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Abstract
BACKGROUND
The average age of recipients and donors of liver transplantation (LT) is increasing. Although there has been a change in the indications for LT over the years, data regarding the trends and outcomes of LT in the older population is limited.

AIM
To assess the clinical characteristics, age-related trends, and outcomes of LT among the older population in the United States.

METHODS
We analyzed data from the United Network for Organ Sharing database between 1987-2019. The sample was split into younger group (18-64 years old) and older group (≥ 65 years old).

RESULTS
Between 1987-2019, 155758 LT were performed in the United States. During this period there was a rise in median age of the recipients and percentage of LT recipients who were older than 65 years increased (P < 0.05) with the highest incidence of LT among older population seen in 2019 (1920, 23%). Common primary etiologies of liver disease leading to LT in older patients when compared to the younger group, were non-alcoholic steatohepatitis (16.4% vs 5.9%), hepatocellular carcinoma (14.9% vs 6.9%), acute liver failure (2.5% vs 5.2%), hepatitis C cirrhosis (HCV) (19.2 % vs 25.6%) and acute alcoholic hepatitis (0.13% vs 0.35%). In older recipient group female sex and Asian race were higher, while model for end-stage liver disease (MELD) score and rates of preoperative mechanical ventilation were lower (P < 0.01). Median age of donor, female sex, body mass index (BMI), donor HCV positive status, and donor risk index (DRI) were significantly higher in older group (P < 0.01). In univariable analysis, there was no difference in post-transplant length of hospitalization, one-year, three-year and five-year graft survivals between the two groups. In multivariable Cox-Hazard regression analysis, older group had an increased risk of graft failure during the five-year post-transplant period (hazard ratio: 1.27, P < 0.001). Other risk factors for graft failure among recipients were male sex, African American race, re-transplantation, presence of diabetes, mechanical ventilation at the time of LT, higher MELD score, presence of portal vein thrombosis, HCV positive status, and higher DRI.

CONCLUSION
While there is a higher risk of graft failure in older recipient population, age alone should not be a contraindication for LT. Careful selection of donors and recipients along with optimal management of risk factors during the postoperative period are necessary to maximize the transplant outcomes in this population.
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Core Tip: Liver transplantation (LT) among older patients is becoming more acceptable in the United States. The overall outcomes of LT for patients ≥ 65 years are comparable to younger recipients. While there is a higher risk of graft failure in older recipient population, age alone should not be a contraindication for LT. Careful selection of donors and recipients along with optimal management of risk factors during the postoperative period are necessary to maximize the transplant outcomes in this population.

INTRODUCTION
Liver disease is one of the most frequent causes of death in the United States[1,2]. Liver transplantation (LT) is the most effective life-saving treatment for patients with end-stage liver disease and liver failure. Over the past few decades, the number of LT in the United States has increased and outcomes of these transplants have significantly improved[3,4]. According to the United Network for Organ Sharing (UNOS) database, in 1987 there were 1713 LT performed in the United States. Since then, there has been a more than five-fold increase in the number of LTs, with 8906 cases performed in 2020. As the general population becomes older, the average ages of LT recipients and donors have increased as well[5]. Over the past three decades, the characteristic of donors and recipients of LT for end-stage liver disease has changed considerably[3,6-8]. Our goal was to assess trends in the etiology of underlying liver disease, and outcomes of LT among older population in the United States.

MATERIALS AND METHODS
Patients and selection criteria
We evaluated all patients 18 years or older who underwent LT in the United States from January 1, 1987 to December 31, 2019 in the UNOS database. Patients without a documented primary diagnosis were excluded from the analyses. This study was approved by our Institutional Review Board.

Patient characteristics and outcome variables
All data were collected from the UNOS registry. Demographic information, such as listing diagnosis, age, gender and race, along with time on waiting list prior to transplant were included in the analyses. Additional variables, such as model for end-stage liver disease (MELD) score at listing on the waitlist and at the time of transplant, body mass index (BMI), pre-transplant diabetes mellitus (DM), hepatitis C virus (HCV) status, dialysis prior to transplant, previous abdominal surgery, spontaneous bacterial peritonitis, trans-jugular intrahepatic portosystemic shunt, portal vein thrombosis, mechanical ventilation status and donor risk index (DRI)[9], were included as well. The study groups were defined as older (≥ 65 years old) and younger (18-64 years old).

Statistics
Statistical analyses were performed using IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, United States). Non-parametric analyses were used to compare continuous variables (Mann-Whitney U test) and categorical variables (Chi-square test or Fisher’s exact test). The overall survival and graft survival were calculated from the date of transplant to the date of the event using the Kaplan-Meier method. Survival curves were compared by using the log-rank test. Cox-Hazard regression analyses were applied to assess the association between multiple covariate factors and survival rates between two groups. Results were presented as hazard ratios and reported with 95% confidence intervals with P values. P < 0.01 was taken as statistically significant.

RESULTS
Recipient characteristics
Of the 155758 individuals who received a LT during the study period, 20000 were in older group (≥ 65 years old) and 135758 patients were in younger group (18-64 years old). The trends of LT in older patients are shown in Figure 1A. The overall number and percentage of LT in older group increased over the years, and the percentage of older recipients became > 20% after 2016. The trends of indications for LT in the older population is shown in Figure 1B. HCV cirrhosis was the most common indication for LT from 1994 to 2005. The number of patients requiring LT due to hepatocellular carcinoma (HCC) and non-alcoholic steatohepatitis (NASH) also gradually increased during the study period. HCC became the most common indication for LT in older group from 2006 to 2018. In 2019, NASH became the most common indication for LT in older group.
Table 1 presents the characteristics of recipients who underwent LT during the study period. The median age of recipients was 52 years in the younger group and 67 years in the older group. Recipients in older group were more likely to be female, White, and Asian compared to those in younger group (P < 0.001). Recipients in younger group were more likely to be HCV positive and have portal vein thrombosis, while recipients in older group were more likely to have pre-transplant DM. For primary etiology of liver disease, younger group was more likely to have alcohol-related liver disease (ALD), HCV cirrhosis and acute liver failure, while older group was more likely to have NASH and HCC. Additionally, the younger group was more likely to be on mechanical ventilation at the time of LT and have a prior history of LT.

Donor characteristics
The median donor age was higher in the older group (43 years vs 38 years, P < 0.001) (Table 2). The donors of older recipients were more likely to be female, have a higher BMI, and have a higher DRI.

Outcomes
Kaplan-Meier survival analysis showed no significant differences in the 1, 3, and 5-year graft survival between the two groups, but overall survival was lower in the older group (Table 2). Multivariable Cox-Hazard regression analyses were performed to identify the factors associated with five-year graft failure (Table 3). Factors associated with five-year graft failure were recipient age ≥ 65 years, pre-LT DM, re-LT, male gender, African American race, ventilation at the time of LT, high MELD score (per 10), recipient portal vein thrombosis at time of LT, recipient HCV positive status, and high DRI. Transplants performed during the latter part of the study had a protective effect on five-year graft survival. In a subgroup analysis of older recipients, male gender, pre-LT DM, previous LT, ventilation at the time of LT, higher MELD score (per 10), portal vein thrombosis, HCV positive status, and higher DRI were associated with worse five-year graft survival (Table 4 and Figure 2).

DISCUSSION
This study utilized the UNOS database to analyze the trends and outcomes of LT in older patients. The results show an overall increase in total number of LT in older population over time, as well as significant changes in the trends of the primary etiology of LT. In older recipients, univariable analysis showed comparable graft survival, while multivariable analysis showed a lower graft and overall survival. But, these inferior results in older population may otherwise be considered acceptable.
The improvements in surgical techniques and perioperative care have allowed for a gradual increase LT for older recipients[4,5]. The presence of chronic liver diseases like HCV, NASH, and associated HCC in the older patients may have led to an increase in end-stage liver disease, requiring LT[10]. The recent improvements in HCV treatment has likely played a significant role in the change in primary indication for LT. Overall, the most current common indication for LT is ALD across all ages, however, our study shows that NASH and HCC are the leading causes of LT, with no increase in ALD in the older population. Durand et al[4] have shown that in LT, older recipients have a lower chance of liver allograft rejection. Additionally, they reported that patients with non-autoimmune conditions, such as NASH and alcoholic cirrhosis, do not require higher maintenance immunosuppression compared to other LT recipients[4]. Historically a subset of patients with positive HCV serostatus had a recurrence of HCV after LT[11]. HCV recurrence post-LT and subsequent chronic HCV infection would lead to drastic consequences, as chronic inflammation, fibrosis, and ultimately graft failure[12]. However, with the development of Direct-Acting Antivirals (DAA), there has been a major shift in the primary etiology of LT with the overall decrease in need of LT for chronic HCV infection[6]. Our analyses further showed that recipient HCV status was one of the risk factors for graft failure. This was likely before the availability of DAA, which has now become the therapy of choice for effectively curing HCV infection[13]. The recent studies show that DAA achieves high sustained virologic response in LT recipients and the elimination of HCV will prevent chronic inflammation, thereby avoiding the risk of compromising the graft[14,15].
As in our study, pre-transplant DM has previously been shown to be associated with worse outcomes in LT[16]. Diabetes is a metabolic disease and is associated with increased morbidity after LT[17,18]. The prevalence of NASH in patients with type 2 diabetes is more than 2-fold higher compared to the general population[19]. Poorly controlled diabetes is also strongly associated with NASH and accelerates the progression of liver disease. NASH and diabetes also increase cardiovascular risks[20]. These cumulative risk factors should be carefully evaluated for the post-transplant management of older patients.
In patients with cirrhosis, the requirement of mechanical ventilation at time of transplant is associated with an increased risk of post-operative mortality[21]. In our study, older patients were less likely to be intubated at the time of transplant, this would be related to cautious recipient selection. The patients’ requirements for dialysis and comorbidities of kidney dysfunction also had a significant impact on the outcomes of LT[22], which is further correlated with a higher MELD score. In our study, older patients had a lower MELD score and need for dialysis at the time of transplant, which might reflect the individual transplant center selection criteria for older recipients.
There were several limitations to this study. First, primary diagnosis at the time of listing for LT was used, but this diagnosis may not be accurate. If an alternative diagnosis is found post-transplant, these changes may not be recorded in the UNOS database. Secondly, we have evaluated only the patients who received LT, which means that older patients with comorbidities and/or severe clinical conditions who were not considered to be a candidate for LT, added to the selection bias in this study. Finally, long-term data regarding the graft and overall survival among older recipients is limited.

CONCLUSION
The number of LT in older recipients has significantly increased over time along with the change in indication of LT. Older age alone should not be a contraindication for LT, however, careful evaluation processes and postoperative care are necessary to improve the transplant outcomes.

ARTICLE HIGHLIGHTS
Research background
The average age of liver transplant and the number of liver transplant in the older recipients is increasing.

Research motivation
We wanted to investigate the outcomes of expansion of criteria of liver transplantation (LT) with increasing inclusion of older recipients and donors. We also wanted to identify any potentially modifiable risk factors that may be associated lower with graft or patient survival.

Research objectives
We compared one, three- and five-year graft and patient survival between two groups of liver transplant recipients: Younger group (18-64 years old) and older group (≥ 65 years old) between the period of 1987-2019 in the United States.

Research methods
We analyzed data from the United Network for Organ Sharing database between 1987-2019. The sample was split into younger group (18-64 years old) and older group (≥ 65 years old).

Research results
The number of LT for older patients was highest in 2019 (1920). In the older group, the percentage of non-alcoholic steatohepatitis and hepatocellular carcinoma as the primary etiology for LT was higher than younger group compared to the older group (16.4 % vs 5.9%; 14.9% vs 6.9%). On univariable analysis, there was no difference in post-transplant length of hospitalization, one-year and five-year overall survivals between the two groups. On multivariable Cox-Hazard regression analysis for graft survival, older group (hazard ratio: 1.27, P < 0.001) had higher risk of graft failure which was associated with male gender, pre-transplant diabetes, previous history of LT, ventilation at the time of LT, high model for end-stage liver disease score, recipient portal vein thrombosis, hepatitis C virus positive status, and higher donor risk index.

Research conclusions
Older age alone should not be considered to be a contraindication for LT.

Research perspectives
Careful evaluation process and postoperative care are necessary to improve transplant outcomes.
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Figure Legends [image: ]
Figure 1 Trend of liver transplant and indications for liver transplant in older group (age ≥ 65 years). A: Trend of liver transplant in older group (age ≥ 65 years); B: Trend of indications for liver transplant in older group (age ≥ 65 years). LT: Liver transplantation; HCV: Hepatitis C virus; HBV: Hepatitis B virus; ALD: Alcohol related liver disease; NASH: Non-alcoholic steatohepatitis; HCC: Hepatocellular carcinoma.
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Figure 2 Comparison of graft survival in older group (age ≥ 65 years) vs young group (age 18-64).

[bookmark: _Hlk108182505]Table 1 Baseline characteristics of the study population comparing age young group (age 18-64) vs older group (age ≥ 65 years)
	
	Young group, age 18-64 (n = 135758)
	Older group, age ≥ 65 (n = 20000)
	P value

	Age (IQR)
	52 (45-58)
	67 (66-69)
	< 0.001

	Female, n (%)
	47934 (35.3)
	7612 (38.1)
	< 0.001

	Race, %
	
	
	< 0.001

	White
	73.5
	75.5
	

	Black
	8.9
	6.0
	

	Hispanic/Latino
	12.5
	12.1
	

	Asian
	3.8
	5.4
	

	Others
	1.3
	0.9
	

	BMI (IQR)
	27.4 (24.0-31.7)
	27.7 (24.5-31.5)
	0.571

	HCV, %
	44876 (33.1)
	5236 (26.2)
	< 0.001

	Diabetes, n (%)
	226584 (22.3)
	6784 (35.7)
	< 0.001

	L1-MELD
	18 (12-26)
	15 (10-22)
	< 0.001

	R2-MELD
	21 (14-30)
	18 (12-26)
	< 0.001

	Primary disease, %
	
	
	

	Alcohol cirrhosis
	22.3
	15.3
	< 0.001

	HCV cirrhosis
	25.2
	19.0
	< 0.001

	NASH
	5.9
	16.4
	< 0.001

	HCC
	6.9
	14.9
	< 0.001

	Acute liver failure
	5.2
	2.5
	< 0.001

	Acute alcoholic hepatitis
	0.35
	0.13
	< 0.001

	Previous surgery, n (%)
	48407 (35.7)
	8899 (44.5)
	< 0.001

	SBP, n (%)
	9147 (6.7)
	1084 (5.4)
	< 0.001

	TIPSS, n (%)
	7231 (5.3)
	1187 (5.9)
	0.001

	Portal vein thrombosis, n (%)
	4875 (3.6)
	1162 (5.8)
	< 0.001

	Mechanical ventilation, n (%)
	10464 (7.6)
	888 (4.3)
	< 0.001

	Dialysis, n (%)
	14284 (10.5)
	2059 (10.3)
	0.167

	Wait days, d (IQR)
	82 (16-263)
	118 (27-310)
	< 0.001

	Re-transplant, n (%)
	10125 (7.5)
	727 (3.6)
	< 0.001


1Listing.
2Most recent. 
IQR: Interquartile; BMI: Body mass index; HCV: Hepatitis C virus; NASH: Non-alcohol steatohepatitis; HCC: Hepatocellular carcinoma; SBP: Spontaneous bacterial peritonitis; TIPSS: Trans-jugular intrahepatic portosystemic shunt; MELD: Model for end-stage liver disease.

Table 2 Donor characteristics and post-transplant outcomes
	
	Young, age 18-64 (n = 135758)
	Older, age ≥ 65 (n = 20000)
	P value

	Donor age (IQR)
	38 (24-52)
	43 (28-56)
	< 0.001

	Donor female, n (%)
	53967 (39.8)
	8434 (42.2)
	< 0.001

	Donor race, %
	
	
	< 0.001

	White
	70.3
	68.2
	

	Black
	14.6
	15.5
	

	Hispanic/Latino
	11.6
	12.4
	

	Asian
	2.1
	2.4
	

	Others
	1.4
	1.6
	

	Donor BMI (IQR)
	25.6 (22.5-29.5)
	26.2 (23.0-30.3)
	< 0.001

	Donor HCV, n (%)
	4912 (3.6)
	907 (4.5)
	< 0.001

	Cold ischemia time, h (IQR)
	6.9 (5.0-9.0)
	6.1 (4.8-8.0)
	< 0.001

	Donor risk index (IQR)
	1.53 (1.35-1.81)
	1.61 (1.38-1.94)
	< 0.001

	Outcomes
	
	
	

	LOS, d (IQR)
	11 (7-20)
	10 (7-19)
	0.261

	Graft survival rate, (%)
	
	
	

	1 yr
	84.0
	84.1
	0.416

	3 yr
	77.0
	77.1
	0.206

	5 yr
	72.6
	72.9
	0.010

	Overall survival rate
	
	
	

	1 yr
	88.6
	86.5
	< 0.001

	3 yr
	82.5
	79.5
	< 0.001

	5 yr
	78.3
	75.1
	< 0.001


IQR: Interquartile range; BMI: Body mass index; LOS: Post-transplant length of hospital stay; HCV: Hepatitis C virus.

Table 3 Multivariable cox regression for five-year graft survival
	Variables
	B (SE)
	Hazard ratio (95%CI)
	P value

	Year of transplant
	-0.04 (0.002)
	0.958 (0.955-0.961)
	< 0.001

	Age ≥ 65
	0.24 (0.02)
	1.27 (1.22-1.32)
	< 0.001

	Male
	0.10 (0.02)
	1.11 (1.08-1.14)
	< 0.001

	BMI (per10)
	-0.05 (0.01)
	0.95 (0.93-0.98)
	0.001

	Race
	
	
	0.001

	Caucasian
	Ref
	1.0 (Ref)
	

	African American
	0.23 (0.02)
	1.26 (1.21-1.31)
	< 0.001

	Hispanic
	-0.11 (0.02)
	0.90 (0.86-0.94)
	< 0.001

	Asian
	-0.21 (0.04)
	0.81 (0.75-0.87)
	< 0.001

	Pre-LT diabetes
	0.20 (0.02)
	1.22 (1.18-1.26)
	< 0.001

	Ventilation
	0.51 (0.03)
	1.67 (1.59-1.76)
	< 0.001

	Pre-LT dialysis
	0.20 (0.02)
	1.23 (1.17-1.28)
	< 0.001

	Retransplant
	0.44 (0.03)
	1.55 (1.47-1.63)
	< 0.001

	PVT
	0.21 (0.03)
	1.23 (1.16-1.31)
	< 0.001

	R1-MELD (per 10)
	0.04 (0.01)
	1.05 (1.03-1.06)
	< 0.001

	HCV recipient
	0.28 (0.01)
	1.33 (1.29-1.36)
	< 0.001

	Donor race
	
	
	< 0.001

	Caucasian
	Ref
	1.0 (Ref)
	

	African American
	0.06 (0.02)
	1.06 (1.02-1.10)
	0.001

	Hispanic
	0.10 (0.02)
	1.11 (1.06-1.16)
	< 0.001

	Asian
	0.19 (0.04)
	1.21 (1.11-1.31)
	< 0.001

	Donor risk index
	0.34 (0.03)
	1.41 (1.34-1.48)
	< 0.001

	Cold ischemia time
	0.014(0.002)
	1.014 (1.010-1.019)
	< 0.001


1Most recent.
BMI: Body mass index; LT: Liver transplantation; PVT: Portal vein thrombosis; CI: Confidence interval; HCV: Hepatitis C virus; MELD: Model for end-stage liver disease.

Table 4 Multivariable cox regression for five-year graft survival in older group
	Variables
	B (SE)
	Hazard ratio (95%CI)
	P value

	Year of transplant
	-0.05 (0.004)
	0.954 (0.947-0.961)
	< 0.001

	Male
	0.19 (0.04)
	1.21 (1.12-1.30)
	< 0.001

	Re-transplant
	0.41 (0.08)
	1.50 (1.28-1.76)
	< 0.001

	Pre-LT diabetes
	0.17 (0.04)
	1.18 (1.10-1.27)
	< 0.001

	Ventilation
	0.42 (0.08)
	1.52 (1.30-1.76)
	< 0.001

	Portal vein thrombosis
	0.18 (0.07)
	1.20 (1.05-1.36)
	0.006

	MELD (per 10)
	0.13 (0.02)
	1.14 (1.10-1.18)
	< 0.001

	HCV Recipient
	0.21 (0.04)
	1.23 (1.15-1.33)
	< 0.001

	Donor age (per 10)
	0.03 (0.01)
	1.03 (1.002-1.054)
	0.032

	Donor risk index
	0.25 (0.06)
	1.29 (1.15-1.44)
	< 0.001

	Cold ischemia time
	0.017 (0.006)
	1.02 (1.01-1.03)
	0.003


LT: Liver transplantation; MELD: Model for end-stage liver disease; HCV: Hepatitis C virus; CI: Confidence interval.
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