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Abstract
BACKGROUND
Early in the coronavirus disease 2019 (COVID-19) pandemic, there was a significant impact on routine medical care in the United States, including in fields of transplantation and oncology.

AIM
To analyze the impact and outcomes of early COVID-19 pandemic on liver transplantation (LT) for hepatocellular carcinoma (HCC) in the United States.

METHODS
WHO declared COVID-19 as a pandemic on March 11, 2020. We retrospectively analyzed data from the United Network for Organ Sharing (UNOS) database regarding adult LT with confirmed HCC on explant in 2019 and 2020. We defined pre-COVID period from March 11 to September 11, 2019, and early-COVID period as from March 11 to September 11, 2020.

RESULTS
Overall, 23.5% fewer LT for HCC were performed during the COVID period (518 vs 675, P < 0.05). This decrease was most pronounced in the months of March-April 2020 with a rebound in numbers seen from May-July 2020. Among LT recipients for HCC, concurrent diagnosis of non-alcoholic steatohepatitis significantly increased (23 vs 16%) and alcoholic liver disease (ALD) significantly decreased (18 vs 22%) during the COVID period. Recipient age, gender, BMI, and MELD score were statistically similar between two groups, while waiting list time decreased during the COVID period (279 days vs 300 days, P = 0.041). Among pathological characteristics of HCC, vascular invasion was more prominent during COVID period (P < 0.01), while other features were the same. While the donor age and other characteristics remained same, the distance between donor and recipient hospitals was significantly increased (P < 0.01) and donor risk index was significantly higher (1.68 vs 1.59, P < 0.01) during COVID period. Among outcomes, 90-day overall and graft survival were the same, but 180-day overall and graft were significantly inferior during COVID period (94.7 vs 97.0%, P = 0.048). On multivariable Cox-hazard regression analysis, COVID period emerged as a significant risk factor of post-transplant mortality (Hazard ratio 1.85; 95%CI: 1.28-2.68, P = 0.001).

CONCLUSION
During COVID period, there was a significant decrease in LTs performed for HCC. While early postoperative outcomes of LT for HCC were same, the overall and graft survival of LTs for HCC after 180 days were significantly inferior.
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Core Tip: Overall, 23.5% fewer liver transplants for hepatocellular carcinoma were performed during the coronavirus disease 2019 (COVID-19) early pandemic. Among liver transplant recipients for hepatocellular carcinoma, concurrent diagnosis of non-alcoholic steatohepatitis significantly increased. Liver transplant outcomes for hepatocellular carcinoma was worse during the early COVID-19 pandemic.

INTRODUCTION
Since December 2019, after an initial cluster of cases of pneumonia was reported in Wuhan, China, the global spread of coronavirus disease 2019 (COVID-19) was swift, and the World Health Organization (WHO) declared it as a pandemic on March 11, 2020. This pandemic significantly impacted healthcare in the United States including transplantation[1,2] and cancer care[3], especially early in the pandemic when there were challenges in access to routine healthcare[4]. While the number of alcoholic liver disease (ALD) including alcoholic hepatitis increased during the pandemic, liver transplantation (LT) for hepatocellular carcinoma (HCC) were postponed due to the lower severity of the underlying liver disease[5]. The aim of this study was to analyze the impact of COVID-19 pandemic on LT for HCC in the United States.

MATERIALS AND METHODS
Patients and selection criteria
We evaluated all patient 18 years of age and older undergoing LT who were confirmed as HCC on pathology in the United States. Since WHO declared COVID-19 as a pandemic on March 11, 2020, we defined pre-COVID period as March 11 to September 11, 2019, and COVID period as March 11 to September 11, 2020. Patients who received re-transplant during the study were excluded. All study methods were approved by New York Medical College Institutional Review Board.

Patient characteristics and outcome variables
All data were collected from the United Network for Organ Sharing (UNOS) registry. Demographic data included diagnosis, age, gender and race. Evaluable recipient factors included body mass index (BMI), underlying etiology for liver disease, pre-transplant diabetes mellitus (DM) status, alpha-fetoprotein (AFP) level, presence of portal vein thrombosis (PVT), and model for end-stage liver disease (MELD) score at transplant. Milan criteria and UCSF criteria were created based on the pathological findings[6,7]. HCC related factors included tumor size, number, presence of vascular invasion, and histological grade. High risk features of HCC were defined if one or more of the followings were present: More than 3 tumors, largest tumor > 5.0 cm, presence of vascular invasion, presence of metastases, and poorly differentiated[8]. Donor related factors included donor causes of death, BMI, hepatitis C virus (HCV) sero-status, cold ischemia time, distance between donor and recipient hospitals, and donor risk index[9]. 

Statistical analyses 
Statistical analyses were performed using IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, United States) and R studio version 4.1.1 (R Studio, Inc., Boston, MA, United States). Non-parametric analysis was used to compare continuous variables between groups (Mann-Whitney U test 2 groups and for categorical data with the χ2 test or Fisher’s exact test for categorical data). The overall and graft survival were calculated from the date of transplant to the date of event using the Kaplan-Meier Method. The log-rank test was used to compare survival curves. Cox regression analysis was applied to assess the association of multiple covariate factors with survival between two groups. Results were presented as hazard ratios (HR) and reported with 95% confidence intervals (CI) and two-sided P values. For all statistical analyses, P < 0.05 was taken as statistically significant.

RESULTS
Recipient characteristics 
During the study period, a total of 8384 individuals received LT, of which 1193 were confirmed as HCC on explant pathology. Of these patients, 675 underwent transplantation during the pre-COVID period and 518 underwent transplantation during the COVID period (Table 1). While there was a 4% reduction in all-cause LT during the COVID period, the reduction of LT for HCC was 23.5%. This decrease was most pronounced in months of March-April 2020 with a rebound in numbers seen from May-July 2020. Compared to pre-COVID period, the concurrent underlying primary etiology of liver disease among LT recipients for HCC showed a significant increase in non-alcoholic steatohepatitis (NASH) (23% vs 16%) and significant decrease in ALD (18% vs 22%) during the COVID period. The median waiting list time among patients who underwent LT, decreased during the COVID period (279 days vs 300 days, P = 0.041). There were no significant differences in the rates of pre-transplant diabetes, AFP levels, and MELD score at transplant between the two periods (Table 1). 

Donor characteristics
The donor age (COVID 45 years-old vs pre-COVID 44 years-old, P = 0.027) and BMI (27.8 kg/m2 vs 27.0 kg/m2, P < 0.001) were significantly higher during the COVID period (Table 1). Although the distance between donor and recipient hospitals significantly increased during COVID period (88 miles vs 50 miles, P < 0.001), cold ischemia time was not significantly affected (5.87 hours vs 5.78 h, P = 0.84). The donor risk index was significantly higher during the COVID period (1.68 vs 1.59, P < 0.01) (Table 1). 

Tumor characteristics
During the COVID period, the overall number of tumors with equal or greater than one high-risk features was the same (Table 2). However, there was a significantly higher rate of vascular invasion during the COVID period compared to pre-COVID period (16% vs 11%, P = 0.016). There were no significant differences in histological grade, outside of Milan criteria, and outside of UCSF criteria during the both periods. 

Outcomes
Median follow-up period was 705 days in COVID period and 1059 days in pre-COVID period. Two-year overall survival (COVID period 86.5% vs pre-COVID 91.7%, P = 0.0063) and graft survival (COVID period 84.5% vs pre-COVID 89.6%, P = 0.014) were significantly inferior during the COVID period (Figure 1) (Table 3). The 180-day overall survival (COVID period 94.7% vs pre-COVID 97.0%, P = 0.048) and graft survival (COVID period 92.8% vs pre-COVID 95.7%, P = 0.035) were inferior during the COVID period. The 90-day overall survival (COVID period 97.7% vs pre-COVID 97.9%, P = 0.95) and graft survival (COVID period 96.1% vs pre-COVID 96.7%, P = 0.71) were comparable between the two periods. The risk of acute rejection after transplant before discharge was the same between pre-COVID and COVID period (17 vs 11, P = 0.061) and incidence of treatment of rejection within 6 months and 1 year were same.
Cox regression analysis was performed for overall survival and graft survival (Supplementary Table 1 and 2). On multivariable analysis (Table 4), COVID period (HR, 1.85; 95%CI: 1.28-2.68, P = 0.001), recipient diabetes (HR 1.47; 95%CI: 1.04-2.06, P = 0.027), MELD score at transplant (HR, 1.04; 95%CI: 1.01-1.07, P = 0.016) significantly impacted recipient overall survival. On pathology, intrahepatic metastasis (HR 2.03; 95%CI: 1.20-3.42, P = 0.008) and poorly differentiated cancer (HR 2.76; 95%CI: 1.48-5.15, P = 0.001) significantly impacted recipient overall survival. 

DISCUSSION
This study was undertaken to examine the effect of COVID-19 on LT for HCC in the United States using the UNOS database. During COVID period, there was a significant reduction in the number of LTs performed for HCC compared to pre-COVID period. Even with overall reduction in the number LTs performed during the same period, the decrease was much pronounced in patients with underlying HCC (4% decrease in all-cause LT vs 23.5% decrease in LT for HCC). In addition, both graft and patient survival after 180 days during COVID period were significantly inferior compared to pre-COVID period. 
During early pandemic, the unprecedented burden of COVID-19 on healthcare system disrupted both transplantation and oncological care. Due to resource reallocation, cancer patients experienced delays in diagnosis and treatment, as well as treatment interruptions including surgery and chemotherapy[3,4]. HCC is an aggressive form of liver cancer which requires a prompt, multimodal approach for diagnosis and management. Similar to outpatient management of other cancers, challenges in care of HCC were prompted by overall disruption of healthcare during COVID-19[10,11]. Despite efforts to optimize care, there was an overall reduction in HCC surveillance and subsequent treatment during the early COVID pandemic[12-14]. Because of the unknown risk-benefit of proceeding with liver transplantation and introducing iatrogenic immune-suppression, liver transplantation was limited to patients who had higher risk of imminent death while on the waitlist[1,2]. Since LT candidates for HCC often had lower MELD scores, this likely contributed to the disproportional decrease in LT for HCC during early COVID period. 
The current leading indication for liver transplant in the United States is ALD[15]. During the COVID pandemic, there was a significant increase in alcohol misuse, which resulted higher rates of hospitalization from ALD, progression to fulminant liver disease and LT for acute and chronic ALD[16,17]. However, when looking at the underlying primary etiology of HCC for patients who received LT for HCC, the number and ratio of ALD significantly decreased during the COVID, while the number and ratio of NASH significantly increased. Though further studies are needed to investigate the cause of this seemingly contradictory finding, one possible explanation is increased alcohol recidivism in HCC patients with ALD as the primary underlying etiology, which could disqualify them as LT candidates in most transplant centers. 
Similar to the decrease in graft and patient survival seen in all-cause LT during the early COVID period[5], the cause for significant decrease in graft and patient survival after 180 days in LT for HCC is likely multifactorial. During early COVID, many centers decreased the use of immunosuppression to mitigate the risk of infection[18]. Such conservative approaches may have contributed to increased rates of acute rejection prior to discharge[5]. In our cohort, although it is not statistically significant, we observed a similar trend in increased rates of rejection prior to discharge in those who were transplanted during COVID period. During the follow up, the incidences of acute rejection were comparable between pre-COVID and COVID period.
Another potential contributing factor towards inferior graft and patient survival in LT for HCC during the COVID period is the progression of HCC at the time of LT. Although there were no significant differences in histological grade and the number of patients outside Milan/USCF criteria, there was a significantly higher rates of vascular invasion during the COVID period compared to pre-COVID period. Vascular invasion is one of the known risk factors for recurrent HCC and detection of metastasis post-LT, which is associated with high morbidity and mortality[19]. As delays in oncological care and radiological testing were prevalent during this period, any such delay may have resulted in progression of HCC which was not grossly evident prior to LT. 
In February 2020, the new liver allocation policy was also implemented which allowed for broader sharing of the organs across different organ procurement organizations[20]. This likely contributed to increase in donor risk index and farther distances between donor and recipient hospitals. Long term impact of these factors on the graft and overall outcomes still needs to be determined.

Limitations
This study was performed retrospectively using UNOS database. Other indirect effects of COVID-19, such as psychosocial impact, medication non-compliance, rates of recidivism of alcohol use, rates of community/household spread of COVID-19 are not available in the database and may impact the outcomes.

CONCLUSION
During the early-COVID period (from March 11, 2020 to September 11, 2020), the overall number of LT for HCC decreased and post-transplant graft and patient survival were inferior compared to pre-COVID period.

ARTICLE HIGHLIGHTS
Research background
Coronavirus disease 2019 (COVID-19) pandemic significantly impacted healthcare in the United States including transplantation and cancer care, especially early in the pandemic when there were challenges in access to routine healthcare.

Research motivation
To analyze the impact of COVID-19 pandemic on Liver transplantation (LT) for Hepatocellular carcinoma (HCC) in the United States.

Research objectives
All patient 18 years of age and older undergoing LT who were confirmed as HCC on pathology in the United States.

Research methods
Since WHO declared COVID-19 as a pandemic on March 11, 2020, we defined pre-COVID period as March 11 to September 11, 2019, and COVID period as March 11 to September 11, 2020.

Research results
Overall, 23.5% fewer LT for HCC were performed during the COVID period (518 vs 675, P < 0.05). Among pathological characteristics of HCC, vascular invasion was more prominent during COVID period (P < 0.01), while other features were the same. Among outcomes, 90-day overall and graft survival were the same, but 180-day overall and graft were significantly inferior during COVID period (94.7 vs 97.0%, P = 0.048). On multivariable Cox-hazard regression analysis, COVID period emerged as a significant risk factor of post-transplant mortality (Hazard ratio 1.85; 95%CI: 1.28-2.68, P = 0.001).

Research conclusions
During COVID period, there was a significant decrease in LTs performed for HCC. While early postoperative outcomes of LT for HCC were same, the overall and graft survival of LTs for HCC after 180 days were significantly inferior.

Research perspectives
To analyze the effects of COVID-19 pandemic in the long-term effects for LT for HCC.
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Figure 1 Post-transplant survival curves between pre-coronavirus disease  and coronavirus disease period. A: Comparison of overall survival between pre-coronavirus disease (COVID) and COVID period; B: Comparison of graft survival between pre-COVID and COVID period.


Table 1 Characteristics of the study population, n (%)
	Variable
	COVID, n = 518
	Pre-COVID, n = 675
	P value

	Recipient
	
	
	

	Age, yr, median (IQR)
	64.0 (60.0, 67.8)
	63.0 (59.0, 67.0)
	0.2

	Male
	405 (78)
	529 (78)
	0.98

	Race, White
	328 (63)
	388 (57)
	0.12

	African American
	36 (6.9)
	47 (7.0)
	

	Hispanic
	108 (21)
	153 (23)
	

	Asian
	39 (7.5)
	69 (10)
	

	Others
	7 (1.4)
	19 (2.8)
	

	BMI median (IQR) kg/m2
	29.3 (25.7, 33.2)
	28.9 (25.3, 33.0)
	0.26

	Etiology, HCV
	180 (35)
	258 (38)
	0.034

	HBV
	33 (6.4)
	43 (6.4)
	

	ALD
	95 (18)
	149 (22)
	

	NASH
	118 (23)
	107 (16)
	

	Others
	92 (18)
	118 (17)
	

	Blood Type, A
	203 (39)
	235 (35)
	0.13

	AB
	18 (3.5)
	27 (4.0)
	

	B
	76 (15)
	82 (12)
	

	O
	221 (43)
	331 (49)
	

	Diabetes
	208 (40)
	255 (38)
	0.4

	HCV positive serostatus
	229 (46)
	319 (49)
	0.28

	Previous abdominal surgery
	229 (45)
	330 (49)
	0.19

	Portal vein thrombosis
	66 (13)
	106 (16)
	0.19

	Hemodialysis at transplant
	8 (1.6)
	8 (1.2)
	0.59

	TIPSS
	30 (5.8)
	32 (4.7)
	0.42

	AFP ng/mL, median (IQR)
	6.0 (3.0, 15.0)
	7.0 (4.0, 16.0)
	0.21

	MELD score, median (IQR)
	10 (8, 14)
	10 (8, 14)
	0.33

	MELD exception
	510 (98)
	658 (97)
	0.24

	Mechanical ventilation
	0 (0)
	2 (0.3)
	0.51

	Waiting days, median (IQR)
	279 (221, 392)
	300 (228, 424)
	0.041

	Patient location at transplant
	
	
	0.62

	ICU at time of transplant
	2 (0.4)
	5 (0.7)
	

	Non-ICU inpatient at time of transplant
	19 (3.7)
	31 (4.6)
	

	Outpatient 
	487 (96)
	639 (95)
	

	Donor
	
	
	

	Age, yr, median (IQR)
	45.0 (32.0, 59.0)
	44.0 (30.0, 56.0)
	0.027

	Male
	326 (63)
	421 (62)
	0.84

	Race, White
	322 (62)
	428 (63)
	0.058

	African American
	104 (20)
	117 (17)
	

	Hispanic
	73 (14)
	92 (14)
	

	Asian
	15 (2.9)
	17 (2.5)
	

	Others
	4 (0.8)
	21 (3.1)
	

	BMI median (IQR) kg/m2
	27.8 (24.4, 33.2)
	27.0 (23.8, 30.9)
	< 0.001

	Blood Type, A
	204 (39)
	237 (35)
	0.12

	AB
	14 (2.7)
	16 (2.4)
	

	B
	80 (15)
	88 (13)
	

	O
	220 (42)
	334 (49)
	

	HCV NAT positive
	37 (7.1)
	39 (5.8)
	0.34

	HCV antibody positive
	59 (11)
	76 (11)
	0.94

	Donor causes of death: Anoxia
	234 (45)
	265 (39)
	0.026

	Cerebrovascular accident
	158 (31)
	221 (33)
	

	Head trauma
	104 (20)
	172 (25)
	

	Central nervous system tumor
	2 (0.4)
	4 (0.6)
	

	Others
	20 (3.9)
	13 (1.9)
	

	Donor after cardiac death
	62 (12)
	80 (12)
	0.95

	Organ Share, Local
	241 (47)
	508 (75)
	< 0.001

	Regional 
	174 (34)
	145 (21)
	

	National 
	103 (20)
	22 (3.3)
	

	Donor risk index, median (IQR)
	1.68 (1.45, 2.06)
	1.59 (1.35, 1.91)
	< 0.001


COVID: Coronavirus disease; IQR: Interquartile range; BMI: Body mass index; HCV: Hepatitis C virus; HBV: Hepatitis B virus; ALD: Alcoholic liver disease; NASH: Non-alcoholic steatohepatitis; TIPSS: Transjugular intrahepatic portosystemic shunt; AFP: Alpha-fetoprotein; MELD: Model for end-stage liver disease; ICU: Intensive care units; NAT: Nucleic acid amplification test.


Table 2 Pathological characteristics of hepatocellular carcinoma in liver transplant, n (%)
	Variable
	COVID, n = 518
	Pre-COVID, n = 675
	P value

	Number of tumors
	
	
	

	1
	229 (44)
	333 (49)
	

	2
	116 (22)
	146 (22)
	

	3
	80 (15)
	77 (11)
	

	4
	36 (6.9)
	47 (7.0)
	

	5
	22 (4.2)
	33 (4.9)
	

	6
	31 (6.0)
	38 (5.6)
	

	Tumor numbers >3
	89 (17)
	118 (17)
	0.89

	Outside UCSF criteria
	131 (25)
	178 (26)
	0.71

	Outside Milan criteria
	203 (39)
	262 (39)
	0.84

	Tumor max size, cm median (IQR)
	2.80 (1.80, 4.00)
	2.90 (1.90, 4.00)
	0.92

	Worst tumor histology
	
	
	

	Complete tumor necrosis
	132 (25)
	185 (27)
	0.5

	Moderate differentiated
	265 (51)
	344 (51)
	

	Poorly differentiated
	26 (5.0)
	41 (6.1)
	

	Well differentiated
	95 (18)
	105 (16)
	

	Vascular invasion
	6 (1.2)
	11 (1.6)
	0.019

	Macro
	
	
	

	Micro
	77 (15)
	65 (9.6)
	

	None
	435 (84)
	599 (89)
	

	Lymph node involvement
	8 (1.5)
	4 (0.6)
	0.1

	Extra hepatic spread
	7 (1.4)
	6 (0.9)
	0.76

	Intrahepatic metastasis
	42 (8.1)
	36 (5.3)
	0.066

	Previous treatment for HCC
	511 (99)
	657 (97)
	0.21

	High risk features
	174 (34)
	198 (29)
	0.12


COVID: Coronavirus disease; IQR: Interquartile range; UCSF: University of California San Francisco; HCC: hepatocellular carcinoma.

Table 3 Outcomes of liver transplant for hepatocellular carcinoma, n (%)
	Variable
	COVID, n = 518
	Pre COVID, n = 675
	P value

	Month
	March
	68 (13)
	132 (20)
	0.008

	
	April
	86 (17)
	123 (18)
	

	
	May
	108 (21)
	97 (14)
	

	
	June
	78 (15)
	95 (14)
	

	
	July
	84 (16)
	99 (15)
	

	
	August
	94 (18)
	129 (19)
	

	Distance from donor hospital, miles, median (IQR) 
	
	88 (23, 188)
	50 (8, 164)
	< 0.001

	Cold ischemia time, hours median (IQR)
	
	5.87 (4.71, 7.07)
	5.78 (4.65, 7.12)
	0.84

	Acute rejection before discharge
	
	17 (3.3)
	11(1.6)
	0.061

	Treatment rejection within 6 month
	
	27 (6.4)
	38 (6.6)
	0.88

	Treatment rejection within 1 year
	
	35 (8.4)
	45 (8.4)
	0.99

	Length of stay, days median (IQR)
	
	8 (6, 11)
	8 (6, 12)
	0.60

	Survival rate
	
	
	
	

	90-day overall survival
	
	97.7
	97.9
	0.95

	180-day overall survival 
	
	94.7
	97.0
	0.048

	Two-year overall survival
	
	86.5
	91.7
	0.0063

	90 day graft survival
	
	96.1
	96.7
	0.71

	180 day graft survival
	
	92.8
	95.7
	0.035

	Two-year graft survival
	
	84.5
	89.6
	0.014


IQR: Interquartile range.

Table 4 Multivariable Cox regression analysis of factors affecting overall mortality
	Variable
	HR
	95%CI
	P value

	COVID period
	1.85
	1.28, 2.68
	0.001

	Recipient age
	1.02
	0.99, 1.05
	0.15

	Recipient diabetes
	1.47
	1.04, 2.06
	0.027

	MELD score
	1.04
	1.01, 1.07
	0.016

	Donor age
	1.01
	1.00, 1.02
	0.10

	Donation after cardiac death
	0.59
	0.31, 1.14
	0.12

	Pathology
	
	
	

	Intrahepatic metastasis
	2.03
	1.20, 3.42
	0.008

	Lymph node invasion
	2.49
	0.90, 6.86
	0.078

	Worst tumor histology
	
	
	

	Complete tumor necrosis
	reference
	—
	

	Well differentiated
	1.11
	0.63, 1.97
	0.70

	Moderate differentiated
	1.27
	0.81, 1.99
	0.30

	Poorly differentiated
	2.76
	1.48, 5.15
	0.001


HR: Hazard ratio; CI: Confidence intervals; MELD: Model for end-stage liver disease.
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