). As mentioned above, the CE-CT slice of the portal phase study with the longest liver dissection length was used as the evaluation image of the dissected liver. The CT slice of the liver section with the longest dissection length (mm) was measured manually (Figure 2A). In the same slice, the area (mm2) of the liver section where the contrast effect was reduced due to thermal denaturation was also measured manually, thereby preventing fluid collection around the hepatic transection plane (Figure 2B). Next, the denatured area-to-the liver dissected length ratio was calculated as the denaturation index (DI), or denatured thickness: denatured area (mm2)/dissected length (mm) (Figure 2). When multiple hepatectomies were performed in the same liver, the abovementioned data were calculated for each slice with the longest liver dissection lengths and largest areas. The sum of the data for lengths and areas, respectively, were then used as the representative data of each patient.

Statistical analysis
All graphing and statistical analyses were performed using the Statistical Package for the Social Sciences software for Macintosh version 25.0 (IBM Corp., Armonk, NY, United States). A two-sided P value of < 0.05 was considered statistically significant. Continuous data were presented as median with range. The Mann-Whitney U test and the Fisher's exact test or the chi-square test evaluated differences in continuous and categorical variables, respectively. The correlation tests (Pearson correlation) examined relationships between numerical variables.

RESULTS
Characteristics of patients
In total, 64 patients were included in this study. Table 1 shows the CUSA and WJ groups' pre-, intra-, and postoperative characteristics. In total, 40 (28 men and 12 women) and 24 (15 men and 9 women) patients underwent hepatectomy using CUSA and the WJ system, respectively. Preoperative factors such as age, sex, physical condition, results of the blood test including indocyanine green, and background liver status did not differ significantly between the two groups. Twenty-four (60%) patients underwent surgery using the open approach in the CUSA group. Meanwhile, in the WJ group, all patients underwent hepatectomy with the open approach, with a significantly higher laparotomy rate (P < 0.001). Most patients (82.4% in the CUSA group and 95.8% in the WJ group, P = 0.241) did not undergo extrahepatic bile duct resection. There was no significant difference in terms of Hr volume or operative time. However, the WJ group had a significantly higher volume of blood loss than the CUSA group (432 mL vs 227.5 mL, P = 0.047). By contrast, there were no significant differences in the incidence of postoperative complications, incidence and severity of biliary fistulas, and intra- and postoperative red blood cell and fresh frozen plasma transfusions. There was no in-hospital mortality in both groups. The length of postoperative hospital stay did not significantly differ between the two groups. Histological evaluation showed no significant differences in the incidence rate of chronic cirrhosis (F3 or 4) between the two groups (P = 0.778).

Evaluation of CT values
Table 2 depicts the results of the evaluation of CE-CT images. The median lengths of the liver dissection plane were 95.3 (range: 21.5-233.9) mm in the CUSA group and 105.9 (range: 50.6-236.1) mm in the WJ group. The median areas of denaturation on the liver dissection planes were 522 (range: 109.5-1242) mm2 in the CUSA group and 324 (range: 93.6-1529) mm2 in the WJ group. Both lengths and areas did not significantly differ between the two groups (P = 0.081, 0.059, respectively). However, the DI of the WJ group was significantly lower than that of the CUSA group (3.3 vs 5.8 mm, P < 0.001, Figure 3). The scatter plot of the CT values (length, area, and DI) obtained in this study was established to explore its implications in relation to the highest postoperative AST and ALT levels (Figure 4A-C). The scatter plots of the highest postoperative AST/ALT values and area of denaturation had a weak but significant positive correlation with these indices (rAST = 0.317, P = 0.011; rALT = 0.312, 0.010, Figure 4B).

DISCUSSION
This study showed that patients who underwent hepatectomy in the WJ group had a significantly lower denaturation thickness (DI) on the hepatic dissection plane than those in the CUSA group. To the best of our knowledge, this is the first study that evaluated the effect of transection methods on the hepatic resection plane based on the examination of a real human body.
Hepatectomy is routinely performed to resect benign lesions and primary and metastatic neoplasms in the liver and is the only curative therapy for malignancies[16-18]. Moreover, it is a complex surgical procedure. For ultimate simplicity, it can be divided into two steps: dissection of the liver parenchyma as well as ligation and dissection of the exposed vessels. These steps must be performed safely to secure the vessels safely. In this study, the WJ method could expose the small vessels without damaging them more than the CUSA method. Further, it first examined whether the WJ method cannot cause bleeding. Results showed that the WJ group had a higher volume of blood loss than the CUSA group (Table 1). However, this result did not differ from our intraoperative impression. This might be attributed to the fact that, in addition to the actual volume of intraoperative blood loss, the volume of saline used to dissect the liver parenchyma was calculated together with the volume of blood loss. In relation to this, there was no significant difference in terms of intra- and postoperative blood (fresh frozen plasma and red blood cell) transfusion rate between the CUSA and WJ groups. Furthermore, there was less degeneration of the liver parenchyma after hepatic incision using the WJ method (Figure 1B and C). This could be attributed to the possibility that the WJ group required less electrocautery and suturing procedures for minor bleeding. Moreover, the WJ group had a significantly higher DI or degenerative thickness of the hepatic dissection than the CUSA group based on the CT values examined in this study (Figure 3C). In addition, DI was positively correlated, although weakly, with the highest postoperative AST and ALT levels. Therefore, this index might have some biological significance in indicating damage in the remnant liver. The ability of the WJ method to expose the fine vessels in the liver parenchyma was better based on our experience. The WJ method had a better exposure ability in preserving these vessels. This reduces the need for electrocauterization for bleeding, resulting in a reduced DI in the hepatic dissection plane.
It is quite difficult to directly validate the relevance of histological changes to the site of CT changes in vivo and in clinical settings. However, thermal degeneration of liver sections caused by electrocautery is often observed on the cross-section of a specimen by hepato-biliary-pancreatic surgeons (Figure 5). Even in in vivo remnant livers, cauterization, or suturing for hemorrhage results in changes observed in the specimen. Hence, the contrast effect at the detachment site was reduced (Figure 2), which might have been observed as a lower DI in the liver resection surface.
The current study had several limitations. That is, it has a retrospective design, the sample size was small, and there was an unclear relationship between CT values and clinical data. Hence, a prospective study with cautious planning should be performed to determine whether a small area of denaturation in the liver section is associated with preventing post-hepatectomy liver failure.
WJ hepatectomy has a short learning curve and can be easily mastered[8]. In this study, in terms of safety, WJ hepatectomy was not inferior to CUSA hepatectomy, which is a conventional method. The WJ method can effectively reduce thermal degeneration during dissection of the preserved liver and can be one of the most effective liver dissection techniques.

CONCLUSION
The WJ method is as safe as CUSA. However, it is associated with a slightly higher volume of intraoperative blood loss and, possibly, lower thermal damage to the detached liver section. Moreover, it may be more advantageous in preserving the remnant functioning liver volume during massive hepatectomy.

ARTICLE HIGHLIGHTS
Research background
Reports on the usefulness of the water jet (WJ) technique as a relatively new liver resection method have been increasing. Although there have been many reports on the effectiveness of WJ in improving blood loss and operation time, there has been no evaluation of its effect on the hepatic dissection plane.

Research motivation
Our department has used the cavitron ultrasonic surgical aspirator (CUSA) method for liver parenchymal sections for many years; however, we recently introduced the WJ for liver resection. Based on this experience, we observed the liver section planes of the WJ and CUSA methods, and we had the impression that the WJ method had less thermal degeneration on the dissected plane. Although less degeneration of the residual liver may lead to preservation of residual liver function and further contribute to avoiding postoperative liver failure, there are no previous reports evaluating the denaturation of the liver dissected cross-section by the method of liver dissection.

Research objectives
To investigate and compare the impact of the WJ and CUSA methods on the residual liver cut surface.

Research methods
Forty cases of liver resection with CUSA and 24 cases of liver resection with WJ who underwent liver resection between 2019 and 2021 and had contrast-enhanced computed tomography (CT) during postoperative hospitalization were included in this retrospective study. Furthermore, the postoperative CT scans were used to assess the cut surface length of the remnant liver and the degenerative thickness of the areas with a reduced contrast effect in the dissected plane.

Research results
On CT scan, the median areas of denaturation in the liver dissection planes were 522 (range: 109.5-1242) mm2 in the CUSA group and 324 (range: 93.6-1529) mm2 in the WJ group. The area did not significantly differ between the two groups; however, the denaturation thickness of the WJ group was significantly lower than that of the CUSA group [5.8 (range: 0.7-11.1) mm vs 3.3 (range: 1.7-10.4), P < 0.001].

Research conclusions
Hepatectomies using WJ showed significantly thinner low-contrast areas in the dissected plane than CUSA.

Research perspectives
The WJ hepatectomy may contribute to safe liver resection in terms of minor thermal damage on the residual liver and avoiding postoperative liver failure.
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Figure 1 Images of liver section plane. A: Close-up image of the liver plane dissected using the water jet method. The fine Glissonian pedicles and veins were exposed without bleeding. There was no thermal damage to the resected surface; B: Image of the liver surface dissected with cavitron ultrasonic surgical aspirator (CUSA); C: Image of the liver surface dissected with the water jet. Thermal denaturation of the liver parenchyma with the water jet might be less than that with CUSA.
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Figure 2 Measurement of computed tomography scan values. A: Case 64 — water jet dissection: Computed tomography section of the portal venous phase with the maximum liver dissection length; B: Measurement of liver dissection length; C: Measurement of denaturation area of the cut surface.
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Figure 3 Comparison of computed tomography values between the two groups. A: Length of the liver cut surface; B: Area of denaturation; C: Denaturation index (Mann-Whitney U test). CUSA: Cavitron ultrasonic surgical aspirator.
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Figure 4 Correlation between the highest postoperative aspartate aminotransferase and alanine aminotransferase levels and computed tomography values. A: Dissection length; B: Denaturation area; C: Denaturation index. There was a significant positive correlation between the highest aspartate aminotransferase/alanine aminotransferase levels and denaturation area. AST: Aspartate aminotransferase; ALT: Alanine aminotransferase.
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Figure 5 Example of the liver specimen (cut surface). A thermal denaturation on a dissected plane of the liver; 5-8 mm of thermal denaturation (arrowhead) could be observed in the hepatic resection margin (dashed line) due to electrocauteries.

Table 1 Comparison of patient clinico-pathological characteristics according to transection methods
	Characteristics
	CUSA (n = 40)
	Water jet (n = 24)
	P value

	Pre-operative
	
	
	

	Age (yr)
	72 (36-87)
	73 (54-83)
	0.588

	Sex (male/female)
	28/12
	15/9
	0.589

	BMI (kg/m2)
	22.5 (16.0-28.0)
	22.5 (16.1-44.9)
	0.782

	ASA-PS (1/2/3/4)
	2/29/9/0
	0/15/8/1
	0.290

	Medical history of DM (yes/no)
	11/29
	9/15
	0.419

	Chemical examination of blood
	
	
	

	Creatine (mg/dL)
	0.72 (0.19-1.32)
	0.78 (0.48-8.10)
	0.244

	Albumin (g/dL)
	4.15 (3.10-4.80)
	4.15 (3.50-4.90)
	0.895

	Total bilirubin (mg/dL)
	0.75 (0.20-2.30)
	0.70 (0.20-1.20)
	0.198

	Aspartate transaminase (IU/L)
	25 (14-134)
	24 (9-52)
	0.546

	Alanine transaminase (IU/L)
	22 (10-125)
	21 (9-50)
	0.593

	Platelet (× 105/μL)
	19 (8.8-84)
	23 (10.9-93)
	0.204

	Prothrombin time (%)
	95.6 (49.1-127.5)
	99.7 (64.9-112.3)
	0.375

	ICG-R15 (%)
	12 (3-27)
	12.5 (2-29)
	0.722

	ICG (K)
	0.15 (0.06-0.24)
	0.15 (0.10-0.25)
	0.543

	Child-Pugh grade (5/6/7 or more)
	34/6/0
	22/2/0
	0.699

	Liver damage (A/B/C)
	39/1/0
	23/1/0
	0.999

	Intra-operative
	
	
	

	Operative procedure
	
	
	

	Approach (open/laparoscopic)
	24/16
	24/0
	< 0.001

	Hr (0 + S, 1, 2)
	23/7/10
	8/8/8
	0.151

	Extrahepatic bile duct resection (yes/no)
	6/34
	1/23
	0.241

	Operation time (min)
	235 (76-980)
	298 (187-543)
	0.061

	Blood loss (mL)
	227.5 (0-1820)
	432 (95-1165)
	0.047

	Post-operative
	
	
	

	Clavien Dindo classification (0 or I/II/III/IV)
	32/4/4/0
	14/3/7/0
	0.118

	Biliary fistula grade (none or A/B/C)
	38/2/0
	22/2/0
	0.627

	Blood transfusion (include intraoperative)
	
	
	

	Red blood cell (yes/no)
	1/39
	2/22
	0.551

	Fresh frozen plasma (yes/no)
	5/35
	7/17
	0.113

	Highest value of blood examination
	
	
	

	Aspartate transaminase (IU/L)
	368 (40-1653)
	188 (37-1084)
	0.315

	Alanine transaminase (IU/L)
	279.5 (37-2026)
	147 (33-1236)
	0.241

	In hospital mortality
	0
	0
	NA

	Post-operative hospital stay (d)
	8 (5-57)
	8.5 (6-190)
	0.949

	Histological diagnosis
	
	
	0.028

	Hepatocellular carcinoma (%)
	18 (45)
	12 (50)
	

	Intrahepatic cholangiocarcinoma (%)
	1 (2.5)
	6 (25)
	

	Combined hepatocellular and cholangiocarcinoma (%)
	1 (2.5)
	1 (4.2)
	

	Bile duct cancer (%)
	7 (30)
	0 (0)
	

	Metastatic cancer (%)
	12 (2.5)
	4 (16.7)
	

	Other (benign lesion) (%)
	1 (17.5)
	1 (4.2)
	

	F (0, 1 or 2/3 or 4)
	28/12
	18/6
	0.778


[bookmark: _Hlk47968679]BMI: Body mass index; CUSA: Cavitron ultrasonic surgical aspirator; DM: Diabetes mellitus; ICG: Indocyanine green; NA: Not available.

Table 2 Comparison of computed tomography values according to transection methods
	Post-operative CT values
	CUSA (n = 40)
	Water jet (n = 24)
	P value

	Sum of dissection length (mm)
	95.3 (21.5-233.9)
	106 (50.6-236.1)
	0.081

	Sum of denaturation area (mm2)
	522 (109.5-1242)
	324 (93.6-1529)
	0.059

	Denaturation index (denaturation thickness, mm)
	5.8 (0.7-11.1)
	3.3 (1.7-10.4)
	< 0.001


CT: Computed tomography; CUSA: Cavitron ultrasonic surgical aspirator.
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