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Background & Objective

Perineural invasion is an important biological feature of hilar cholangiocarcinoma (HCCA). We developed a whole-mount histologic large sections (WHLS) of the liver to evaluate peripheral nerve invasion (PNI) of HCCA.



Methods

Using sampling, fixation, dehydration, embedding, sectioning, hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining, and scanning, the characteristics of intrahepatic and extrahepatic PNI in 20 patients with Bismuth type III and type IV HCCA were analyzed with WHLS. Correlation between the characteristics of nerve invasion and tumor size, vascular invasion (artery, portal vein), degree of differentiation, microvascular invasion (MVI), carbohydrate antigen19-9 (CA19-9), and differentiation degree of HCCA was statistically evaluated.



Results

The WHLS of the liver was successfully established, which enabled us to observe intrahepatic and extrahepatic distribution of HCCA and whether surrounding tissues including nervous, blood, and lymph vessels were infiltrated. Extrahepatic and intrahepatic PNI were identified in 20 (100%) patients and 1 (5.0%) patient, respectively. Vessel density decreased in most invaded nerves presented by CD-34, which correlated with 100% of poorly differentiated and 83% of moderately differentiated tumors (P<0.008).



Conclusion

This study established a WHLS of the liver that can be used for clinical diagnosis and research, and confirmed that extrahepatic PNI is prevalent, but intrahepatic nerve invasion is rare and does not accompany the invasion scope of bile ducts in types III and IV HCCA. In addition, moderately and poorly differentiated malignant tumors are more prone to PNI, independent of blood supply.
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1 Introduction

Hilar cholangiocarcinoma (HCCA) is the most common type of cholangiocarcinoma, and is characterized by high morbidity, high mortality rates, and poor prognosis (1–5). According to previous studies, the proportion of peripheral nerve invasion (PNI) in HCCA is around 38.8%-84.5% (6–10), and the overall survival rate of patients with PNI is significantly shorter than of those without PNI (11–13). In types III and IV HCCA, the invasion scope in the perihilar region is significantly larger than that of types I and II, and the tumor invades further along the intrahepatic bile duct. However, whether there is a difference between intrahepatic and extrahepatic PNI has not been clearly determined. Owing to limitations of the study area and due to tissue discontinuity, traditional pathological methods have not been able to provide solutions to this problem (14–16). Therefore, a whole-mount histologic large sections (WHLS) technology for hepatectomy specimens larger than 10 cm × 10 cm is urgently needed to panoramically analyze the characteristics of nerve invasion in HCCA.

WHLS technology was first introduced in 1994 for the diagnosis and staging of breast, prostate, endometrial, and lung cancers as well as brain tumors (15, 17–19). However, no systematic studies on hepatic WHLS larger than 5cm have been reported.

We have developed a WHLS system that includes dehydration, tissue embedding, sectioning, hematoxylin and eosin (H&E), immunohistochemical (IHC) staining and digital scanning for hepatectomy specimens larger than 10 × 10cm. Through this system, we can observe the characteristics of intrahepatic and extrahepatic PNI in Bismuth III and IV types of HCCA. Besides, WHLS can display the entire tumor, its surrounding tissues, the intrahepatic lesions, the incision margin, and the surrounding microenvironment.6



2 Materials and Methods

Twenty patients were diagnosed with Bismuth types III and IV HCCA and underwent hemihepatectomy or trisegmenthepatectomy from July 2018 to February 2021. The preparation and staining methods of WHLS were as follows. IHC staining of S100, CD-34, and D2-40 was performed to visualize the nerve, lymph vessels, and blood vessels. Clinical and pathological information including tumor size, vascular invasion, degree of differentiation, microvascular invasion (MVI), and carbohydrate antigen19-9 (CA19-9) were recorded and analyzed. We used the broad definition of PNI as tumor cell invasion in, around, and through the nerves (5).


2.1 Establishment of Hepatic WHLS


2.1.1 Equipment and Apparatus Used to Prepare WHLS

The customized glass slide dimensions were 127 mm × 102 mm × 1.1 mm and the customized cover glass dimensions were 120 mm × 100 mm × 0.13 mm. The study area of WHLS was approximately 60 times larger than that of traditional pathological sections. Other equipment included a Leica ASP300S tissue processor (Leica Microsystems, Wetzlar, Germany), a Sakura IVS-410 microtome (Sakura Finetek Japan Co. Ltd., Tokyo, Japan), and a Sakura Tissue-Tek TEC5 embedding machine (Sakura Finetek Japan Co. Ltd.).



2.1.2 First and Second Fixation Stages

In the first fixation stage, the resected liver specimens were dissected and photographed. Ten percent (v/v) neutral formalin fixation solution was injected into the liver specimens including the hepatic arteries, portal veins, and bile duct systems to ensure complete tissue fixation. In the second fixation stage, the specimens were immersed in 10-fold volumes of 10% (v/v) formalin for 24 h.



2.1.3 Tissue Sampling of WHLS

Specimens were taken along a plane parallel to the axial abdominal enhanced CT (Supplement Figure 1A). Continuous cross-sections, 8–10 mm in thickness, were sampled. The starting sites from the distal end of the tumor until the intrahepatic tumor disappeared.



2.1.4 Third Fixation Stage

HCCA cross-sections, 8–10 mm in thickness, were sampled for the second time. To ensure the smoothness of the specimens, the thickness of each section was controlled within 4–5 mm using the embedding frame as a guide (Supplement Figure 1B). The modified tissue was placed in a tenfold volume of 10% (v/v) neutral formalin, re-fixed for several days.



2.1.5 Dehydration

This procedure is a critical step in WHLS preparation. Here, a suitable dehydration procedure was established after several preliminary experiments. The sections were placed in a Leica ASP300S dehydrator (Leica Microsystems) under normal pressure. The dehydration procedure is shown in Supplement Table 1.



2.1.6 Tissue Embedding and Paraffin Impregnation

For WHLS, a glass culture dish approximately 30 cm in diameter, was used for paraffin impregnation and embedding (Supplement Figure 1C). Dental forceps were then used to adjust and press the tissue and ensure that it was neither curled nor deformed. Supplement Figure 1D shows the properly prepared paraffin-embedded tissues.



2.1.7 Tissue Sectioning

The Sakura IVS-410 microtome and Sakura disposable 18-cm custom blade were used for slicing. Serial sections were obtained at a distance of 2 mm from the beginning of the common hepatic duct tumor until the proximal liver tumor disappeared along a plane parallel to the axial abdominal enhanced CT. The temperature of the Leica spreading sink (Leica Microsystems) was set to 39°C while the temperature of the Leica baking table (Leica Microsystems) was set to 75°C. High-flow humidification was critical during sectioning.



2.1.8 H&E Staining

The steps of H&E staining are listed in Supplement Table 2.



2.1.9 IHC Staining

After deparaffinization and antigen retrieval, all sections were incubated with primary anti-S-100 antibody, anti-CD34 antibody, and anti-D2-40 antibody (Abcam, USA) overnight at room temperature. After washing with PBS-T, all sections were incubated with secondary antibody (Abcam, USA) for 60 min at room temperature. Finally, xylene was used for transparency, and neutral gum was used to seal the tablets.



2.1.10 Digital Scanning and Interpretation of WHLS Features

Tissue sections were digitally scanned with the Olympus VS200 panoramic digital scanner (Olympus Corp., Tokyo, Japan). Characteristics of the scanned WHLS were interpreted with Olyvia software (Olympus Corp.). This program freely expanded and contracted WHLS at a maximum magnification ≥ 400×. All features of the HCCA were interpreted by three senior members of the Department of Pathology. In case there was a lack of consensus among the three pathologists, a fourth was consulted to interpret the features.




2.2 Statistical Analysis

Results are expressed as means ± standard deviation. Statistical analyses were carried out using the chi square test t-test, and Mann–Whitney U test by SPSS v25.0. A p value of less than 0.05 was considered statistically significant.




3 Results

The clinicopathological characteristics of the 20 cases are shown in Table 1. According to the Bismuth-Corlette classification, 12 patients were type III (60%) and 8 patients were type IV (40%). Pathological analysis shows that there were 11 infiltrating (55%), 3 nodular (15%), and 6 sclerotic (30%) types. A total of 15 (75%) patients underwent hemihepatectomy and 5 (25%) patients underwent trisegment hepatectomy.


Table 1 | Demographic and preoperative data.




3.1 Display of WHLS in HCCA

The WHLS of HCCA in Figures 1A, B included the caudate lobe and the hilum. Moreover, adipose, nerve tissue, vessels, and lymph nodes in the hepatic hilar region could also be observed.




Figure 1 | (A, B) Hematoxylin and eosin (H&E) of whole-mount histologic large sections (WHLS) in Hilar cholangiocarcinoma (HCCA). Scale bar, 5 mm.





3.2 Display of the Caudate Lobe and Hilum in HCCA

The caudate lobe region and hilar region shown in Figure 1A were enlarged to obtain Figures 2A–F. The arrangements of the hepatocytes, Glisson system, and other features of the tissues in the caudate lobe and hilum were clearly visible. Furthermore, the cancerous bile duct and changes in the surrounding environment could be comprehensively mapped.




Figure 2 | View of the caudate lobe by WHLS in HCCA. (A) Large portal areas visible within caudate lobes. Scale bar, 5 mm. (B) Tissues in the hilar region including portal vein (blue arrow), bile duct (yellow arrow), adipose tissue(grey arrow). Scale bar, 5 mm. (C) Arterioles (red arrow), portal vein (blue arrow), and bile ducts (yellow arrow) in caudate lobular portal area. Scale bar, 500um. (D) Cancerous bile duct. Scale bar, 500 µm. (E) Bile ducts in caudate lobular portal area. Scale bar, 50 µm. (F) Adenocarcinoma in cancerous bile duct. Scale bar, 50 µm.





3.3 Display of Hepatic Margin and Peripheral Portal Area

Figure 3A is an enlargement of the local incision margin shown in Figure 1A and clearly demonstrates hepatocyte morphology and hepatocyte cord structure. Figure 3B is an enlargement of the distal peripheral portal area and clearly demonstrates the morphological characteristics of the bile ducts and their relationship with neighboring tissues. Figure 3C shows the internal hepatic parenchyma and the central vein and the surrounding hepatocytes are clearly visible.




Figure 3 | View of the liver incision margin, distal peripheral portal area, and internal hepatic parenchyma of WHLS in HCCA. (A) Local liver incision margin. Scale bar, 50 µm. (B) Distal peripheral portal area. Scale bar, 50 µm. (C) Internal hepatic parenchyma. Scale bar, 50 µm.





3.4 Display of Intrahepatic and Extrahepatic Nerves, Blood Vessels, and Lymph Vessels

Through S-100, CD-34, and D2-40 IHC staining, combined with HE staining results, the distribution of intrahepatic and extrahepatic nerves, vessels, and lymph-vessels was clearly displayed (Figures 4A–D).




Figure 4 | Immunohistochemical (IHC) staining of WHLS in HCCA. (A) IHC staining. Scale bar, 5 mm. (B) S-100 staining demonstrates nerve distribution in the liver. The red arrows show nerve tissue. Scale bar, 50 µm. (C) CD34 staining demonstrates vascular distribution in the liver. The red arrows show blood vessels. Scale bar, 100 µm. (D) D2-40 staining demonstrates lymphatic distribution in the liver. The red arrows show lymphatic vessels. Scale bar, 50 µm.





3.5 Characteristics and Risk Factors of PNI

After H&E and IHC staining, the intrahepatic and extrahepatic nerves and vessels of excised liver specimens were clearly displayed. Among the 20 patients, the rate of PNI was 100%. For the 20 treated cases, extrahepatic and intrahepatic PNI were identified in 20 (100%) patients and 1 (5.0%) patient, respectively (Figures 5A, B and Table 2). The pathological type in the patients with intrahepatic PNI was infiltrating (Bismuth IIIB). When the nerve was invaded by tumors, vessel density decreased in 16 patients (80%) and showed no change in 4 patients (20%) as shown by CD34 IHC staining (Figures 5C, D). The decreased vessel density in PNI was highly statistically correlated with the degree of tumor differentiation, which occurred in 100% of poorly differentiated and 83% of moderately differentiated tumors (P<0.008, Table 3). Moreover, our study confirmed that vessel density decrease in PNI was not statistically associated with tumor size, Bismuth type, vascular invasion (including hepatic artery and portal vein), CA-199, MVI, or Ki-67.




Figure 5 | Characteristics of PNI. (A, B) H&E staining demonstrates nerve invasion (red arrows), including both perineural invasion (A, B) and intraneural invasion (A). Scale bar, 200 µm. (C) Distribution of blood supply to normal nerves (S-100 staining). Scale bar, 200 µm. (D) Blood supply distribution of PNI (S-100 staining); the red arrow shows tumor invasion of the nerve, and the purple arrow shows decreased blood supply to the nerve. Scale bar, 200 µm.




Table 2 | Characteristics of PNI.




Table 3 | Risk factors of PNI.






4 Discussion

In this study, we developed a WHLS that clarified the incidence of PNI in types III and IV HCCA, and the characteristics of the blood supply of the PNI inside the liver were further clarified. Moreover, the panoramic digital pathology system provided a relatively more complete qualitative diagnosis after exploring the scope of invasion and the biological behavior of the tumor.


4.1 Establishment of WHLS

A three-stage tissue fixation scheme was adopted in this study. The first involved perfusion fixation. The perfusion liquid penetrated as far as possible into the liver parenchyma and prevented the sloughing of the intrahepatic duct epithelium. The second stage aimed to increased specimen hardness and enabled the application of the third fixation stage. In the third stage, specimens were further processed into thin lamellae, approximately 4-5 mm thick, facilitating an even more profound fixation of the liver parenchyma to prevent autolysis.

To the best of our knowledge, no prior studies have reported on the systemic dehydration of liver tissue specimens > 10 cm in size (14, 17, 19). Dehydration for large liver tissue pathological investigations should endeavor to prevent wrinkling, maintain tissue hardness, and facilitate sectioning. In this study, we developed a series of dehydration procedures suitable for whole-mount liver that fully dehydrated the tissue samples and minimized shrinkage. Prolonged tissue dehydration at low alcohol concentrations (70%) effectively increases dehydration efficiency within the liver parenchyma. The amount of time in which tissues are soaked in high alcohol concentrations is minimized. In this way, tissue shrinkage is avoided, and the tissue surface remains smooth.

In this study, we performed H&E staining and IHC staining manually after optimizing it through repeated preliminary tests. Supplement Table 2 shows that the H&E staining time for large sections was approximately 84-86 min. Adenocarcinoma, the surrounding liver tissue, and its nuclear morphology were clearly visible in the pathological liver sections stained by this technique. In addition, the morphology of all accessory arteries, blood vessels, and lymphatic and nerve tissues could be plainly seen.



4.2 PNI Characteristics

Previous studies have reported that there are great differences in the probability of nerve invasion in HCCA (6, 12, 20–22). Moreover, the characteristics of nerve invasion and whether it is accompanied by intrahepatic bile duct invasion in types III and IV of HCCA are not clear. Our study established a WHLS of the liver to show that the rate of PNI was prevalent (100%) in Bismuth types III and IV HCCA. This may indicate that, compared with types I and II HCCA, the biological behavior of extrahepatic PNI in types III and IV HCCA was increased owing to the large infiltration range in the perihilar region. We have further confirmed the pattern of the PNI using WHLS, suggesting that PNI was more common in the extrahepatic (100%) than in the intrahepatic (5.0%) area. This result confirmed that PNI in types III and IV HCCA was not accompanied by intrahepatic bile duct invasion. A previous study demonstrated that when tumor cells invade nerve fibers, the number of blood vessels in the peripheral tissues increase (5, 23, 24). By using WHLS, our study revealed that the blood supply was rich and well distributed in normal nerves. However, there was a decrease in the density of vessels in PNI in most cases of III and IV HCCA, indicating that these two types of HCCA may not rely on blood supply for invading nerves. We also found that this biological behavior was more common in tumors with low (100%) and moderate (83%) differentiation (P<0.008). These results suggest that the moderately and poorly differentiated malignant tumors are more prone to PNI independent of blood supply.

In conclusion, this study established a WHLS of the liver that can be used for clinical diagnosis and research, and confirmed that extrahepatic PNI is prevalent in types III and IV HCCA, but intrahepatic PNI is rare and does not accompany the invasion scope of the bile duct. The decrease in vessel density in PNI was closely related to tumor differentiation. The more undifferentiated the HCCA, the more likely will be the biological behavior of PNI independent of blood supply to appear.
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