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Abstract
BACKGROUND
As a new digital holographic imaging technology, mixed reality (MR) technology has unique advantages in determining the liver anatomy and location of tumor lesions. With the popularization of 5G communication technology, MR shows great potential in preoperative planning and intraoperative navigation, making hepatectomy more accurate and safer. 

AIM
To evaluate the application value of MR technology in hepatectomy for hepatocellular carcinoma (HCC).

METHODS
The clinical data of 95 patients who underwent open hepatectomy surgery for HCC between June 2018 and October 2020 at our hospital were analyzed retrospectively. We selected 95 patients with HCC according to the inclusion criteria and exclusion criteria. In 38 patients, hepatectomy was assisted by MR (Group A), and an additional 57 patients underwent traditional hepatectomy without MR (Group B). The perioperative outcomes of the two groups were collected and compared to evaluate the application value of MR in hepatectomy for patients with HCC.

RESULTS
We summarized the technical process of MR-assisted hepatectomy in the treatment of HCC. Compared to traditional hepatectomy in Group B, MR-assisted hepatectomy in Group A yielded a shorter operation time (202.86 ± 46.02 min vs 229.52 ± 57.13 min, P = 0.003), less volume of bleeding (329.29 ± 97.31 mL vs 398.23 ± 159.61 mL, P = 0.028), and shorter obstructive time of the portal vein (17.71 ± 4.16 min vs 21.58 ± 5.24 min, P = 0.019). Group A had lower alanine aminotransferas and higher albumin values on the third day after the operation (119.74 ± 29.08 U/L vs 135.53 ± 36.68 U/L, P = 0.029 and 33.60 ± 3.21 g/L vs 31.80 ± 3.51 g/L, P = 0.014, respectively). The total postoperative complications and hospitalization days in Group A were significantly less than those in Group B [14 (37.84%) vs 35 (60.34%), P = 0.032 and 12.05 ± 4.04 d vs 13.78 ± 4.13 d, P = 0.049, respectively].

CONCLUSION
MR has some application value in three-dimensional visualization of the liver, surgical planning, and intraoperative navigation during hepatectomy, and it significantly improves the perioperative outcomes of hepatectomy for HCC.
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Core Tip: Mixed reality (MR) is a new digital holographic imaging technology that enables real-world and virtual three-dimensional images to be displayed and interacted in the same visual space. MR has some application value in three-dimensional visualization of the liver, surgical planning, and intraoperative navigation during hepatectomy. We performed a retrospective study to evaluate the application value of MR technology in hepatectomy for hepatocellular carcinoma (HCC). MR significantly improved the perioperative outcomes of hepatectomy for HCC compared to hepatectomy with traditional methods, demonstrating the potential value of clinical application.


INTRODUCTION
Primary liver cancer (PLC) is a common malignant tumor of the digestive system worldwide. According to the new data released by GLOBOCAN2020, the annual number of new cases of liver cancer has reached 841000 worldwide, ranking seventh among malignant tumors[1]. Hepatocellular carcinoma (HCC) accounts for a large proportion (85%-90%) of PLCs[2]. Surgery remains the most important treatment for HCC, and radical resection significantly improves the patients prognosis[3]. With the in-depth understanding of the anatomical structure of the liver and the rapid development of surgical techniques, precise hepatectomy and anatomical hepatectomy have been widely performed. Three-dimensional (3D) visualization, indocyanine green fluorescence imaging, intraoperative ultrasound, augmented reality (AR), and virtual reality (VR) have been used to determine the location of the tumor and the boundary of the liver segment, which play important roles in hepatectomy[4-7]. In recent years, with the rapid development of mixed reality (MR) technology, it has been preliminarily applied in hepatectomy for HCC[8].
MR is a new digital holographic imaging technology that enables real-world and virtual 3D images to be displayed in an interactive fashion in the same visual space[9]. Given its unique advantages, MR technology not only changes the situation of separation of traditional two-dimensional (2D) images from surgery but also compensates for the shortcomings of AR and VR technology. Microsoft released its first MR head-mounted display (MR-HMD) in 2016; HoloLens allows surgeons to interact with 3D holograms and manipulate images from their point of view using MR-HMDs[10]. MR technology makes image-guided surgery possible, especially by plastically presenting 3D holograms on or above the surgical site.
MR has been proven to be a practical tool for intraoperative surgical guidance in the operating room[11]. Previous studies have shown that MR has been gradually applied to neurosurgery, orthopedics, and urology, yielding improvements in perioperative outcomes for patients[12-14]. In hepatectomy for patients with HCC, MR also exhibit great potential in preoperative planning and intraoperative navigation, which makes hepatectomy more accurate and personalized[15]. However, to our knowledge, few studies have evaluated the application value of MR in hepatectomy. In this study, 95 patients with HCC who underwent hepatectomy were retrospectively analyzed to evaluate the application value of MR.

MATERIALS AND METHODS
Patients
We retrospectively collected the clinical data of 132 patients who underwent hepatectomy between June 2018 and October 2020 in the Department of Hepatobiliary Surgery of Tianjin First Central Hospital. Patients who underwent resection of additional organs (except for the gallbladder), received immunotherapy or targeted therapy, had Child-Pugh C liver function or indocyanine green 15 min retention > 20%, or distant metastasis were excluded. All patients were confirmed to have HCC by postoperative pathology. Finally, 95 patients were enrolled in the study, including 38 patients who underwent MR-assisted hepatectomy in Group A and 57 patients who underwent hepatectomy with traditional methods in Group B. The general clinical data of the 95 patients are shown in Table 1. This study was approved by the hospital ethics committee, and informed consent was obtained from all the patients.

2D imaging and 3D reconstruction
Computed tomography (CT) images of the two groups were obtained using a 128-slice spiral CT system, including three-phase enhanced images and nonenhanced images. The CT images of 38 patients in Group A were stored in the format of Digital Imaging and Communications in Medicine and imported into MR diagnostic imaging processing software (TM-MIS 1.0, Tuomeng Science and Technology Ltd, Heilongjiang, China) for 3D reconstruction. MR software could depict liver, tumor, blood vessels, and other normal tissues automatically, which were distinguished by different colors. The 3D holograms were generated and optimized by the radiologist and surgeon with reference to the original CT images. Finally, they were uploaded to the web server.

Preoperative planning and surgical process
In Group A, the hologram of each patient was downloaded to the MR-HMD from the web server. After wearing the MR-HMD, the surgeon could observe the liver anatomy and tumor location through the 3D hologram. Virtual surgery was performed on the 3D hologram, and the resection and residual liver volume were calculated in real time to evaluate the feasibility of the proposed surgical strategy. Surgical planning was performed to ensure the complete removal of the tumor while retaining a larger volume of the liver. During hepatectomy, the surgeon and assistant wore MR-HMDs, and the hologram was adjusted to fuse with the patient's liver or located above the surgical visual field to relocate the tumor location and guide the operation. In Group B, 2D CT images of the patient were used for surgical planning, and hepatectomy was performed based on the operator's clinical experience and spatial imagination. All operations were performed by laparotomy. The Pringle maneuver was used for hepatic vascular exclusion during hepatectomy, and abdominal drainage was routinely placed.

Perioperative results
All patients received the same symptomatic treatment strategy before and after the operation. Various perioperative results, including operation time, volume of bleeding, implementation of the Pringle maneuver, obstructive time of the portal vein, laboratory examination at postoperative day 3, postoperative complications within 30 days, and hospitalization days, were collected and compared between the two groups. Postoperative complications included perioperative mortality, hepatic failure, abdominal bleeding, bile leakage, abdominal infection, pleural effusion, pulmonary infection, and wound infection, and these complications were assessed based on the Clavien-Dindo classification system[16].

Statistical analysis
Data were analyzed using SPSS version 25.0 (IBM, United States). All measurement data are expressed as the mean ± SD or percentage. The data of patients before, during, and after surgery were compared by Student’s t test, chi-square test, and Fisher’s exact test to compare data from patients in Groups A and B. P < 0.05 was considered statistically significant.

RESULTS
Clinical characteristics of patients
A total of 95 patients with HCC were included in this study. Patients were divided into Group A (with MR, n = 37) and Group B (without MR, n = 58) based on whether MR technology was used. We collected basic patient information (age, sex, body mass index, and history of abdominal surgery), tumor data (tumor size, tumor number, and tumor location), Child-Pugh classification, liver cirrhosis, hepatitis B virus infection, and preoperative laboratory data (alpha fetoprotein, albumin, total bilirubin, prothrombin time, alanine aminotransferas, aspartate aminotransferase). All the data are summarized in Table 1. No statistically significant differences in the baseline characteristics were noted between the two groups.

The process of MR-assisted hepatectomy
To describe the process of MR-assisted hepatectomy in more detail, we presented a typical case in Group A. The 3D hologram was reconstructed from the preoperative CT image of the patient and downloaded to the MR-HMD (Figure 1), which could be brought into the operating room. Surgical planning was performed and evaluated before the operation, and it was reconfirmed in the operating room. The 3D hologram was placed above the surgical field or fused with the patient's liver to determine the location of the tumor and important blood vessels, which is of great help to guide the operation (Figure 2).

Intraoperative results
The intraoperative results of the two groups of patients are shown in Table 2. The operation time of Group A patients, who underwent MR-assisted hepatectomy, was significantly shorter than that of Group B (202.86 ± 46.02 min vs 229.52 ± 57.13 min, P = 0.003). Furthermore, patients in Group A had a lower intraoperative volume of bleeding than those in Group B (329.29 ± 97.31 mL vs 398.23 ± 159.61 mL, P = 0.028). Although there was no significant difference in the intraoperative Pringle maneuver between the two groups (P = 0.148), the obstructive time of the portal vein of Group A was shorter than that of Group B (17.71 ± 4.16 min vs 21.58 ± 5.24 min, P = 0.019).

Postoperative results
The postoperative laboratory results, postoperative complications, and hospitalization days of the two groups were collected and are shown in Table 3. Group A exhibited both lower alanine aminotransferas (ALT) and albumin (ALB) levels on the third day after the operation (119.74 ± 29.08 U/L vs 135.53 ± 36.68 U/L, P = 0.029 and 33.60 ± 3.21 g/L vs 31.80 ± 3.51 g/L, P = 0.014, respectively), but no significant differences in aspartate aminotransferase and TB were noted between the two groups (P = 0.343 and P = 0.557, respectively). The total postoperative complications within 30 d and hospitalization days in Group A were significantly lower than those in Group B [14 (37.84%) vs 35 (60.34%), P = 0.032 and 12.05 ± 4.04 d vs 13.78 ± 4.13 d, P = 0.049, respectively].

DISCUSSION
Hepatectomy for liver cancer is still a high-risk operation with numerous postoperative complications, high mortality, and high risk for postoperative recurrence[17]. With the development of MR, it has been gradually applied to hepatectomy. We have established a complete technical process of MR-assisted hepatectomy in our center. To the best of our knowledge, this is the first study to explore the application value of MR in hepatectomy for HCC. The results suggested that MR-assisted hepatectomy yielded better perioperative outcomes than traditional hepatectomy.
Traditional hepatectomy mainly depends on the subjective “3D reconstruction” of CT, MRI, and other 2D images by surgeons, which requires extensive experience and long-term surgical practice. The development of 3D reconstruction technology makes the anatomy of the liver clearer, which in turn makes hepatectomy more efficient and safer[4,18]. MR allows 3D holograms to be downloaded to the MR-HMD, whereas traditional 3D reconstruction images are limited to flat screens. Furthermore, the spatial understanding of patient-specific liver anatomy is improved by MR[19]. Before the operation, surgeons could manipulate the 3D holograms to observe the anatomy of the liver and tumor location. The resection plane of the surgical plan was determined more accurately to retain sufficient residual liver volume and improve the safety of the operation[20]. On the other hand, 3D holograms could be used for virtual hepatectomy. Mise et al[21] reviewed and analyzed 1194 cases of hepatectomy for liver cancer and living donor liver transplantation and found that virtual hepatectomy with 3D reconstruction improved the vein reconstruction rate of transplantation and reduced the operation time, and the 5-year disease-free survival rate of patients with virtual hepatectomy was higher[21].
In the present study, MR-assisted hepatectomy significantly reduced the operation time and obstructive time of the portal vein, although it may take 10 min or more to adjust the hologram for intraoperative navigation. This advantage was probably the result of a better understanding of the tumor location and hepatic vascular anatomy through 3D holograms. In addition, the operative approach and resection plane were clearer with the help of intraoperative navigation by fusing the 3D hologram with the liver. In addition, this was also one of the main reasons for reducing the volume of bleeding. Moreover, the recovery of ALT and ALB in patients with MR-assisted hepatectomy was faster, indicating better recovery of liver function. It has been suggested that a shorter operation time and shorter obstructive time of the portal vein could promote the recovery of liver function after the operation[22]. The operation time and volume of bleeding during the operation have an important influence on the incidence of postoperative complications. In our study, we found that there were fewer postoperative complications within 30 d in the MR-assisted hepatectomy group compared with the traditional hepatectomy group. This procedure also shortened the hospital stays of the patients undergoing MR-assisted hepatectomy.
In summary, MR-assisted hepatectomy significantly improved the perioperative outcomes of patients with HCC. MR technology gives surgeons a pair of “perspective eyes” to penetrate the liver, especially during the preoperative “last minute” and intraoperative navigation during hepatectomy[23]. Some studies have found that the “last minute” simulation before liver surgery can relieve the pressure on surgeons and help them operate more safely and accurately[15]. MR may also have certain application potential for laparoscopic and robotic hepatectomy, and it will be explored in the future. On the other hand, according to our center's experience in MR-assisted hepatectomy, MR technology has a great advantage in the localization of small liver cancers, and we will explore this advantage in the next step of studies.
In the teaching of surgery, MR technology significantly improves the surgeon’s perception of the liver and provides a more realistic 3D virtual learning environment for junior surgeons[24]. After wearing the MR-HMD, surgeons can share computer-generated 3D holograms of the liver and observe the anatomical structure from all angles. Given that the real environment is not necessary, some studies have noted that VR may be better than MR for teaching[25]. However, the emergence of MR-HMD may change this concept. The virtual hepatectomy software developed by Uchida et al[26] simulates various types of anatomical hepatectomy, and its virtual hepatectomy process increases the interactive experience of surgery[26]. Similarly, MR technology can also achieve virtual hepatectomy by using 3D holograms. In summary, virtual MR teaching is of great significance in promoting the progress of liver surgeons. On the other hand, patients could understand the operation plan more intuitively through MR, which is beneficial to the communication between doctors and patients.
However, this study has some limitations. First, this was a single-center retrospective study, and more cases from multiple centers are needed to further evaluate the value of MR. Second, the choice of MR-assisted hepatectomy was mixed with factors, such as the surgeon's preference and patient's financial status, rather than by defined indication. Third, it was still challenging to fuse 3D holograms directly into the liver due to the morphological changes of the liver caused by dissociating the liver, surgical operation, and respiratory movements of patients.

CONCLUSION
MR has some application value in 3D visualization of the liver, surgical planning, and intraoperative navigation during hepatectomy, and it significantly improves the perioperative outcomes of hepatectomy for HCC.

ARTICLE HIGHLIGHTS
Research background
As a new digital holographic imaging technology, mixed reality (MR) it has been preliminarily applied in hepatectomy for hepatocellular carcinoma (HCC). In this study, 95 patients with HCC who underwent hepatectomy were retrospectively analyzed to evaluate the application value of MR.

Research motivation
MR has been gradually applied to neurosurgery, orthopedics, and urology with an improvement in perioperative outcomes. MR may also have great potential in hepatectomy by preoperative planning and intraoperative navigation.

Research objectives
The aim of this study was to explore the application value of MR technology in hepatectomy for HCC.

Research methods
Total 95 patients with HCC were enrolled in the study, including 38 patients who underwent MR-assisted hepatectomy in Group A and 57 patients who underwent hepatectomy with traditional methods in Group B. Perioperative variables of the two groups of patients were collected and compared.

Research results
MR-assisted hepatectomy could significantly reduce the operation time, obstructive time of the portal vein, and the volume of bleeding. And the recovery of alanine aminotransferas and albumin in patients with MR-assisted hepatectomy was faster. 

Research conclusions
MR significantly improved the perioperative outcomes of hepatectomy for HCC.

Research perspectives
MR may also have a certain application potential for laparoscopic and robotic hepatectomy, and it will be explored in future.
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Figure Legends
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Figure 1 Two-dimensional imaging and three-dimensional reconstruction. A-C: Two-dimensional imaging (2D) abdominal enhanced computed tomography images of a patient with hepatocellular carcinoma; D: Three-dimensional (3D) hologram reconstructed by mixed reality software.
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Figure 2 Mixed reality-assisted hepatectomy guided by three-dimensional holograms. A: Three-dimensional (3D) holograms were observed with the mixed reality head-mounted display in the operating room; B: The surgeon observed the tumor location and vascular anatomy with a 3D hologram and determined the surgical planning again; C: 3D hologram was placed above the surgical field; D: 3D holograms were fused with the patient's liver.

Table 1 The clinical characteristic of 95 patients
	Characteristic
	Patient (n = 95)
	P value

	
	Group A (n = 37)
	Group B (n = 58)
	

	Age (yr), n (%)
	57.62 ± 9.16
	60.22 ± 9.19
	0.819

	Sex (female/male), n (%)
	13/24
	15/43
	0.334

	BMI
	23.91 ± 3.66
	23.82 ± 3.42
	0.471

	History of abdominal surgery (yes/no), n (%)
	9/28
	11/47
	0.532

	Tumor size (cm)
	5.52 ± 1.95
	5.20 ± 1.88
	0.428

	Tumor number, n (%)
	
	
	0.948

	1
	24 (64.86)
	38 (65.52)
	

	≥ 2
	13 (35.14)
	20 (34.48)
	

	Tumor location, n (%)
	
	
	0.637

	Right lobe
	17 (45.95)
	23 (39.66)
	

	Left lobe
	14 (37.84)
	21 (36.21)
	

	Bilateral lobes
	6 (16.22)
	14 (24.14)
	

	Liver cirrhosis (yes/no), n (%)
	31/6
	51/7
	0.566

	HBV infection (yes/no), n (%)
	29/8
	44/14
	0.777

	AFP, n (%)
	
	
	0.532

	< 400 (ng/mL)
	28 (75.68)
	47 (81.03)
	

	≥ 400 (ng/mL)
	9 (24.32)
	11 (18.97)
	

	Liver function, n (%)
	
	
	1.000

	Child-Pugh A
	34 (91.89)
	54 (93.10)
	

	Child-Pugh B
	3 (8.11)
	4 (6.90)
	

	Preoperative lab examination
	
	
	

	ALB (g/L)
	41.38 ± 5.75
	40.89 ± 5.30
	0.675

	TBIL (μmol/L)
	12.75 ± 3.57
	13.88 ± 4.87
	0.198

	PT (s)
	12.39 ± 1.27
	12.18 ± 1.19
	0.424

	ALT (U/L)
	27.87 ± 9.69
	29.58 ± 12.12
	0.469

	AST (U/L)
	30.56 ± 10.25
	33.42 ± 11.72
	0.229


[bookmark: _Hlk88770700][bookmark: _Hlk88770721]BMI: Body mass index; HBV: Hepatitis B virus; AFP: Alpha fetoprotein; ALB: Albumin; TBIL: Total bilirubin; PT: Prothrombin time; ALT: Alanine aminotransferas; AST: Aspartate aminotransferase.


Table 2 Surgical characteristics and surgical outcomes
	Variable
	Group A (n = 37)
	Group B (n = 58)
	P value

	Surgical procedure, n (%)
	
	
	

	Extended left hepatectomy1
	4 (10.81)
	7 (12.07)
	1.000

	Extended right hepatectomy2
	2 (5.41)
	5 (8.62)
	0.855

	Left hepatectomy
	8 (21.62)
	12 (20.69)
	0.913

	Right hepatectomy
	5 (13.51)
	8 (13.79)
	0.969

	Sectionectomy
	8 (21.62)
	9 (15.52)
	0.449

	Segmentectomy
	7 (18.92)
	8 (13.79)
	0.505

	Partial resection
	3 (8.11)
	9 (15.52)
	0.457

	Operative time (min)
	202.86 ± 46.02
	229.52 ± 57.13
	0.003

	Volume of bleeding (mL)
	329.29 ± 97.31
	398.23 ± 159.61
	0.010

	Pringle maneuver (yes/no), n (%)
	14/23
	31/27
	0.148

	Obstructive time of portal vein (min)
	17.71 ± 4.16
	21.58 ± 5.24
	0.019


1Includes left trisectionectomy. 
2Includes right trisectionectomy.

Table 3 Postoperative results
	Variable
	Group A (n = 37)
	Group B (n = 58)
	P value

	ALT at postoperative day 3 (U/L)
	119.74 ± 29.08
	135.53 ± 36.68
	0.029

	AST at postoperative day 3 (U/L)
	106.20 ± 20.99
	110.91 ± 24.99
	0.343

	ALB at postoperative day 3 (g/L)
	33.60 ± 3.21
	31.80 ± 3.51
	0.014

	TB at postoperative day 3 (μmol/L)
	43.07 ± 8.60
	44.33 ± 11.04
	0.557

	Perioperative complications, n (%)
	
	
	

	Perioperative mortality
	0 (0)
	1 (1.72)
	1.000 

	Hepatic failure
	0 (0)
	2 (3.45)
	0.519 

	Abdominal bleeding
	1 (2.70)
	2 (3.45)
	1.000 

	Bile leakage
	0 (0)
	2 (3.45)
	0.519 

	Abdominal infection
	1 (2.70)
	3 (5.17)
	0.952 

	Pleural effusion
	2 (5.41)
	6 (10.34)
	0.641 

	Pulmonary infection
	1 (2.70)
	3 (5.17)
	0.952 

	Wound infection
	2 (5.41)
	4 (6.90)
	1.000 

	Total complications
	7 (18.92)
	23 (39.66)
	0.034 

	CDC, n (%)
	
	
	0.339 

	0-2
	35 (94.59)
	50 (86.21)
	

	≥ 3
	2 (5.41)
	8 (13.79)
	

	[bookmark: _Hlk81251292]Hospitalization days (d)
	12.05 ± 4.04
	13.78 ± 4.13
	0.049


ALT: Alanine aminotransferas; AST: Aspartate aminotransferase; ALB: Albumin; TB: Total bilirubin; CDC: Clavien-Dindo classification.
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