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Hepatocellular carcinoma (HCC) is notorious for its high likelihood of recurrence even after radical 
surgery, which calls for effective adjuvant therapy based on more precise patient selection. The decline 
of the abundance of binuclear hepatocytes (ABH) in paracancerous liver tissues has been reported 
to indicate pathological changes in liver cells, leading to short-term recurrence within 2 years. In 
this research, we analyzed 34 HCC patients and 22 patients underwent liver surgery for non-HCC 
diseases. An ImageJ script was used to assess binuclear hepatocytes in the HE-staining specimens 
of paracancerous liver tissues. ABH significantly decreased in HCC patients and indicated poorer 
outcomes. Immunohistochemistry (IHC) assays suggested ploidy-related regulation of arginase 
1 (ARG1) expression. Our findings suggested computer-assisted assessment of ABH as a possible 
biomarker for short-term HCC recurrence.

Hepatocellular carcinoma (HCC) is the world’s fourth leading cause of tumor-related death, accounting for 90% 
of primary liver cancers1,2. Although the developments in targeted and immunotherapy have shed new light on 
the treatment strategy for HCC, the overall survival of HCC patients remained dismal. The medium recurrence-
free survival (RFS) of HCC patients after surgery is only 22 months3. Even for patients with relatively early stages 
of disease eligible for radical surgery, 20% of them still experience tumor relapse within 2 years3. Short-term 
recurrence has been described to correlate with multiple genetic alterations4,5, and is related to poorer treatment 
outcomes and worse characteristics of the tumor6–8. Adjuvant therapy after surgery can help to reduce the 
recurrence rate and control disease progression, but currently, there’s no standard criteria for patient selection. 
New prognostic factors may help in clinical decision-making by improving patient stratification.

Remaining microsatellitosis is a major cause of tumor relapse within 2 years9. The well-known ‘Seed and 
Soil’ theory of tumor progression emphasizes the change in the microenvironment in tumor metastasis and 
relapse. According to it, the microenvironment in paracancerous tissue experiences fundamental changes during 
tumor invasion, modifying them into suitable ‘soil’ in order to support the tumor ‘seeds’10. In the case of HCC, 
although there’s already much research discussing the relationship between tumor characteristics, satellitosis, 
and recurrent risk, few attempts were made to investigate the role of ‘soil’ in satellite lesions formation and tumor 
relapse.

The normal tissue of the liver is most characterized by its programmed polyploidization. The majority of 
human somatic cells are diploid cells with two sets of chromosomes (2n), while 20%~50% of hepatocytes are 
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polyploid cells, with 70% of them being binuclear tetraploid cells (2 × 2n)11–13. The accumulation of polyploid 
hepatocytes is mainly caused by frequent cytokinesis failure during mitosis14. Some researchers have pointed 
out that the additional chromosomes in polyploid hepatocytes serve as a protective mechanism against 
carcinogenesis by preventing loss of heterozygosity (LOH)15. This hypothesis is supported by the findings that 
E2F7−/−E2F8−/− mice with predominantly 2n hepatocytes showed a higher risk of HCC after diethyl nitrosamine 
(DEN) challenge, while PIDDosome defective polyploidization model mice experienced less tumor burden after 
DEN challenge15–17.

In pathological conditions, the polyploid hepatocytes can produce offspring with reduced ploidy through 
multipolar mitosis18. Although ploidy reversal of hepatocytes is important in tissue repair and regeneration, 
chronic liver injuries such as viral infection and cirrhosis can lead to atypical regulation of ploidy in hepatocytes, 
resulting in the reduction of binuclear hepatocytes12,19. We have recently reported that the abundance of 
binuclear hepatocytes (ABH) in paracancerous tissue is a promising prognostic biomarker for HCC short-term 
recurrence after radical surgery20.

Compared with flow cytometry or single-cell DNA sequencing (scDNA-seq), ABH is a more publicizable 
indicator for ploidy changes in liver tissues since it can be assessed with regular hematoxylin-eosin (HE) 
stained samples used in pathology diagnostic procedures. However, manually counting binuclear hepatocytes 
is labor-intensive and difficult to reproduce, limiting its use in clinical settings. Previously, Desdouets et al. 
applied ImageJ, an image analysis software, to assess the ploidy of hepatocytes by measuring the fluorescent area 
in Hoechst-stained hepatocytes21. In this article, we developed a computer-assisted assessment procedure for 
assessing ABH in HE-stained samples and tested its efficiency in predicting the short-term recurrence of HCC.

Results
The clinicopathological features of patients
Table 1 shows the clinicopathological features of the 73 patients enrolled in this study. Features such as age, 
gender, HBV and HCV infection, cirrhosis, maximum tumor diameter and the number of tumors, portal 
thrombosis, microvascular invasion (MVI), neotherapy, protein induced by vitamin K absence-II (PIVKA-II) 
level, and BCLC staging were comparable between the recurred and not recurred groups.

HCC Non-HCC

Recurred Not recurred Malignancy Begin

Age 61.17 ± 13.16 59.37 ± 10.26 60.8 ± 12.73 47.8 ± 15.22

Sex Male 18 23 9 2

Female 5 7 6 3

HBV + 17 17 1 1

− 6 13 14 4

HCV + 0 3 1 0

− 23 27 14 5

Cirrhosis + 18 20 3 1

− 5 10 12 4

Number Singular 14 24 12

Multiple 9 6 3

Diameter ≥ 5 cm 10 7 5

<5 cm 13 23 10

Portal thrombosis + 4 0 1

− 19 30 14

MVI + 6 5 3

− 17 25 12

Neotherapy + 5 4 4

− 18 26 11

Adjuvant therapy + 13 11 10

− 10 19 5

AFP + 20 20

− 3 10

PIVKA-II + 19 16

− 4 14

BCLC 0 1 8

A 11 17

B 7 5

C 4 0

Table 1.  Clinicopathological features of 56 patients.
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ImageJ-assisted assessment of ABH showed consistent results with pABH
ABH was defined as the proportion of binuclear hepatocytes in total hepatocytes (Fig. 1), as previously described20. 
As shown in Fig. 2A–C, the exact number of total hepatocytes and binuclear hepatocytes and the calculated 
number of ABH were individually compared between pathologists-counted results and ImageJ-generated 
results. Computer-generated value of ABH (cABH) showed almost identical results when correlated with the 
pathologists counted value of ABH (pABH), with the slope of 0.8759 ± 0.04122, intercept at 0.5164 ± 0.2647, and 
R2 = 0.8641.

We chose ABH < 4% as the threshold for reduced ABH based on pABH. cABH yielded similar results in 
identifying patients with reduced ABH in univariable logistic regression (OR = 46.67, 95%CI = 12.55–238.6, 
AUC = 86.05%, p < 0.0001) (Fig.  2D). A typical comparison between manually and ImageJ-labeled binuclear 
hepatocytes showed similar results (Fig. 2E). These results supported the reliability of our script.

ABH is reduced in HCC and slightly reduced in other liver cancer
When comparing between ABH from patients with benign, HCC and other liver malignancies, ABH values were 
significantly different among groups (Fig. 3A,G). ABH from HCC patients is lowest in all three groups (pABH: 
4.348 ± 2.736, cABH: 4.224 ± 2.409). Interestingly, although ABH from patients with liver cancer other than HCC 
(pABH: 6.793 ± 3.403, cABH: 6.513 ± 3.488) is higher than those from patients with HCC, it is still significantly 
lower than that of benign diseases (pABH: 11.49 ± 4.504, cABH: 11.5 ± 3.777). Our findings showed that ABH is 
reduced in various types of malignancies, with HCC outstanding from others in reduction rate.

ABH is lower in HCC patients with short-term recurrence
Student’s t-test showed that ABH in HCC patients experienced short-term recurrence within 2 years after 
surgery is significantly reduced compared with other HCC patients (Fig. 3B, H). While the average ABH from 

Fig. 1.  Procedure of computer-assisted identification of binuclear hepatocytes. (A) An example of the original 
footage before ImageJ processing. The white balance was deliberately tweaked for better contrast between 
nuclear and cytoplasm. (B) The original picture was gray-scaled and Gaussian smoothed to select the nuclear. 
(C) The binarized figure shows nuclear, with overlapping nuclear divided. (D) The final result after ImageJ 
processing of the example figure. Blue circles represent hepatocyte nuclear, and pairs of yellow circles represent 
binuclear hepatocytes.
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patients without short-term recurrence is 5.427 ± 3.127 and 5.269 ± 2.614, the average ABH from patients who 
experienced relapse within 2 years is only 3.313 ± 2.207 and 3.258 ± 1.891 for pABH and cABH, respectively. The 
difference is significant (p = 0.0232 and 0.0109) in both results from pathologists and ImageJ, demonstrating a 
clear reduction of ABH in HCC patients with short-term recurrence.

ABH is lower in patients with liver cirrhosis
Of all the enrolled patients, 42 were diagnosed with liver cirrhosis before surgery (Table 1). The comparison 
between patients with and without liver cirrhosis was made to investigate the theory that binuclear hepatocytes 
are reduced in chronic liver diseases. ABH was proven to be significantly reduced under liver cirrhosis 
conditions compared with normal liver (No cirrhosis: pABH = 6.548 ± 4.027 and cABH = 6.418 ± 3.863, Cirrhosis: 
pABH = 4.482 ± 2.985 and cABH = 4.281 ± 2.681, p = 0.0163 and 0.009) (Fig. 3D, I).

The relation between ABH and other clinical features was also investigated. ABH was similar between groups 
divided by alpha-fetoprotein (AFP), PIVKA-II, HBV, HCV, MVI, and portal thrombosis (data not shown). HCC 
patients who underwent neotherapy and those in more advanced stages according to BCLC criteria have lower 
ABH than the other corresponding groups, although statistical significance was not reached (pABH: BCLC 
0-A: 4.887 ± 3.198, BCLC B-C: 3.650 ± 1.721, p = 0.2734; neotherapy-: 4.592 ± 2.906, neotherapy+: 3.156 ± 1.163, 
p = 0.1537. cABH: BCLC 0-A: 4.673 ± 2.733, BCLC B-C: 3.878 ± 1.622, p = 0.4118; neotherapy-: 4.433 ± 2.528, 
neotherapy+: 3.202 ± 1.399, p = 0.1646) (Fig. 3C, E, I, K).

ABH is reduced in ARG1 low-positive tissues
We also compared the paired immunohistochemistry (IHC) samples with HCC patients’ ABH to find a possible 
link between ABH reduction and protein expression of hepatocytes in paracancerous tissues. We noticed 
the ABH reduction is related to lower arginase 1 (ARG1) expression, an enzyme involved in the urea cycle 
primarily expressed in hepatocyte cytoplasm. The ABH among low, medium, and high ARG1 expression 
groups were 4.109 ± 3.610, 4.207 ± 2.097, 11.34 ± 1.9 for pABH and 4.106 ± 2.882, 4.313 ± 1.94, 9.465 ± 2.22 for 
cABH, p = 0.0023 and 0.011, respectively (Fig. 3F, L). ARG1 high expression paracancerous liver tissues showed 
significantly higher ABH than both the other two groups (Fig. 3M).

Fig. 2.  Comparison of pathologist and computer-assisted counting of hepatocytes. (A–C) The linear regression 
of the pathologists counted number and the ImageJ-generated number of total hepatocytes, binuclear 
hepatocytes, and ABH. The residual plot shows the distribution of each model’s residual. (D) The ROC curve 
of using cABH<4% to predict pABH<4%. (E) Typical images showing side-by-side comparison of pathologist-
counted hepatocytes (normal: blue square, binuclear: yellow square) and ImageJ labeled hepatocytes (normal: 
blue circle, binuclear: yellow circle).
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Fig. 3.  ABH is related to various clinicopathological features. (A, G) The comparison of average ABH among 
patients with benign disease, non-HCC malignancy and HCC, using pABH or cABH individually. pABH: 
Benign ABH = 11.49 ± 4.504%, non-HCC malignancy ABH = 6.793 ± 3.403%, HCC ABH = 4.348 ± 2.736%. 
Benign vs. HCC p<0.0001, Benign vs. Non-HCC malignancy p = 0.0097, HCC vs. non-HCC malignancy 
p = 0.0188. cABH: Benign ABH = 11.5 ± 3.777%, non-HCC malignancy ABH = 6.513 ± 3.488%, HCC 
ABH = 4.224 ± 2.409%. Benign vs. HCC p<0.0001, Benign vs. Non-HCC malignancy p = 0.0022, HCC vs. 
non-HCC malignancy p = 0.0158. (B–F, H–L) The comparison of ABH in HCC patients with different 
clinicopathological characters. cABH and pABH were compared individually. (B,  H) Patients who relapsed 
within 2 years or not. pABH: recurrence- ABH = 5.427 ± 3.127%, recurrence + ABH = 3.313 ± 2.207%, p = 0.0232. 
cABH: recurrence- ABH = 5.269 ± 2.614%, recurrence + ABH = 3.258 ± 1.891%, p = 0.0109. (C, I) Patients within 
groups of BCLC 0-A, or BCLC B. pABH: BCLC 0-A ABH = 4.887 ± 3.198%, BCLC B ABH = 3.65 ± 1.721%, 
p = 0.2734. cABH: BCLC 0-A ABH = 4.673 ± 2.733%, BCLC B ABH = 3.878 ± 1.622%, p = 0.4118. (D, J) Patients 
with or without liver cirrhosis. pABH: cirrhosis- ABH = 6.548 ± 4.027%, cirrhosis + ABH = 4.482 ± 2.985%, 
p = 0.0163. cABH: cirrhosis- ABH = 6.418 ± 3.863%, cirrhosis + ABH = 4.281 ± 2.681%, p = 0.008. (E, K) 
Patients who have or haven’t received neoadjuvant therapy. pABH: neotherapy- ABH = 4.592 ± 2.906%, 
neotherapy + ABH = 3.156 ± 1.163%, p = 0.1534. cABH: neotherapy- ABH = 4.433 ± 2.528%, 
neotherapy + ABH = 3.202 ± 1.399%, p = 0.1646. (F, L) Comparison of ABH between ARG1 low, medium 
and high positive groups. pABH: low positive ABH = 4.109 ± 3.610, medium positive ABH = 4.207 ± 2.097, 
high positive ABH = 11.34 ± 1.9, p = 0.0023. cABH: low positive ABH = 4.106 ± 2.882, medium positive 
ABH = 4.313 ± 1.94, high positive ABH = 9.465 ± 2.22, p = 0.011. (M) Example of ABH (labeled with yellow 
square) in ARG1 high positive (left) and low positive tissues (right).
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ABH reduction is an independent risk factor for short-term recurrence after surgery in HCC 
patients
Since ABH is lower in HCC patients who experienced tumor relapse within 2 years after surgery, we wondered if 
ABH could serve as a prognostic factor in the treatment of HCC. Multivariable and univariable logistic regression 
were performed in both pABH and cABH and other clinicopathological features. HCV and portal thrombosis 
positive were excluded from investigation due to perfect separation in our data. Multivariable regression with 
pABH and cABH was done separately with other variables.

Univariable logistic regression identified pABH, cABH, and BCLC as independent risk factors for HCC 
short-term recurrence (Table 2; Fig. 4A, B). The OR of pABH is 0.7043 (0.4853–0.9245), and cABH is 0.6125 
(0.3857–0.8606). The OR of BCLC was 3.652 (1.427–11.53). The area under curve (AUC) was 70.27% (p = 0.0203), 
74.46% (p = 0.0051), and 68.11% (p = 0.0239) for pABH, cABH, and BCLC regression. AFP, tumor number, and 
the history of neotherapy also showed meaningful OR (AFP: 5, 1.16–34.92; tumor number: 2.028, 1.138–4.649; 
neotherapy: 9.412, 1.374–188.1), although AUCs were not statistically significant (p = 0.1306, 0.135, 0.2193, 
respectively) (Fig. 4B).

Multivariable logistic regressions with those factors were performed to test our results (Table 3; Fig. 4C,D). 
pABH, cABH, and AFP were confirmed as risk factors for HCC short-term recurrence. Only ABH was identified 
as an independent risk factor for short-term recurrence (Fig. 4C, D). The OR of pABH and cABH were 0.726 
(0.4669–0.9933) and 0.6134 (0.35–0.9075), respectively. The AUC of the two models were 77.19% (p = 0.0019) 
and 79.92% (p = 0.0006) for regression involving pABH and cABH. Our findings suggested ABH may serve as a 
potential prognostic risk factor for HCC short-term recurrence.

RFS of patients with ABH < 4% is significantly lower
After finding ABH as the independent risk factor for short-term recurrence, we further tested if the cut-off 
value at ABH = 4% can separate patients with different outcomes. Survival analysis was performed with both 
pABH and cABH, both resulted in significantly worse RFS of HCC patients in ABH < 4% groups (p = 0.03642 
and p = 0.02380) (Fig. 4E). The median RFS of patients in ABH < 4% groups were 23 months and 18 months for 
pABH and cABH. Our findings further promoted ABH as an efficient prognostic risk factor for HCC patients 
undergoing radical surgery.

ARG1 is down-regulated in HCC tissues and is related to worse OS of late-stage patients
Since we discovered a possible relationship between hepatocyte ploidy and ARG1 expression, we further 
performed the differentially expressed genes (DEG) tests in TCGA datasets (Suppl. Figure 1). ARG1 was found 
to be significantly down-regulated in HCC tumor tissues compared with normal liver tissues (Fig. 4F, G, Suppl. 
Figure 1, log2(fold-change = −1.095316, p < 0.0001). Interestingly, although ARG1 wasn’t a risk factor for OS in 
all-stage HCC (Fig. 4H, p = 0.13), lower ARG1 was significantly related to shorter OS in BCLC C-stage HCC 
patients (Fig. 4I, p = 0.05).

ABH is capable of identifying patients with higher risk of recurrence not recommended with 
adjuvant therapy in current clinical practice
Adjuvant therapy can help to prevent the relapse of tumors or control disease progression in HCC patients. To 
find out whether ABH can improve current clinical practice, we tested the rate of patients with ABH < 4% in 
HCC patients grouped by short-term recurrence and whether they were recommended adjuvant therapy.

ABH was noticeably higher in patients who were not recommended for adjuvant therapy but experienced 
tumor recurrence later, compared with those who didn’t receive adjuvant therapy nor experienced tumor 
recurrence (pABH: 83.33% vs. 27.27%; cABH: 66.67% vs. 27.27%) (Fig. 5A–D). Importantly, ABH was consistent 
between patients recommended for or against adjuvant therapy in both groups of recurred or not recurred, 
showing good reliability of our model.

OR Range p-value

pABH 0.7043 0.4853–0.9245 0.030

cABH 0.6125 0.3857–0.8606 0.015

AFP 5 1.16–34.92 0.05

PIVKA-II 2.505 0.7766–9.105 0.138

Cirrhosis 1.943 0.5924–7.109 0.287

Diameter 1.08 0.9042–1.299 0.394

Number 2.028 1.138–4.649 0.047

BCLC 3.652 1.427–11.53 0.013

Age 1 0.9525–1.052 0.984

Gender 0.9154 0.2503–3.535 0.894

HBV 1.579 0.5173–5.088 0.429

HCV 0.4762 0.0227–4.011 0.533

Thrombus 3.2 0.2886–71.48 0.355

Table 2.  Univariable logistic regression.
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Discussion
HCC is one of the most common malignancies worldwide. Surgery is the most important curative treatment for 
early- or intermediate-stage HCC patients22. However, the outcomes of HCC patients receiving radical surgery 
are still unsatisfactory, as the medium RFS is limited to 22 months3 and 2 year RFS rate is only 80% 3. In the last 
few years, advancements in targeted and immune therapy have greatly improved the outcomes of intermediate- 
and late-stage HCC patients23. To better integrate the progression of systematic therapies into the comprehensive 
treatment strategy based on radical surgery, precise adjuvant treatments for patients with high risk of recurrence 
are necessary.

The programmed polyploidization of hepatocytes is a distinctive characteristic in healthy liver tissues. 
Researchers have reported that hepatocytes are almost exclusively diploid in rodents after birth and the 
proportion of polyploid hepatocytes grows rapidly during weening24. Polyploid hepatocytes are mainly formed 
by endomitosis, in which the proliferating 2n cell enters M stage but fails to complete cytokinesis, resulting in a 

Fig. 4.  Prognostic values of ABH for the short-term recurrence of HCC after radical surgery. (A) The 
univariable logistic regression of pABH, cABH, and BCLC on 2-year recurrence. (B) The forest plot of 
univariable logistic regression shows each variable’s OR under logarithmic scale. (C, D) The multivariable 
logistic regressions and the paired forest plots of pABH and cABH with the history of neotherapy, BCLC, 
tumor number and AFP. E. The Kaplan–Meier survival plot of HCC patients of ABH ≥ 4% group or ABH<4% 
group. pABH and cABH were plotted individually.  (F, G) The heat map and volcano plot shows DEGs in 
HCC tissues and normal liver tissues. ARG1 is highly expressed in both types of tissues while being slightly 
down-regulated in HCC tissues. (H) The survival plot of HCC patients with high or low ARG1 expression. No 
significant difference was achieved. (I) The survival plot of late-stage (BCLC C) HCC patients with high or low 
ARG1 expression. The medium survival period of the ARG1-low group is 21.6 months, comparing with 40.3 
months in the ARG1-high group (p = 0.05).
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2 × 2n binuclear polyploid offspring14. Complex regulating mechanisms are involved in maintaining hepatocyte 
ploidy by modulating cell cycle and DNA damage response (DDR) pathways, similar to mechanisms commonly 
found in tumorigenesis such as E2F family genes (E2Fs), p53/p21/Hippo pathway25–29.

The physiological function of polyploid hepatocytes has attracted many researchers’ attention. Multiple 
researches have reported the protective role of polyploid hepatocytes in DEN-induced tumorigenesis using 
E2F7−/−E2F8−/− mice model with diploid hepatocytes and Anillin−/− mice model with polyploid hepatocytes15,16,30. 
Guo et al. traced copy number alteration in HCC cells and suggested diploid cell origin of HCC31. Richter 
et al. also reported reduced nuclear size in preneoplastic cells, suggesting reduced genomic content before 
carcinogenesis32. These findings suggested that the redundant chromosomes in polyploid hepatocytes are crucial 
for preventing tumorigenesis induced by various challenges affecting the liver during detoxication15.

Since the ploidy reduction can be found in preneoplastic lesions, we wondered if the ploidy reduction in 
paracancerous tissues also shows the pathological changes in the liver that support micro satellitosis. We used 
the number of nuclear in hepatocytes as an indicator for 2 × 2n polyploid hepatocytes, which account for 72% of 
polyploid hepatocytes in healthy liver13. In our previous research, we manually counted ABH in paracancerous 

Fig. 5.  Reduction of ABH predicts short-term recurrence after surgery in patients haven’t been recommended 
adjuvant therapy by current standards. (A, B) The percentage of pABH < 4% patients in short-term recurrence 
group and no recurrence group, with or without adjuvant therapy. (C, D) The percentage of cABH < 4% 
patients in short-term recurrence group and no recurrence group, with or without adjuvant therapy.

 

ln(OR) Range p-value

Counted

Intercept 0.6938 0.09471–5.039 0.713

ABH 0.726 0.4669–0.9933 0.049

AFP 1 0.9997–1 0.962

Number 1.292 0.6618–3.111 0.480

BCLC 2.087 0.5933–9.457 0.286

Neotherapy 3.326 0.2652–82.38 0.368

ImageJ

Intercept 1.19 0.1483–10.64 0.871

ABH 0.6134 0.35–0.9075 0.041

AFP 1 0.9996–1 0.730

Number 1.26 0.6243–3.242 0.546

BCLC 2.479 0.6569–12.21 0.216

Neotherapy 3.355 0.2539–85.89 0.373

Table 3.  Multivariable logistic regression.
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tissues using HE-stained samples and found the attenuation of ABH to be an indicator of HCC short-term 
recurrence20.

In this article, we tested the performance of our script in assessing ABH and the consistency of cABH with 
pABH. Our findings demonstrated that using our script for ImageJ software can correctly measure ABH in 
paracancerous tissues. Computer-assisted assessing of ABH can reduce the inconsistency in manual counting as 
well as improve efficiency. Based on these results, we proposed our script as an alternative solution for indicating 
the proportion change of polyploid hepatocytes.

Although we had reported the reduction of ABH in paracancerous tissues of HCC patients compared with 
patients without tumor diseases, little was known about ploidy changes in other liver cancers20. We are the first 
to find out that paracancerous ABH of patients with other liver malignancies is also slightly reduced compared 
with patients with benign disease. This result supports our hypothesis that the microenvironment changes 
in liver tissue provide supportive ‘soil’ for metastasis in liver. It is worth noticing that paracancerous ABH in 
HCC is lower not only than those of benign diseases but also ABH in non-HCC malignancies, suggesting tissue 
background of reduced ABH during original carcinogenesis.

After the discovery of ABH changes in different diseases, we were determined to find the possible relation 
between ABH and tumor recurrence in HCC patients. We confirmed that ABH was significantly reduced in 
HCC patients who experienced short-term recurrence. Interestingly, we also established a relationship between 
ABH attenuation and liver cirrhosis in HCC patients. Cirrhosis is well-known to be the most dangerous risk 
factor for HCC33. However, the underlying mechanism between cirrhosis and HCC occurrence is yet to be 
discussed. The relationship between ABH reduction and cirrhosis may be a novel link for that gap.

During liver regeneration, polyploid hepatocytes can give rise to diploid offspring, resulting in higher 
capacity in proliferation with little chromosome missegregation that are commonly found in tumor cells during 
ploidy reduction34. However, chronic injury can cause aberrant regulation of hepatocyte ploidy. In DEN induced 
chronic liver injury mice model, ploidy of hepatocytes initially increases noticeably after 2–3 months, then 
starts producing atypical cells with reduced ploidy32. In chronic liver injury, DDR pathways are induced in 
hepatocytes, which leads to activation of DNA damage checkpoint and G2/M arrest, resulting in mononuclear 
hyperpolyploid hepatocytes when such cells reenter cell cycle35. We believe the iterative challenges in cirrhosis 
liver have exhausted the regulating mechanisms in hepatocytes, resulting in more rapid attenuation of ABH in 
paracancerous settings.

Although hepatocytes with reduced ploidy and impaired DDR mechanisms may increase the risk of HCC 
occurrence in patients with liver cirrhosis, it doesn’t provide further insight of the impact of ABH reduction 
in paracancerous tissues. In our research settings, most recurrences of HCC within 2 years were more likely 
due to residual tumor cells, rather than new lesions arising from atypical hepatocytes9. Currently there’s little 
research discussing the effect of hepatocytes in HCC microenvironment. Anatskaya et al. have reported that 
polyploid hepatocytes exhibit fundamental metabolism differences from diploid cells36, which could impact the 
development of residual HCC cells after surgery.

To test if ABH reduction is related with metabolism shift, we analyzed ARG1 expression in paracancerous 
liver tissues. The suppression of the urea cycle was reported before by Dirk’s team and was considered as one 
of the tumorigenic promoting metabolism changes37. In their research, a key event in HCC oncogenesis is the 
downregulation of ARG1 expression to reduce the consumption of arginine. Overexpression of arginine was 
reported to reduce glycolysis and enhance nucleotide synthesis38. Coincidently, the stimulation of glycolysis is 
also a feature of polyploid hepatocytes36. This aligns with the observation that polyploid hepatocytes are also 
characterized by stimulated glycolysis. We hypothesized that the reduction in ARG1 was compensating for 
the increasing number of diploid hepatocytes. In our study, ARG1 predicted worse OS in BCLC C-stage HCC 
patients but not in earlier stages. This could be a reflection of the decompensation of the liver repairing system 
in late-stage HCC patients. However, research concerning the ploidy regulation and metabolism changes of liver 
cells in tumor settings remains scarce.

It is also worth mentioning that ABH reduction was not significantly related to other clinicopathological 
features we had tested, especially to AFP, PIVKA-II, HBV, HCV, MVI, and portal thrombosis where little 
difference was observed. Those features are all biomarkers frequently used today in predicting recurrence39. 
Although these features provide an invaluable understanding of the tumor’s character, they failed to provide 
further information about the transformation of the liver tissue. Our findings demonstrated the value of ABH as 
a novel prognostic factor, as it may bring information on new aspects of disease character into clinical decision-
making.

One of the main benefits of choosing ABH to represent the condition of liver tissue is it can be calculated 
using HE-stained pathology samples of paracancerous tissues, which is routinely produced during pathological 
diagnosis. Combined with the computer-assisted method of assessing ABH we have described, ABH is highly 
available in clinical practice. This gives ABH-based prognostic tools a high potential to be publicized. So, we 
were determined to design a diagnostic model using logistic regression.

Our models of both pABH and cABH showed excellent efficiency in predicting the short-term recurrence of 
HCC and proved ABH and AFP to be independent risk factors for HCC recurrence. While AFP has long been 
used for HCC diagnosis, surveillance, and prognosis40,41, its efficiency in predicting recurrence has been doubted 
by many researchers42. However, our results showed an incredible performance increase when combining AFP 
with ABH in logistic regression.

Lastly, since our goal is to improve patient selection for adjuvant therapy, we further tested if ABH can 
identify high recurrent risk HCC patients from those who weren’t recommended adjuvant therapy in real-world 
treatment decisions. Interestingly, both pABH and cABH are able to distinguish a large proportion of short-
term recurrent patients in no adjuvant therapy group. It is worth mentioning that the prognostic effectiveness of 
ABH is relatively consistent between the adjuvant and the no adjuvant group, demonstrating the independence 
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of ABH from current prognostic tools. These results suggested high potential benefits for high recurrence risk 
patients if ABH were considered during deciding treatment strategies.

Conclusion
We proposed a computer-assisted method for assessing ABH in paracancerous liver tissue of HCC patients 
that yields results similar to those counted by pathologists. ABH was found to be an independent risk factor for 
short-term recurrence after radical surgery, along with preoperative AFP. Our results promote ABH as a novel 
prognostic factor that may aid in patient selection for adjuvant therapies.

Method
Specimens and clinical data
During 2021 and 2022, pathological samples of 73 patients who underwent liver surgery in the Department of 
General Surgery, Ruijin Hospital, Shanghai Jiaotong University School of Medicine were enrolled. Of them, 53 
were HCC patients, 5 had benign disease, and 15 patients had other malignancies were collected as controls. All 
patients were PS 0 and Child A before surgery. Clinical data including gender, age, preoperational AFP level, 
protein induced by PIVKA-II level, etc. were acquired. Patients with malignant disease were followed yearly 
for recurrence. HE-stained pathological samples of paracancerous tissues or normal tissues for patients with 
benign disease were provided by the hospital’s pathological department. Informed consent was obtained before 
enrollment from every patient. The Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University School of 
Medicine has approved this research. Declaration of Helsinki was applied throughout the research.

Assessing the abundance of binuclear hepatocytes
Each HE-stained sample was independently reviewed by two experienced pathologists as we described 
previously20. The samples were viewed under x40 microscopes and the field with the highest hepatocyte density 
was captured for further analysis. To determine pABH, each pathologist individually counted the total number 
of hepatocytes and binuclear hepatocytes within the field before averaging their results. In cases where the 
results from two pathologists differ by greater than 20%, a discussion between the pathologists was arranged to 
determine the proper number. The patients’ outcomes and diseases were blinded to the pathologists during the 
review.

Another pathologist individually assessed the field with the assistance of a script we wrote for ImageJ software 
(Rasband, WS, ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 
1997–2016). We have published both the script and a detailed guide explaining each parameter on website: 
https://hepatocyte.23872502485633.workers.dev/. During the assessment, the picture was gray-scaled before 
Gaussian smoothing and then binarized for final analysis (Fig. 1A–C). The pathologist selected the appropriate 
threshold for the size and circularity of the hepatocyte nucleus to exclude inflammatory cells, epithelial cells, and 
other contaminants. The program then automatically marked and reported the number of hepatocyte nucleus 
and binuclear cells (Fig. 1D), which was further used to calculate cABH.

Immunohistochemistry assay
53 pairs of IHC stained samples were acquired from the Department of Pathology, Ruijin Hospital, Shanghai 
Jiaotong University School of Medicine, which were made as a diagnostic procedure after the surgery. The IHC 
assay were conducted as previously described43. Of the applied antibodies in the IHC samples (AFP, ARG1, 
CD34, CK7, CK8, CK18, CK19, CEA, GS, GPC3, HSP70, MUC-1 and Ki67), we found ARG1 to be particular 
interesting as it has recently been reported as an indicator for HCC progression37. ARG1 regulates nucleotide 
synthesis, which is neccessary for the accumulation of nucleic acid in polyploid cells38. The antibodies against 
ARG1 were purchased from Proteintech, China, and used according to the manufacturer’s suggestion. An 
ImageJ plugin44 was used to determine the degree of staining (negative, low positive, positive, and high positive) 
in paracancerous liver tissues chosen by the pathologist. We chose the cytoplasmic method based on the cellular 
location of ARG1 and followed the developers’ instruction to evaluate its expression.

TCGA dataset
The dataset of 374 HCC tumor samples and 50 normal liver samples were collected from the Cancer Genome 
Altas (TCGA: https://tcga-data.nci.nih.gov/tcga/), using R language (version 4.4.1, https://www.r-project.org/). 
Differential gene expression analysis was performed between tumor samples and normal liver samples. Genes 
with log2(fold-change) higher or lower than ± 1 and p-values lower than 0.05 were deemed as DEGs.

Statistical analysis
All statistical analyses were done in GraphPad Prism version 10.2.2 for Windows (GraphPad Software, Boston, 
Massachusetts USA, www.graphpad.com). Unpaired Student’s t-test, Fisher’s exact test, Kaplan–Meier survival 
test, linear regression and both univariable and multivariable logistic regression were performed. The null 
hypothesis was rejected at p-value < 0.05. For the Kaplan-Meier survival test, the primary endpoint was defined 
as tumor recurrence within two years.

Data availability
Data supporting our findings is provided within this manuscript. Further data can be made available by Junqing 
Wang upon requests.
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