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In patients with hepatocellular carcinoma (HCC), undergoing liver transplantation (LT),
cytomegalovirus reactivation (CMVr) may modulate the immune system to prevent tumor
recurrence. In this multicenter retrospective study (2010–2015) involving 15 institutions,
we assessed the effect of early CMVr in tumor recurrence rates among 771-LT HCC
patients with tacrolimus-based immunosuppression (88%men, mean age 58 years). CMV
prophylaxis was implemented for 19.7% of patients, while the rest were managed with
preemptive therapy. TheMilan criteria were met by 88% of patients. Microvascular invasion
was present in 12.7% of explanted livers. The serum AFP level before transplantation was
5.1 (3–15) ng/mL. After a median follow-up of 7.4 years, 101 patients (13%) experienced
HCC recurrence. CMVr occurred in 235 patients (30.5%) at a median of 41.5 days post-LT
and 42 patients (5.6%) had CMV disease. Cumulative exposure to tacrolimus within the
first 3 months after LT was similar among patients with and without CMVr. In a multivariate
Cox regression analysis, factors associated with an increased rate of HCC recurrence
included microvascular invasion [HR:2.82, CI95%:1.55–5.14; p 0.0001], donation after
circulatory determination of death [HR:4.43,CI95%:1.52–12.9; p 0.006) and diameter of
the main nodule at explant [HR:1.04, CI95%:1.02–1.06; p < 0.001]. Meanwhile CMVr [HR:
0.46, CI95%:0.23–0.93, p 0.031] and MELD [HR:0.93, CI95%:0.87–0.99; p0.017]
exhibited protective effects. In conclusion, early CMVr may protect against HCC
recurrence. The underlying immune mechanisms warrant further investigation.

Keywords: liver transplantation, cytomegalovirus, survival, hepatocellular carcinoma, donation after circulatory
determination of death, Immunosupression

INTRODUCTION

Recurrence of hepatocellular carcinoma (HCC) following liver
transplantation (LT) occurs in approximately 8%–20% of Well-
selected patients is an accepted terminology in HCC and LT in

literature [1–4]. Clinical, pathological, and biological factors
influence the risk of HCC recurrence [3] with several imperfect
models proposed to assess this risk both pre- and post-LT [1, 2, 5, 6].
In addition, there are no established surveillance guidelines for HCC
recurrence and there is a significant heterogeneity across different

GRAPHICAL ABSTRACT

Transplant International | Published by Frontiers June 2025 | Volume 38 | Article 145532

Aguilera et al. HCC Recurrence and CMV Reactivation

11



institutions [6, 7]. Transplanting within the MILAN criteria
mitigates the risk; however, the majority of centers are now
expanding the criteria. Because exposure to immunosuppressive
drugs, particularly calcineurin inhibitors (CNIs) early after LT, is also
associated with oncogenesis in a dose-dependent manner via
impairment of the immune surveillance [8–10], tacrolimus
minimization and addition of mammalian target of rapamycin
inhibitors (mTORi) is a strategy used by some centers albeit with
limited benefit [8, 9, 11].

Established factors favoring HCC recurrence include
microvascular invasion and high alpha-fetoprotein (AFP) levels,
along with tumor numbers and size. Although cytomegalovirus
(CMV) infection is the most common opportunistic infection in
LT recipients and remains a cause of life-threatening disease and
allograft rejection [12, 13], recent studies have suggested a potential
beneficial effect of CMV reactivation (CMVr) in some tumors [14,
15]. Immune modulation and modification of the tumor
microenvironment following CMVr could be responsible for
tumor control in this scenario [16–20].

In the present retrospective multicenter cohort study, we aimed
to evaluate whether the occurrence of CMVr after LT in patients
with HCC has a potential effect against tumor recurrence.

MATERIALS AND METHODS

Study Subjects and Analyzed Variables
This is a retrospective multicenter study that involved 15 institutions
representing 62% of Spanish LT activity. Patients undergoing LT due
to HCC between January 2010 and December 2015 under
tacrolimus-based immunosuppression, were consecutively
included. The MILAN criteria were used by the majority of
centers during the study period [21]. Exclusion criteria were age
<18, re-transplantation, combined organ transplantation, death
within the first 6 months after LT, and relevant missing data
concerning CMVr or HCC recurrence. Patients were followed
until death or November 2022, whichever occurred first.

HCC was confirmed by the pathological examination of the
explanted liver in all cases with the exception of patients showing
complete tumor necrosis related to pre-LT locoregional bridging
therapies, with previous radiological HCC diagnosis according to
international guidelines.

The study protocol was approved by the Ethics Committee of
Clinical Research of La Fe Universitari and Politécnic Hospital
(ref number: 2022-601-1) and was conducted in accordance with
the 1975 Helsinki Declaration. Given the retrospective nature of
the data, the ethics committee waived the need for informed
consent at the other participating hospitals.

Collected variables included donor and recipient serology,
donor and recipient mismatch, pre-emptive therapy, CMVr
after LT, primary infection, CMV disease and the need for
antiviral therapy.

The main risk variable was CMVr, which was defined as a
detectable viral DNA above the local quantification threshold
after LT.We also recorded CMV primary infection for descriptive
purposes, which was defined as a positive post-LT viral CMV
DNA in a patient with a negative CMV serology test before LT.

To study the relationship between CMV and HCC recurrence, we
considered CMVr a more appropriate risk factor because it is an
accepted surrogate for lower immune system awareness; in
contrast, CMV primary infection, which is primarily related to
Donor-Recipient mismatch, was controlled as a potential
confounder in the multivariable analysis.

The main study outcome was HCC recurrence as a time-
dependent event accounting for the interval between LT and
imaging or pathological diagnosis of tumor recurrence,
whichever occurred first. The secondary outcomes were
disease-free survival and overall survival rates.

Other collected variables associated with HCC recurrence and
death included:

(i) Related to the donor: demographics and type of donor.
(ii) Related to the recipient: sex, age, indication for LT, functional

MELD score, presence of renal failure (estimated glomerular
filtration rate [eGFR] < 60mL/min), cardiovascular risk factors
(arterial hypertension, diabetes mellitus), and human
immunodeficiency virus (HIV) infection.

(iii) Related to HCC: bridging and/or downstaging to the Milan
criteria, type of locoregional therapy (radiofrequency ablation,
chemoembolization, radioembolization, combination therapy),
pathological features at explant including microvascular
invasion and grade of differentiation, AFP levels at listing
and at LT, number of nodules, and diameter of the
largest nodule in both the radiological assessment and
the explanted liver.

(iv) Immunosuppression: in a subgroup of patients who
participated in a previous study [8, 10], cumulative
exposure to tacrolimus, defined as the area under curve
of trough concentrations within the first 3 and 12 months
after LT was obtained.

(v) Patient and graft survival and cause of death.

Variable Definitions
CMVr or primary infection were defined as detectable viral DNA
above the local quantification threshold after LT. We defined
primary infection as occurring in those patients witha negative
CMV serology test before LT.

CMV disease was defined using internationally agreed-upon
criteria, including the presence of appropriate clinical symptoms
and documentation of CMV in tissue using different techniques
(histopathology, virus isolation, immunohistochemistry, or
nucleic acid hybridization) [22].

We collected the first positive CMV viral load (VL) and the
peak VL (defined as the highest detectable DNAemia per each
patient) in both CMVr and primary infection. We also collected
the median CMV VL in those patients who were treated with
antivirals.

Management of CMVr and HCC
Surveillance
Prophylaxis with valganciclovir (900 mg once daily) was
administered within the first 3–6 months after LT to CMV-
negative patients who had received a CMV-positive donor liver.
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All remaining patients underwent only CMV DNA surveillance.
Serial blood samples were obtained weekly during the first month,
every 2 weeks from months 1–3, and at the time of clinical visits
thereafter. CMV surveillance lasted for the first 6–12 months.
Preemptive therapy with valganciclovir (900 mg bd) was
implemented immediately after patients showed detectable and/
or an increasing CMV viremia without a prespecified threshold or
when an upward trend was observed for both primary infection or
reactivation and maintained up to the confirmation of two
consecutive negative samples, at least 4 weeks apart [12].

Surveillance of HCC recurrence after LT was performed
according to each center’s practice by combining serum AFP
and imaging techniques. The majority of centers used abdominal
ultrasounds and/or whole-body computed tomography scans
performed at least every 6 months for the first 2–5 years after
LT depending on risk factors.

All patients received tacrolimus-based immunosuppression
and tapering corticosteroids, which were withdrawn between
the third and sixth months after liver transplantation, except
in cases of autoimmune disease, where the lowest tolerated dose
was maintained. The majority of centers did not implement
specific protocols for patients with HCC. Seven centers used
everolimus as part of the immunosuppression protocol, which
was introduced in week 4 post-LT [11] in patients with poor
prognostic factors.

Statistical Analysis
Continuous variables were summarized as mean and standard
deviation (SD) or median and interquartile range (IQR) as
appropriate. Categorical variables were presented as absolute
numbers and frequencies. Normal distribution of variables was
assessed using the Kolmogorov-Smirnov test. A Student’s t-test
was used for quantitative variables, and a Chi-square and Fisher’s
exact test were used for categorical variables.

Patient survival analysis was performed with Kaplan-Meier
survival curves.

The initial multivariable model included the variables with
p-values <0.10 in the univariate analysis. Variables with a
p-value above this threshold could be included if they were
considered clinically relevant by the investigators or if found to
be related to HCC recurrence in previous studies. Regarding HCC
morphological variables, we included those available at baseline
after the analysis of the explanted liver (number of nodules,
diameter of the main nodule) excluding models that combined
some of these morphological variables.

Patients with AFP >1000 ng/mL (n = 6) were excluded from
the regression analysis to avoid distortion and inconsistencies due
to edged values.

The significance level was set at 5% (p < 0.05) for all analyses.
Data analysis was performed using SPSS version 22.0 (IBM,

Chicago, USA).

RESULTS

The eligible cohort comprised a total of 771 LT patients with
HCC on explant out of an initial cohort of 816 patients, from

15 Spanish institutions. Forty-five patients with missing data
relevant to the analysis [CMVr (n = 19) or HCC recurrence (n =
26)] were excluded from the analysis. The median follow-up was
7.4 years (IQR 4.9–9.1) after LT. The flowchart showing the study
population is represented in Figure 1.

Baseline features of the included cohort are shown in Table 1.
The majority of patients were men (n = 681, 88%), with a median
age of 58.7 years (IQR 53.8–63.6) at LT. The median donor age
was 62 (IQR 49–73) years. The majority of patients received a
brain-dead donor liver (n = 745, 97.5%). The most frequent
etiologies of liver disease that led to LT were alcohol and hepatitis
C virus (HCV) (n = 399, 52% and n = 390, 50.5%, respectively).
The median MELD score at LT was 12 (IQR 9–16). More than a
third of patients were diabetic at the time of LT and the median
eGFR was 91.2 mL/min (IQR 80–100).

Regarding HCC features before LT and at the time of explant
(Table 2), the majority of patients met the Milan criteria (88%) or
the Up-to-Seven criteria (98%). The median AFP at inclusion was
6 ng/mL (IQR 3.4–17). A high proportion of patients were treated
with locoregional therapy, with transarterial chemoembolization
and radiofrequency ablation being the most common (36.2% and

FIGURE 1 | Flow chart of the study population.

TABLE 1 | Pre-transplant features.

Baseline features (n = 771)

Age (years), median (IQR) 58.7 (53.8–63.6)
Sex (% men) 681 (88%)
Donor age (years), median (IQR) 62 (49–73)
Type of donor, n (% of Brain death) 745 (97.5%)
Etiology of cirrhosis, n (%)
HCV
Alcohol
HBV
MASH

390 (50.5%)
399 (52%)
65 (8.4%)
19 (2.5%)

MELD score at LT (median, IQR) 12 (9–16)
Diabetes mellitus (with oral antidiabetics or insulin), n (%) 274 (36%)
eGFR ml/min, median (IQR) 91 (80–100)
Duration of follow up (years), median (IQR) 7.4 (4.9–9.1)

HCV, Hepatitis C virus; HBV, Hepatitis B virus; eGFR: estimated-glomerular filtrate rate;
LT, liver transplantation; MASH, metabolic dysfunction-associated steatohepatitis.

Transplant International | Published by Frontiers June 2025 | Volume 38 | Article 145534

Aguilera et al. HCC Recurrence and CMV Reactivation

13



18%, respectively). A minority of patients (13.4%) was waitlisted
after downstaging. Microvascular invasion was present in 12.7% of
the explants and more than half of the HCCs were moderately or
poorly differentiated (48% and 7%, respectively).

CMV-related features are shown in Table 3. Both CMV
serologies of donors and recipients were positive in 67.5% of
patients. A donor-recipient mismatch (D+/R−) was found in
11.5% of patients, negative donor with positive recipient in 18.6%
of patients and negative donor with negative recipient in 2.4% of
patients. Approximately one-third of patients (30.9%) had CMVr at
a median of 41.5 days (IQR 26–56) but only 5.6% of these patients
developed CMV disease. Antiviral therapy against CMV was
administered to 66% of those with reactivation or primary
infection and the remaining patients were managed with
reduction of immunosuppression only or exhibited spontaneous
clearance. The first detectable and the peak VLwere higher in those
with primary infection as opposed to patients with CMVr,
regardless of subsequent antiviral therapy (see Table 3).

HCC recurrence occurred in 13.1% (n = 101) of patients after a
mean of 2.78 (SD +/−2.3) years. HCC recurrence-free survival at 1,
3, 5, and 7 years after LT was 96%, 91.6%, 88.2% and 86.8%,
respectively (Supplementary Figure S2). The overall survival rate
for patients without HCC recurrence was 99.5%, 92.1%, 86.7% and
81.5% at 1, 3, 5, and 7 years, respectively, which was significantly
higher than that for patients with HCC recurrence
(96,9%,62.9%,38.1% and 21.6% at 1, 3, 5, and 7 years,
respectively) (Log Rank p < 0.05) (Supplementary Figure S3).

Data on immunosuppression, cumulative exposure to tacrolimus
and rejection were available for 324 patients (42% of the entire
cohort). We decided not to perform a sensitivity analysis in this
sub-cohort because it showed differentHCC features, and the number
of HCC recurrence events was insufficient to allow meaningful
comparisons. Of note, patients with and without CMV
reactivation showed comparable cumulative exposure to tacrolimus
within the first 3 months after LT, with 41% and 43% of patients,
respectively, stratified as receiving high tacrolimus exposure (p =
0.497). In contrast, a high cumulative exposure to tacrolimus was
associatedwith increasedHCC recurrence rates. Basiliximabwas used

TABLE 2 | Hepatocellular (HCC) features in the overall cohort (n = 771).

Bridging, n (%)
Transarterial chemoembolization
Radiofrequency ablation
Radioembolization
Combination therapy
None

279 (36.2%)
139 (18%)
7 (1%)
8 (8%)

252 (33%)
Downstaging, n (%) 103 (13.4%)
AFP at WL inclusion (ng/mL)(median, IQR) 6 (3.4–17)
AFP at LT (ng/mL) (median, IQR) 5.1 (3–15)
Milan “in” Criteria (n = 753), % 664 (88%)
Up to Seven Criteria (n = 755), % 737 (98%)
Retreat Score (n = 549)
0-3 points
4-8 points

443 (81%)
106 (19%)

Number of nodules at imaging (median, IQR)
Size of larger nodule at imaging(mm), (median,IQR)
Number of viable nodules at pathology (mm), (median, IQR)
Size of the largest nodule at pathology (mm)

1 (1–2)
22 (15–30)
1 (1–2)

20 (12–18)
Microscopic intravascular invasion at pathology, n (%) 98 (12.7%)
Differentiation grade, n (%)
Well differentiated
Moderate differentiation
Poor differentiated
Complete necrosis

218 (30%)
343 (48%)
49 (7%)

108 (15%)

AFP, alpha-fetoprotein; WL, waiting list.

TABLE 3 | Cytomegalovirus related features (n = 771).

Mismatch CMV, n (%)
D/R +/+
D/R +/−
D/R−/+
D/R−/−

421 (67.5%)
72 (11.5%)
116 (18.6%)
15 (2.4%)

CMV Prophylaxis n (%) 148 (19.7%)
CMV primary infection, n (%) 47 (6.1%)
CMV reactivation (CMVr), n (%) 235 (30.5%)
First positive CMV VL (median, IQR) (UI/mL)
In patients with CMVr
In patients with primary infection

758 (405–2,340)
4,849

(1,590–25800)
Peak CMV VL (UI/mL) (median, IQR)
In patients with CMVr
In patients with primary infection)

1915 (604–6,941)
7,084

(3,265–34214)
First positive CMV VL (median, IQR) (UI/mL) if followed by
antiviral therapy
In patients with CMVr
In patients with primary infection

906 (408–3,310)
4,035

(1,362–34214)
Peak CMV VL (median, IQR) (UI/mL) if followed by antiviral
therapy
In patients with CMVr
In patients with primary infection

2,978
(1,026–11000)

8,938
(2,810–49600)

Time to CMV reactivation (days, median, IQR) 41.5 (26–56)
CMV disease, n (%) 42 (5.6%)
Need of antiviral treatment, n (%)
In those with primary infection or reactivation 187 (66.3%)

CMV: cytomegalovirus, CMVr: CMV, reactivation; D: donor, R: recipient, VL: viral load.

TABLE 4 | Cox Regression model for variables associated with HCC recurrence.

Variable HR 95% IC p-value

Sex
Men
Women

1
1.26 0.44–3.57 0.671

Recipient age (years) 0.97 0.93–1.01 0.088
Donor type
Circulatory death 4.43 1.52–12.9 0.006**

HBV etiology 0.84 0.34–2.11 0.717
MELD score 0.93 0.87–0.99 0.017*
AFP at WL 1 1–1 0.961
AFP at LT 1 1–1 0.721
Nodule size at last imaging before LT 1.03 0.77–1.37 0.843
Number of nodules at last imaging before LT 0.99 0.97–1.01 0.264
Nodule size at explant 1.04 1.02–1.06 <0.001***
Number of nodules at explant 1.03 0.97–1.10 0.259
CMV reactivation 0.46 0.23–0.93 0.031*
Micro-vascular invasion at explant 2.82 1.55–5.14 0.001**
Differentiation grade
Moderate or poor 1.41 0.79–2.52 0.248

*p < 0.05; **p < 0.01; ***p < 0.001, The multivariate final model was made with 465 LT
patients.
CMV, cytomegalovirus; HBV, Hepatitis B virus; LT; liver transplantation; WL, waiting list.
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by 13.6% of subjects in the studied cohort and overall, 11% of patients
were treated with mTORi. In total 16% of patients developed a
biopsy-proven acute cellular rejectionduring study period.

The predictors of post-LTHCC recurrence in the univariate and
multivariable Cox-regression analyses (performed on 465 patients
with available data on all the variables included) are shown in
Supplementary Table S1 and in Table 4, respectively. Of note, we
reproduce the multivariable analysis after excluding variables with
missing values in more than 10% of patients, namely (AFP at WL,
AFP at LT, Number of nodules at explant, and cumulative
exposure to tacrolimus at months 3 and 12). The new analysis
included 615 patients (79.8% of the entire study population) and
produced consistent results regarding the protective effect of
CMVr against HCC recurrence (HR = 0.57; p = 0.037) and
recurrence-free survival (HR = 0.77; p = 0.112) (data not shown).

Factors independently associated with an increased risk of HCC
recurrence were donation after circulatory determination of death

(HR 4.43, 95%CI 1.52–12.9, p = 0.006), diameter of the main
nodule at explant (HR 1.04, 95%CI 1.02–1.06, p < 0.001) and
microvascular invasion (HR 2.82, 95%CI1.55-5.14, p = 0.001) while
lower MELD scores at transplant (HR 0.93; 95%CI 0.87–0.99, p =
0.017), and CMVr (HR 0.46, 95%CI 0.23–0.93, p = 0.031) having a
protective effect. Patients with CMVr had better HCC free-survival
than those without CMVr after LT (Figure 2). However, CMV
primary infection was not associated with lower HCC recurrence.

In addition, we also explored whether CMV mismatch or the
need for antiviral treatment after CMVr (antiviral treatment vs.
spontaneous clearance) could have affected HCC recurrence. For
CMV mismatch, an additional exploratory analysis was conducted
in which no association was found (HR: 1.69, 95%CI 0.8–3.57, p =
0.169). An alternative multivariable model was built to test the
interaction between CMVr and antiviral treatment, which did not
obtain statistical significance (p = 0.534), meaning that the decision
to treat or not CMVrmay not have an influence on HCC recurrence

FIGURE 2 | HCC-recurrence free survival based on CMV reactivation. HCC recurrence free survival was significantly higher in those with CMVr (HR 0.46, 95%CI
0.23–0.93, p = 0.031).
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rates. In addition, we stratified our study population according to the
occurrence of CMVr and antiviral therapy usage into three groups:
patients without reactivation, patients with untreated reactivation,
and patients with treated reactivation. The multivariable Cox model
showed no statistically significant difference in the risk of HCC
recurrence between patients with treated (HR = 0.28, p = 0.22) or
untreated CMVr (HR = 0.49, p = 0.07), and the reference group
(non-reactivated) (Supplementary Table S3).

A Kaplan-Meier curve with the cumulative risk of hepatocellular
carcinoma recurrence after liver transplantation is shown in Figure 3.
The study population was stratified by the number of risk factors,
which included absence of CMV reactivation, size of the main nodule
at explant, higher MELD score and microvascular invasion. The sum
of the predictive clinical factors had an incremental effect on the risk of
HCC recurrence (HR = 3.07, p< 0.001) (Figure 3). Adding one factor

to the absence of CMVr had a modest effect on HCC recurrence rate
(HR = 1.4, p = 0.361), but the addition of 2 or 3 factors resulted in a
significant increase in the risk of HCC recurrence (HR 4.51, p <
0.001 and HR 21.5, p < 0.001, respectively).

A total of 237 patients (30.7%) died, and the main cause of death
wasHCC recurrence (n = 84), 41%) followed by de novo tumors (n =

FIGURE 3 | Cumulative risk of HCC recurrence stratified according to risk factors. Kaplan-Meier curve showing the cumulative risk of hepatocellular carcinoma
recurrence after liver transplantation. For the analysis, the study population was stratified according to the number of risk factors, which included: absence of reactivation
of cytomegalovirus (CMVr), size of the main nodule at explant, MELD score and microvascular invasion. (light grey solid line: only absence of CMVr, dark grey solid line:
absence of CMVr and 1 added factor, black solid line: absence of CMVr and 2 added factors, absence of CMVr and 3 added factors: black dashed line).

TABLE 5 | Outcomes after LT.

HCC recurrence (%, IC95%) 101 (13.1%, 10–15.5)
Time to recurrence (years, SD) 2.78, 2.3
Death (%) 237 (30.7%)
Causes of Death (%)
Disease recurrence (n,%)
De novo tumors (n,%)
CVE (n,%)
Others (n,%)

84 (40.8%)
50 (23.8%)
10 (4.9%)
64 (30.8%)

HCC, hepatocelullar carcinoma; CVE, cardiovascular events.

TABLE 6 | Cox regression model of factors associated with survival.

Variable HR 95% CI p-value

Donor age (years) 1.00 0.99–1.02 0.429
Recipient age (years) 1.01 0.98–1.03 0.676
Sex (men) 1.11 0.58–2.13 0.758
HCV etiology 0.83 0.55–1.25 0.378
Alcohol etiology 1.12 0.75–1.68 0.571
AFP at WL 0.998 0.995–1.002 0.295
AFP at LT 1.002 1.001–1.004 0.009**
Number of nodules (preLT imaging) 1.03 0.86–1.24 0.755
Nodule size at explant 1.018 1.01–1.03 0.001**
Number of nodules at explant 0.98 0.91–1.05 0.577
Micro-vascular invasion 1.42 0.91–2.12 0.120
Differentiation grade
Moderate or poor 1.26 0.89–1.79 0.188

CMV reactivation 0.67 0.45–0.99 0.049*

*p < 0.05; **p < 0.01; ***p < 0.001, The multivariate final model was based on 481 LT,
patients.
CMV, cytomegalovirus; HCV, Hepatitis C virus; HBV, Hepatitis B virus; LT, liver
transplantation; WL, waiting list.
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50, 24%) (Table 5). Variables associated with survival in the
univariate analysis were donor age, recipient age, sex, alcohol
etiology, Milan criteria, Retreat score, AFP levels at listing and at
LT, tumor burden, microvascular invasion, tumor differentiation
grade and CMVr (Supplementary Table S2). In the multivariable
analysis, increased AFP at LT, and diameter of the main nodule at
explant were associated with reduced survival, while CMVr reduced
the risk of death by 33%, (HR 0.67, P = 0.049) (Table 6).

DISCUSSION

Although HCC recurrence accounts for a small percentage of
patients, it significantly impacts survival. Identification of specific
factors before and/or after LT that can be modified to enhance
prognosis is an active area of research [9–11]. This multicenter
retrospective observational Spanish study, involving a large number
of patients, reveals that CMV reactivation is associated with a lower
rate of HCC recurrence after LT. Other well-described factors such
as microvascular invasion and nodule size at explant, were also
significantly associated with recurrence in our study [23, 24]. Of
note, treatment of CMVr did not influence HCC recurrence. In
addition, CMVr was also associated with improved overall survival
further strengthening the association.

Pathophysiological explanations for the role of CMV in
modulating the tumor microenvironment have been
hypothesized. A potential oncolytic effect of CMV inducing
remission, ablation, or tumor death has been postulated through
different mechanisms such as stimulating cytokine inhibition,
interfering with tumor extravasation, or tumor vascularization
taking a multimodal approach. In mouse models of melanoma
and HCC, CMV infection showed clearance of the established
tumor [18, 25, 26]. Specifically, in a murine model of HCC cells
(HepG2), Kumar et al. demonstrated that CMV infection of the
HCC cells resulted in the absence of tumor or limited tumor growth
by promoting cancer cell apoptosis through the activation of
caspases [26]. Other studies have shown that CMV reactivation
induces tumor cell apoptosis directly or by stimulating cytokines and
antitumor immune responses [19]. Cross-reactivity between CMV-
stimulated innate and adaptive immune responses and cancer cells
has also been reported. Natural killer cells andVδ2 negϒδT cells have
been reported to expandwhen stimulated byCMV reactivation, with
the subsequent ability to kill both CMV-infected cells and carcinoma
cells in vitro due to the shared reactivity of the Vδ2 negϒδ T cells
against CMV-infected cells and tumor intestinal epithelial cells [16,
27]. Additionally, the role of CMV-specific CD8 T cell responses in
targeting tumors with CMV epitope-conjugated viral antigens
presented by HLA-I has been described [28].

In oncological clinical scenarios, the protective effect of CMV
reactivation has also been described. Takenaka et al. showed a
beneficial effect in allogeneic hematopoietic stem cell
transplantation for acute myeloid leukemia. CMV reactivation
decreased the risk of relapse (20% vs. 26.4%, p: 0.027). This anti-
leukemic effect was attributed to the CMV-driven expansion of
donor-derived memory-like NKG2C + NK and Vδ2 negϒ
δT cells, which demonstrated an ability to kill both infected CMV
cells and leukemic cells due to shared reactivity [29]. This effect was

also observed in patients with acute lymphoblastic leukemia (HR
0.81; 95%CI 0.66–0.92, p: 0.045) [30]. Rahbar A et al. also described
an inverse association between multiforme glioblastoma and CMV
infection [31], and Couzi et al. described a reduction in cancer risk in
kidney transplants linked to an increase in Vδ2negϒδT17. More
recently, a potential protective effect of CMV reactivation on HCC
and LT was described by Hsu et al. In that retrospective study, CMV
reactivation, as measured by pp65 antigenemia, was associated with
lower HCC recurrence after LT [14]. A significantly superior 5-year
recurrence-free survival rate was observed in CMV antigenemia-
positive patients compared to those who were negative (89% vs. 79%,
p < 0.005). Our study shows that CMV reactivation is independently
associated with reduced HCC recurrence, even after adjusting for
other clinical and statistically significant factors. In addition, CMV
reactivation also showed a trending protective effect on survival in
association with other known factors such as AFP at LT and nodule
size at explant. Hypothetically, CMVr could trigger a cross-reactive
immunological response that might simultaneously reduce HCC
recurrence. Patients who died due to HCC recurrence as
opposed to those who died due to other causes, had lower
rates of CMV reactivation (23% vs. 31.2%). Of note, cumulative
exposure to tacrolimus was comparable in patients with and
without CMVr thus eliminating the potential confounding
effect of immunosuppression on the relationship between
CMVr and HCC recurrence.

In our study, more than a third of the entire cohort suffered CMV
reactivation or primary infection after a median of 41.5 days after LT,
with need of antiviral treatment in 66% of the patients, and only 5.6%
of the patients developed CMV disease. In fact, CMV DNA levels at
first CMV reactivation were relatively low (median: 758(IQR:
405–2,340). Some studies have reported that low CMV levels
without need for immediate treatment is protective by increasing
the number and the activity of CMV-antigen-specific T cells [32],
thereby hypothesizing a potential oncological protective effect by the
above-described mechanisms without a deleterious effect on CMV
control. In line with these results, in a recent post hoc analysis of a
randomized controlled trial in D+/R-recipients that compared
preemptive prophylaxis versus antiviral therapy, CMV DNAemia
at six- and 12-months post-transplant were significantly higher in the
group treatedwith universal prophylaxis as opposed to the preemptive
approach and the higherDNAemiawas also associatedwith increased
mortality, suggesting a possible protective role for pre-emptive therapy
secondary to an improved CMV-specific immunity while on
preemptive versus prophylaxis [33]. Low-level CMV replication
early after liver transplantation may enhance CMV-specific
immunity, contribute to DNAemia control, and reduce
inflammatory alloimmune responses and immunosenescence,
which could ultimately impact survival, findings that are consistent
with those observed in our study. Despite the fact that pre-emptive
therapy is logistically more complex, practical real-world
implementations have been recently advised [34]. Some studies
have even postulated that universal prophylaxis could be harmful
by delaying immune reconstitution against CMV [35]. However,
facilitating CMVreactivation to diminishHCC recurrencemay not be
advisable until the underlying mechanisms are fully understood.

The use of immunotherapy in the LT arena when HCC recurs
is still limited due to an enhanced risk of rejection [36, 37]. If the
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association between CMV reactivation and HCC recurrence is
confirmed in larger, prospective multicenter studies, a potential
use of oncolytic CMV therapies such as vaccine vectors, or a
controlled preemptive approach could become a real strategy, at
least for patients with a high risk of recurrence [37, 38].

As with other studies, additional known risk factors predicted
HCC recurrence [1, 2, 5, 23, 39–41], including microvascular
invasion and tumor size at explant. We also found that the use of
DCD donors or the MELD score impacted HCC recurrence
There is controversy regarding DCD and HCC recurrence
[42–45]. A double ischemia impact, that could exacerbate liver
tumor growth and favor metastasis through marked activation of
cell adhesion, invasion, and angiogenesis pathways [42], could
explain this association. However, we acknowledge caution is
necessary when assessing this association given the small number
of DCDs and a temporal bias (learning curve) [42–44]. Regarding
the association between lowMELD and lower HCC recurrence, it
is possibly related to longer waiting time in this setting which
provides an opportunity to better select patients with less
aggressive tumor biology [46, 47].

Our study has some limitations. First, the retrospective approach
and the multicenter participation have introduced heterogeneity
related to CMV monitoring, diagnosis, including varying CMV
detection methods and management. We made however a
significant effort to ensure that the centers participating in this
study followed a similar approach regarding CMV management, in
accordance with international consensus [12]. Second, although
HCC surveillance was done by each center practice, it is likely
that it was not misdiagnosed due to the clinical relevance of HCC
recurrence and close follow-up of the LT patients. In addition,
information regarding immunosuppression including tacrolimus
cumulative exposure was only available in a subgroup of patients
and could not be controlled in the multivariable analysis.

In conclusion, CMVr reduces the risk of tumor recurrence in
patients with HCC undergoing LT, particularly among patients
showing other well-known risk factors such as increased tumor
burden, microvascular invasion, or increased AFP at transplant.
The most plausible mechanism involves immune-regulation
pathways triggered by CMV although future studies are
required to fully unravel the pathogenesis.
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Underutilization of deceased donor organs has worsened the gap in the number of kidneys
available for transplantation. The purpose of this clinical practice guideline is to provide
recommendations on the utilization of donor kidneys at risk of discard. Six conditional
recommendations were made all with very low certainty of evidence: 1) We suggest
utilizing extended criteria donor (ECD) kidneys for transplantation rather than remaining on
the wait list and continuing with dialysis; 2) We suggest utilizing kidneys from ECD versus
non-ECD in selected transplant candidates; 3) We suggest that organs from older kidney
donors can be used in selected transplant candidates who may derive benefit from them;
4) We suggest that kidneys from deceased donors with acute kidney injury can be used for
transplantation based on clinician assessment and donor factors; 5) We suggest that
donor kidneys with acute kidney injury from either ECD or non-ECD be used for kidney
transplantation; 6) We suggest using kidneys from donors after death determination by
circulatory criteria for transplantation. This clinical practice guideline provides evidence for
the use of deceased donor kidneys that are at risk of discard and may improve the shared
decision-making between transplant physicians and wait-listed patients.
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INTRODUCTION

Kidney transplantation remains the preferred treatment for patients
with end stage kidney disease (ESKD), leading to improved life
expectancy and quality of life when compared to remaining on
dialysis [1, 2]. Unfortunately, there is a gap in the supply and
demand for transplantable organs. Exacerbating this gap is the
underutilization of deceased donor kidneys, reported to be as high
as 20% of donated kidneys [3]. Meanwhile, patients die while
awaiting this lifesaving gift. Despite the availability of compatible
deceased donor kidneys, physicians may decline offers on behalf of
their patients with the main concern being around kidney quality.
These decisions lead to longer wait times, waitlist removal and
sometimes death for patients awaiting transplantation [4].

In 2019, Canadian Blood Services convened a Steering Committee
of transplant nephrologists, surgeons, and representatives from organ
donation organizations (ODOs) to discuss the concern of potential
organ (kidney) underutilization in Canada. One main priority
identified by this group was to examine the current literature and
perform a systematic review to guide evidence-based decision-
making at the time of a deceased organ donor offer.

Kidneys at risk of underutilization are generally those with
acute kidney injury (AKI), from older donor age, extended
criteria donor (ECD) or with high Kidney Donor Risk Index
(KDRI). Extended criteria donors are deceased donors aged
60 and above or 50–59 with at least 2 of the following
characteristics: history of hypertension, stroke as cause of
death or terminal serum creatinine above 132 μmol/L. In a
seminal 2002 publication, transplantations of kidneys from
ECD were associated with a risk (hazard ratio) of graft loss
defined as death, return to dialysis or re-transplantation above
1.7 [5]. The KDRI is a score including donor variables which has
been derived from a large retrospective cohort study including all
first kidney transplant recipients in the US between 1995 and
2005 [6]. This score is associated with the risk of graft loss and can
be expressed as the kidney donor profile index (KDPI), which is
the percentile of a donor’s KDRI in the distribution of all donor
KDRIs of a reference year. KDPI values are hence comprised
between 0% and 100%, with higher values indicating a higher risk
of graft loss.

Therefore, we present recommendations on common clinical
questions that physicians face whenmaking decisions to accept or
decline kidneys that are at risk of discard.

MATERIALS AND METHODS

The Steering Committee
A steering committee (SC) was formed to address optimizing the
use of extended criteria deceased organ donors in kidney
transplantation. The SC included experts in paediatric and
adult transplant nephrology, surgery, ethics and guideline
methodology.

Sponsorship
This guideline was supported and endorsed by Canadian
Blood Services.

Question Development
Priority questions were developed in PICO (Population,
Intervention, Comparison and Outcome) format to address
evidence for use of extended criteria donor kidneys including,
age, presence of acute kidney injury, and donation after death
determination by circulatory criteria (DCC, also known as DCD
or donation following circulatory death) compared to donation
after death determination by neurologic criteria (DNC, also
known as NDD or neurological death determination).
Questions were developed with the steering committee via
teleconferences. Outcomes were then identified and voted
upon using an anonymous online voting website. Outcomes
were rated as critical [7–9], important [4–6], or limited
important [1–3] [7]. Each committee member voted on the
outcomes using a modified Delphi approach. Critical outcomes
included: mortality, graft survival, graft failure (patient death and
graft failure requiring re-transplant or return to dialysis), and
quality of life. Important outcomes included: rejection,
readmission to hospital, DGF, estimated glomerular filtration
rate (eGFR) at 1 year and 3 years, hospital length of stay, infection
risk, and malignancy risk.

Search Strategy and Screening
A search strategy was developed by a medical librarian. We
searched MEDLINE, EMBASE, and Cochrane from inception
until April 2024. The search strategy also underwent peer review
from a second medical librarian. Search terms included: kidney
transplant, renal transplant, extended criteria, ECD, acute kidney
failure, acute kidney injury, kidney donor, age, infection,
neurologic determination of death and donation after cardiac
death. The results from the search were uploaded into
COVIDENCE [8]. Four reviewers (JCD, YY, CP, TG) screened
results for clinical trials, observational studies, and systematic
reviews for relevant citations. Title, abstract and full text
screening were done in duplicate (JCD, YY, TG). Any
disagreement about inclusion at the full text stage was
resolved through consensus.

Data Extraction and Risk of Bias
Assessment
Systematic reviews were conducted for each of the PICO
questions. Using a standardised pilot data extraction form, the
methodology team (JCD, YY, TG) performed data extraction and
risk of bias assessment, which in turn were verified by a second
reviewer. For clinical trials, the Cochrane Risk of Bias tool 2.0 [9]
was used. For observational studies, the Newcastle-Ottawa Risk of
Bias [10] assessment tool was employed.

Data Analysis
For PICO questions that had sufficient data for analysis, a meta-
analysis was performed using RevMan version 5.4 [11]. For all
outcomes, we calculated fixed and random effects estimates. For
PICO questions with less than five studies, we utilised a fixed
effects model. For most PICO questions, a random effects model
was used. For dichotomous outcomes, we reported a relative risk
(RR) or odds ratios (OR). For continuous variables, a mean
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difference (MD) was used. All effect size measures are reported
with 95% confidence intervals (CI). For PICO questions where
there was insufficient data to allow for meta-analysis, the evidence
was synthesised narratively.

The certainty of evidence was assessed using the Grading of
Recommendations, Assessment, Development and Evaluation
(GRADE) process [12]. In accordance with GRADE, we rated
the certainty of evidence for each outcome as high, moderate, low
or very low [13]. We rated the certainty of evidence for each
outcome as high if data were from randomized controlled trials
(RCTs) and low if data were from observational studies. The data
were rated down 1 or 2 levels if the results were at serious, or very
serious risk of bias, if there were serious inconsistencies across
studies, if the evidence was indirect, or if there were concerns
regarding publication bias. Data were rated up in observational
studies if there were large effect sizes or dose-response gradients.

Evidence Summary and Recommendation
Formulation
Evidence summaries for each of the PICO questions
(Supplementary Material S1) were developed by the
methodologists (JCD, YY) including information on the
methodology of each study, population, interventions, pooled
estimates for each outcome, and overall rating of the certainty of
evidence. Evidence to decision (EtD) frameworks
(Supplementary Material S2) were completed by the SC to
draft recommendations considering certainty of the evidence,
balance of desirable and undesirable effects, resources required,
feasibility, acceptability, and equity. Recommendations were
considered approved if at least 80% of the committee agreed
with the statement.

GUIDELINES

Part 1: The Evidence for theUse of Extended
Criteria Donor Kidneys
Recommendation 1: We Suggest Utilizing ECD
Kidneys for Transplantation Rather than Remaining on
the Wait List and Continuing with Dialysis (Conditional
Recommendation, Very Low Certainty of Evidence)
Evidence Summary
Transplantation with kidneys from ECD are associated with a
lower risk of mortality (pooled RR 0.88, 95% CI 0.84, 0.92) [14,
15] when compared with remaining on dialysis.

Justification
Although kidneys from ECD are associated with a moderately
higher risk of graft loss than those from non-ECD, the decision to
accept or decline such kidneys must be made by comparing the
benefits and risks of transplantation versus remaining on dialysis
waiting for a better offer. Our systematic review of the literature
and meta-analysis show that transplantation with kidneys from
ECD is associated with lower mortality than remaining on
dialysis (pooled RR 0.88, 95% CI 0.84, 0.92) [14, 15]. In the
largest study supporting this result, the survival benefit was seen

in recipients aged more than 40, especially in areas with long
wait times [14].

Due to heterogeneity in KDPI categories and outcomes in
relevant studies, we could not perform a meta-analysis of the data
expressing transplant outcomes according to donor KDPI.
Nevertheless, we identified one large retrospective cohort study
which provided results similar to those presented in our
systematic review for ECD. This study showed that accepting
a kidney from a donor with high KDPI was associated with a
survival benefit compared with remaining on dialysis [16].

The quality of evidence is very low as a result of the high risk of
bias given the retrospective nature of the studies and the
inconsistencies in results between studies.

Implementation
Kidneys from ECD are already utilized in clinical practice.
Implementation considerations include identifying ways to
operationalize wider utilization, promote transplant physician
and candidate education as to the survival benefit of
transplantation with kidneys from ECD to improve shared
decision-making when kidneys from ECD are offered.

Research Priorities
Impact of transplantation with kidneys from ECD on cost
effectiveness of the procedure and quality of life of kidney
transplant candidates and recipients are needed. A provider
preferences survey including conjoint analysis with transplant
recipients could help determine the elements driving decision-
making for accepting or declining kidneys from ECD. Better data
are needed to determine which patients are the best candidates to
receive ECD kidneys and efforts should be made to implement
more consistent practices across the country.

Recommendation 2: We Suggest Utilizing Kidneys
from ECD Versus Non-ECD in Selected Transplant
Candidates (Conditional Recommendation, Very Low
Certainty of Evidence)
Evidence Summary
Transplantation with kidneys from ECD versus non-ECD is
associated with a moderately increased risk of mortality [14,
17–28], graft loss, DGF, and a small decrease in death-censored
graft survival. There were no differences in the incidence of acute
rejection, and hospital readmissions in transplantations
performed with kidneys from ECD versus non-ECD.

Justification
Our systematic review of the literature and meta-analysis indicate
that the risk of mortality (pooled RR 1.5, 95% CI 1.25, 1.80)
[17–19, 21–26, 28–36], graft loss (pooled RR 1.63, 95% CI 1.32,
2.02) [18, 27, 28, 35, 37–39] and DGF (pooled RR 1.23, 95% CI
1.04, 1.46 [17–19, 21–26, 31, 35, 37–70] were moderately
increased when transplantation was performed with kidneys
from ECD versus non-ECD, while death-censored graft
survival was only mildly improved when non-ECD were
transplanted as compared with ECD (pooled RR 0.95, 95% CI
0.90, 0.99) [14, 26, 36, 42, 64–66, 71]. The risk of acute rejection
(pooled RR 1.10, 95% CI 0.89, 1.37) [17–19, 21–24, 26, 31, 32, 35,
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37–41, 45, 46, 48, 50, 52, 53, 55–57, 61, 63, 65, 66, 72–77] and
hospital readmission (pooled RR 1.17, 95% CI 0.71, 1.92) [32, 37,
38, 62, 66, 67, 76] were not different when transplantation with
kidneys from ECD was compared with transplantation with
kidneys from non-ECD.

We performed a literature search to identify transplant
outcomes by donor quality when the latter was expressed as
the KDPI. Due to heterogeneity in KDPI cut-offs that define risk
donor categories across studies, we were unable to perform a
meta-analysis on the data. Nevertheless, the results of studies
comparing transplantations with kidneys from donors with high
versus low KDPI were similar to those comparing outcomes of
transplantation in patients receiving ECD versus non-ECD.
Transplantation with kidneys from donors with high KDPI
reported a higher risk of graft loss and DGF compared with
kidneys from donors with lower KDPI values.

The quality of the evidence was very low due to limitations in
study design (observational studies only), the risk of selection and
confounding biases due to differences in recipient characteristics
among those who get offered kidneys from ECD, and double
counting across studies using similar databases.

Implementation
Kidneys from ECD are already utilized in clinical practice.
Implementation considerations are similar to
Recommendation 1, Part 1. Ultimately identifying patients that
will benefit from accepting an ECD kidney transplant compared
to remaining on dialysis is imperative in wider utilization.

Research Priorities
Studies that address the barriers and facilitators that promote
wider utilization should be performed, as well as studies that
evaluate the impacts of using more ECD on cost-effectiveness and
quality of life of transplant candidates and recipients. Research is
also required to better understand which potential transplant
candidates will benefit the most from these kidneys vs. remaining
on dialysis.

Recommendation 3: We Suggest that Organs from
Older Kidney Donors Can be Used in Selected
Transplant Candidates Who May Derive Benefit from
them (Conditional Recommendation, Very Low
Certainty of Evidence).
Evidence Summary
The data supporting the recommendations were derived from
non-randomised (i.e., observational) studies. The studies span the
spectrum in scope, ranging from single centre reports to large
national registry analyses. In addition, follow-up varied across
studies from 1, 3, 5, to 10 years. Most studies dichotomized
“younger” vs. “older” deceased donors as < 65 years vs. >/ =
65 years. It was acknowledged by the panel that age cut-offs used
in these analyses are somewhat arbitrary, but 65 years of age
seemed to be a widely adopted threshold for categorising the
deceased donor population.

The pooled data showed that kidneys from younger (vs. older)
deceased donors were generally associated with a higher relative
likelihood of patient survival (RR 0.95, 95% CI: 0.93, 0.98) [21, 56,

78–97] and graft survival (RR 0.88, 95% CI: 0.86, 0.91) [21, 56,
78–80, 82–85, 87–89, 92, 98–113]. Furthermore, recipients of
kidneys from older donors were more likely to experience DGF
(RR 1.29, 95% CI: 1.12, 1.48) [78, 80–84, 86, 87, 89–92, 97, 98,
111, 113–124] and acute rejection (RR 1.18, 95% CI: 1.02, 1.37)
[78, 82, 83, 90, 92, 96, 98, 99, 107, 115, 119, 122, 123, 125] when
compared to recipients of kidneys from younger donors. Despite
these differences, it was noted by the panel members that these
differences were relatively small and other outcomes such as
death-censored graft survival were comparable across the two
groups (RR 0.97, 95% CI: 0.94, 1.00) [21, 78, 82, 84, 86, 87, 90–92,
94, 97, 117, 122].

The overall certainty of the evidence was very low given that
the estimates were derived from comparisons in donor age groups
with varying degrees of control for confounding and selection
biases. Variation in the application of age cut-offs and the
decision to dichotomize a continuous variable such as donor
age to facilitate presentation of the results may have led to
measurement bias.

Justification
Although the comparison of recipient outcomes between kidney
transplanted from younger vs. older donors favoured younger
donors in various domains (including graft survival), it was
highlighted by the panel members that the net benefit of using
kidneys from older donors in appropriate recipient candidates
may provide substantial benefit at a system level in light of their
broad availability, the continued mismatch between supply and
demand for organs, and the relatively small differences in
recipient outcomes between kidney transplants from younger
vs. older donors. It is notable that the certainty of the evidence is
very low given the risk for bias in the outcome estimates from
observational studies.

The included studies provided no information on the cost-
effectiveness of different strategies for using younger vs. older
donor kidneys nor did they explicitly address issues of equity.
Given that kidneys from a wide spectrum of donor ages are
already being used in clinical practice, the panel felt that
developing strategies to optimise the use of older donor
kidneys would be both acceptable and feasible.

Implementation
The panel highlighted that donor age is a continuum and thus
implementation of policies around the use of these kidneys
should consider the impact of extremes of age on recipient
outcomes. Other implementation considerations include
defining the best approach to operationalizing the use of
kidneys from a wider age spectrum, including the integration
of shared decision-making frameworks that account of patient
and provider preferences.

Research Priorities
One main research priority is being able to identify which
recipients will benefit from transplantation with older donor
kidneys. Future studies should establish the quality of life of
recipients receiving older vs. younger donor kidneys.
Furthermore, it would be important to establish the cost-
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effectiveness of strategy that expands the use of kidneys from
older donors. Research on ways to modify and improve the
function as well as long-term outcomes of older donor kidneys
should be a priority. These studies may include interventions on
donors and/or recipients as well as the rational application of
biomarkers in supporting the management of the organ
and patient.

Part 2: The Evidence for the Use of Kidneys
With Acute Kidney Injury
Recommendation 1: We Suggest that Kidneys from
Deceased Donors with AKI Can be Used for
Transplantation Based on Clinician Assessment and
Donor Factors (Conditional Recommendation, Very
Low Certainty of Evidence).
Evidence Summary
For the comparison of outcomes of renal transplantation using
kidneys from deceased donors who had an acute kidney injury vs.
deceased donors who did not (non-AKI), only observational
studies were included in the analysis. Thereby, the risk of bias
is high. Outcomes that were analysed includedmortality and graft
survival at different time points, and acute rejection up to a year.
Graft survival at 1 year in 12 observational studies including over
16,000 patients was lower in donors with AKI: (RR 1.14, 95% CI:
1.02, 1.27) [22, 26, 35, 126–134]. No difference was found in graft
loss at 3 years (RR 1.03, 95% CI: 0.84, 1.26) [56, 127, 128].
Mortality was similar at varying time points from 1 to 6 years (RR
0.80, 95% CI: 0.56, 1.14) [26, 35, 56, 127, 131–137]. No significant
difference was found in the rate of DGF when the deceased donor
had AKI (RR 1.53, 95% CI: 0.88, 2.68) [26, 35, 50, 53, 127–129,
131–154], and little to no difference was found in the rate of acute
rejection up to 1 year after transplant as a function of deceased
donor AKI status (RR 1.02, 95% CI: 0.94, 1.11) [26, 53, 127,
131–134, 138–142, 144, 149, 150, 152, 155].

Justification
No worrisome signal was seen in outcomes from kidneys whose
donor had AKI. In particular, there was no difference in graft
survival up to 10 years post-transplant, no difference in mortality
up to 5 years and no difference in acute rejection at 1 year.
Therefore, we suggest that kidneys from donors with AKI can be
used for transplantation. However, this is based on very low
certainty of evidence. Of note, severity of AKI (stage 1, 2 or 3) or
the need for renal replacement therapy in deceased donors was
not considered in these observational studies. Moreover, the
studies could only ascertain the outcomes of AKI kidneys that
were transplanted. The factors distinguishing AKI kidneys that
were declined vs. used (and the outcomes of the former if they did
get used for transplantation) are not clear. Having said this, using
kidneys from deceased donors with AKI is both feasible and
acceptable under the appropriate settings.

Implementation
The relative effect of using kidneys from deceased donors with
AKI on graft loss is trivial. These kidneys are already being used
by some transplant programs, but more widespread use should be

encouraged. Implementation of the widespread use of donors
with AKI will require improved education of accepting physicians
on the positive outcomes of these specific kidneys. Furthermore,
awareness of critical care and donor physicians that such kidneys
may be donated is needed. Although not universal, some
physicians do request a reassuring biopsy prior to accepting
these organs. Resources to increase access of timely renal
biopsy results may also be required, however this was not
studied by our group.

Research Priorities
The very low certainty of evidence points to a research priority
assessing the efficacy and the safety of using kidneys from
deceased donors with AKI for kidney transplantation. Such
future multicentre studies should use a standardised definition
of AKI, stage of AKI, cause of AKI, and whether donor kidney
replacement therapy was needed. Outcomes in different
transplant candidate subgroups might identify specific
transplant candidates who would benefit most from
these kidneys.

Recommendation 2: We Suggest that Donor Kidneys
with AKI from Either ECD or Non-ECD be Used for
Kidney Transplantation (Weak Recommendation, Very
Low Certainty of Evidence)
Evidence Summary
A total of six observational studies were found in the literature
[22, 26, 50, 53, 126, 137]. The definition of AKI was not
standardized and varied from between studies. Overall, there
was no statistically significant differences in any of the outcomes
of interest between donor kidneys with AKI labelled as ECD or
non-ECD. There was a small difference in overall graft survival
with a RR 1.1 (95% CI 1.0–1.2) favouring non-ECD kidneys with
AKI [26, 53, 55]. However, there was no difference in mortality
[22, 26, 134], DGF [22, 26, 50, 53, 134, 137], acute rejection [26,
50, 53, 135, 137] or eGFR [22, 26, 50, 53] at 1 year.

Justification
The available studies suggest that donors with AKI have similar
outcomes regardless of ECD or non-ECD status. Given the lack
of standardization of AKI definition and the uncertainty
around the use of renal biopsy prior to transplantation, this
is a weak recommendation. The outcome measures do not
suggest any significant harm from transplanting kidneys from
ECD with AKI. It is therefore feasible that this category of
donor kidneys can be transplanted safely in selected recipients.
None of the studies discussed cost utilization given the
potential for DGF, although the data did not suggest a
higher risk in ECD with AKI.

Implementation
It is possible that ECD with AKI make up a large proportion of
underutilized organs. Appropriate use of these organs can lead to
increased access to transplantation for selected patients with
ESKD. Improving knowledge and education along with shared
decision making between clinicians and patients is important to
consider in the implementation of this strategy. Other
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implementation concerns are highlighted in Recommendation
1, Part 2.

Research Priorities
The evidence guiding this recommendation is of very low
certainty and there is opportunity to inform the transplant
community with well-designed studies using a standardized
definition of AKI. Biopsy practices vary and additional
research could focus on biopsy results and transplant
outcomes. Other research questions are mentioned in
Recommendation 1, Part 2.

Part 3: The Evidence for the Use of Kidneys
From Donors After Circulatory and
Neurologic Determination of Death
Recommendation 1: We suggest Using Kidneys from
Donors After Death Determination by Circulatory
Criteria for Transplantation (Conditional
Recommendation, Very Low Certainty of Evidence)
Evidence Summary
The literature comparing recipient outcomes of kidneys
transplanted from donors after DNC vs. DCC are based on
observational studies from single-centre, multicentre, and
national data sources. There are no randomised controlled
trials that have established the comparative effectiveness of
these two approaches. DCC kidney transplants have seen a
resurgence over the last 20 years due to advances in surgical
recovery techniques, organ preservation, and the continued gap
between the supply and demand for transplantable organs.

The evidence synthesis showed that recipients of DCC kidneys
experienced a higher risk of all-cause mortality (RR 1.33, 95% CI:
1.15, 1.54) [156–164] and graft loss (RR 1.08, 95% CI: 1.00, 1.17)
[158–161, 163–165] when compared to recipients of DNC
kidneys. The relative likelihood of death-censored graft loss
was comparable between the two groups (RR 1.04, 95% CI:
0.92, 1.17) [159, 162]. Recipients of DCC kidney transplants
had an 89% increase in the risk of DGF when compared to those
who received a DNC kidney transplant (RR 1.89, 95% CI: 1.80,
1.99) [19, 156, 158, 160, 162, 163, 166–169]. Although the point
estimate for acute rejection suggested a 62% increased risk among
DCC (vs. DNC) kidney recipients, the level of precision did not
allow for definitive conclusions (RR 1.62, 95% CI: 0.77, 3.42) [19,
157, 160, 163, 167, 169, 170].

Similar to other analyses that compare recipient outcomes
across specific donor characteristics, the overall certainty of the
evidence was very low due to the estimates being derived from
comparisons that vary in terms of bias control for confounding
and selection. The inclusion of studies derived from the same data
sources (e.g., national registry) may lead to double counting of
subjects and events, leading to measurement bias.

Justification
There was a moderately desirable effect of DNC over DCC kidney
transplants, particularly in the domains of mortality and delayed
graft function. DCC kidney transplants clearly had a notably
higher relative likelihood of DGF, which is consistent with the

mechanism of donation (i.e., longer warm ischemia time in DCC
than DNC). Of note, differences in graft loss and acute rejection
were null or trivial. This supports the recommendation to explore
ways to increase the use DCC kidneys, when available, in patient
groups that may benefit from them.

Implementation
DCC kidney transplants are being used in many organ donation
and transplantation systems across the world but there may be
opportunities to expand their deployment in certain countries,
regions, and jurisdictions. One must also consider the resources/
costs associated with properly undertaking life-support
discontinuation, donor monitoring, and rapid preservation/
recovery of organs after cessation of circulation in the donor.
DCC kidney recipients are almost two-fold more likely to
experience DGF, which has implications of inpatient dialysis
services and length of stay.

Research Priorities
Reliable methods to predict death following discontinuation of
life-support will support the rational allocation of resources to
optimise the availability of DCC organs for transplantation.
Moreover, research on ways to safely extend the time from
withdrawal of life-sustaining therapies until death and
techniques to improve organ viability (with reductions in DGF
rates) should be prioritised.

DISCUSSION

Organ utilization is a primary concern for a wide spectrum of
healthcare users, providers, and payers. Kidney transplantation
provides patients with an improved quality of life and overall life
expectancy compared to remaining on dialysis and is the
preferred treatment for ESKD. Not only is there clinical
benefit for patients, but transplantation leads to considerable
cost savings [171, 172]. Kidney underutilization exacerbates the
organ shortage problem facing patients with ESKD, increasing
wait times, and reducing access to transplantation. Furthermore,
the public may lose trust in the organ donation and transplant
systems if utilization of this precious gift is not optimized.

Clinicians are faced with the difficult decision of accepting or
declining a kidney that is non-standard criteria. This clinical
practice guideline summarizes the available evidence on the
outcomes of non-standard criteria donor kidneys, labelled as
either ECD, older age, DCC or those with AKI. We present the
recommendations of six PICOs that may assist in clinical decision
making. There was ample evidence in the literature, however
given the limitations of the data, only conditional
recommendations could be provided for all PICOs. The nature
of retrospective, registry data with the potential for double-
counting leads to the potential for bias, which limits the
strength of these recommendations.

It is important to appreciate that the results of all these studies
includes kidneys that were ultimately transplanted. There are
likely many kidneys that are not transplanted which outcomes are
unknown. One could assume that if all kidneys were transplanted,
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outcomes may be worse with non-standard criteria donor
kidneys. However, we are not advocating that all kidneys are
transplanted but appropriate clinical decision making to identify
those that will provide patients with improved outcomes. We feel
confident that our data are inclusive of all relevant literature up to
April of 2024. We undertook rigorous methodological
assessments following well established GRADE criteria to
determine the strength of the data. Lastly, our steering
committee did not have a patient partner that was guiding our
PICO question development and determination of outcomes that
are important to patients. However, we do believe that these are
important questions that carry importance to our patients.

Overall, the majority of studies show small or trivial
differences in outcomes of importance when transplanting a
kidney from an older donor, ECD, DCC or those donors
suffering AKI. Although some studies revealed the potential
for poorer outcomes, we believe the limitations of the data call
to question these results. Ultimately this decision must balance
the risk of potential negative outcomes to the benefit of improved
life expectancy and quality of life with a transplant compared to
remaining on dialysis.

A recent study published after our search was complete
present a systematic review of the literature on the outcomes
of kidney transplantation from donors with AKI. Overall, their
results were in concordance with ours when investigating
specifically donors with AKI and graft outcomes. They do
present a few studies that highlighted the impact of AKIN
stages on graft outcomes. Only stage 3 AKI portended a
poorer prognosis with higher rates of DGF, but this did not
lead to worse long term graft outcomes. They also highlighted the
differences in the aetiology of AKI and its impact on graft
outcomes comparing hemodynamic, intrinsic and mixed
causes. Only intrinsic AKI resulted in higher rates of DGF and
a lower 1-year eGFR [173].

This guideline is only one component in our attempts to
improved kidney utilization. The importance of patient
knowledge and education cannot be understated. Patients
awaiting transplantation must have easy to understand
education provided in a time of low stress, in other words not
at the time of an organ offer. Prior work from our group has
confirmed this and suggested that most elderly patients are
willing to accept a kidney transplant with reduced long-term
outcomes to provide them freedom from dialysis for 3–5 years
[174]. Identifying the right recipient for the right kidney can lead
to improved patient outcomes and improved organ utilization.
Ultimately as we transplant more kidneys that are at risk of
underutilization, we must accept as a community the potential for
reduced long-term outcomes. Individual programs that are
focused on performance indicators such as long-term graft
survival may have to shift their priority to other markers of
success. Furthermore, the utilization of non-standard kidneys
into an ever-increasing complex patient population may also lead
to higher healthcare needs and the financial costs associated with
it. To address this adequately, high quality prospective research
is required.

There are other clinical factors which have an impact on organ
underutilization. There is robust evidence that hypothermic

machine perfusion (HMP) reduces the risk of DGF in
deceased donor kidney transplantation [175]. Graft survival
was also improved with the use of HMP in some but not all
studies. An interesting pharmacoeconomic analysis proposed
that the use of HMP for ECD kidneys led to an improvement
in utilization with a higher number of transplants. Overall costs
were higher but in their proposed scenario of HMP for ECD
kidneys and static cold storage for SCD kidneys, there were cost
savings realized on the fifth year [176]. Other reports also
document the potential for a lower discard rate with the use
of HMP [177, 178]. Despite the limited evidence that histological
findings on recovered deceased donor kidneys is associated with
graft outcomes, procurement biopsy for ECD kidneys is a
common practice [179]. There is a strong association between
biopsy findings and organ discard rate with the degree of
glomerulosclerosis (>20%) and macroscopic arteriosclerosis
being important histological findings affecting decision making
[180, 181]. If procurement biopsies are a common practice for
ECD kidneys to assist with decision making, utilizing
standardized clinical pathological scores may improve
utilization. Zhang and colleagues developed a kidney donor
quality score (KDQS) based on deep learning assessment of
procurement biopsies [182]. The KDQS in addition to clinical
covariates predicted one- and five-year graft loss with an area
under the curve of 0.70 and 0.64, respectively, and thus has the
potential to reduce kidney discards. Lastly, dual kidney
transplantation may improve utilization of ECD kidneys that
would otherwise be discarded. Donor kidneys that are at risk of
discard based on histological or clinical criteria can be
successfully transplanted using an algorithm decision tree
[183]. High risk donors based on clinical and histological
criteria underwent dual kidney transplantation resulting in
similar graft survival as single kidney transplantation from
similar donors but lower biopsy lesions.

We highlight several research priorities and unmet needs in
this topic. Further research is required to determine cost
effectiveness of this strategy, patient quality of life, and
more accurate ways of identifying characteristics of
recipients and donor kidneys to improve overall outcomes.
This clinical guideline has the potential to increase kidney
utilization reducing the gap of organ shortage for
patients with ESKD.
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Despite the development of numerous prognostic models for hepatocellular carcinoma
(HCC) recurrence andmortality after liver transplantation, tumor biomarkers such as alpha-
fetoprotein (AFP) and protein induced by vitamin K absence-II (PIVKA-II) remain widely
used in clinical practice. This study evaluated the performance of AFP and PIVKA-II
compared with six prognostic models (RETREAT, SNAPP, MoRAL, R3-AFP,
METROTICKET 2.0, and SALT) in a retrospective cohort of 707 adults who underwent
living donor liver transplantation (LDLT) for HCC between 2003 and 2018. Patients were
stratified into Milan and Beyond Milan groups. Time-dependent receiver operating
characteristic curve analysis was conducted using integrated area under the curve
(iAUC) and concordance index (C-index) to assess recurrence and mortality. AFP and
PIVKA-II (continuous) achieved iAUCs of 0.68–0.75 for recurrence and C-indices of
0.66–0.77 for mortality. Their combination reached iAUCs up to 0.78 and C-indices up
to 0.80. Threshold models (AFP ≥200, PIVKA-II ≥400) showed modest predictive
performance. Among multivariable models, R3-AFP demonstrated the most consistent
performance (iAUC 0.76–0.81; C-index 0.78–0.82). SNAPP, MoRAL, and SALT also
performed well. AFP and PIVKA-II may offer practical utility in resource-limited settings.
However, multivariable models remain the preferred approach where comprehensive
diagnostics are available.

Keywords: hepatocellular carcinoma (HCC), alpha-fetoprotein, living donor liver transplantation (LDLT), des-gamma
carboxyprothrombin, tumor biomarker, PIVKA-II

*Correspondence
YoungRok Choi,

choiyoungrok@gmail.com,
play@snu.ac.kr

Received: 10 April 2025
Accepted: 29 May 2025
Published: 27 June 2025

Citation:
Gongor SO, Choi Y, Kim G, Kim MK,

Park SH, Kim J, Kim JY, Hong Sy,
Lee JM, Hong SK and Lee KW (2025)
Long-Term Prognostic Value of AFP

and PIVKA-II in HCC After Living Donor
Liver Transplantation: A Single-Center

Retrospective Study.
Transpl. Int. 38:14748.

doi: 10.3389/ti.2025.14748

Abbreviations: AFP, alpha-fetoprotein; DDLT, deceased-donor liver transplantation; EMR, electronic medical record; HCC,
hepatocellular carcinoma; iAUC, integrated area under the curve; LDLT, living-donor liver transplantation; LT, liver
transplantation; MoRAL, Model for Recurrence After Liver Transplantation; PIVKA-II, protein induced by vitamin K absence-
II; R3-AFP, Recurrence-Risk Reassessment AFP; RETREAT, Risk Estimation of Tumor Recurrence After Transplant; SALT,
Survival After Liver Transplantation; SNAPP, Size and Number, AFP, PIVKA-II, PET.

Transplant International | Published by Frontiers June 2025 | Volume 38 | Article 147481

ORIGINAL RESEARCH
published: 27 June 2025

doi: 10.3389/ti.2025.14748

34

http://crossmark.crossref.org/dialog/?doi=10.3389/ti.2025.14748&domain=pdf&date_stamp=2025-06-27
http://creativecommons.org/licenses/by/4.0/
mailto:choiyoungrok@gmail.com
mailto:choiyoungrok@gmail.com
mailto:play@snu.ac.kr
mailto:play@snu.ac.kr
https://doi.org/10.3389/ti.2025.14748
https://doi.org/10.3389/ti.2025.14748


GRAPHICAL ABSTRACT |

INTRODUCTION

Hepatocellular carcinoma (HCC) recurrence remains a concern
in liver transplantation (LT), with rates ranging from 10% to 21%
[1–6]. Post-LT recurrence also significantly contributes to patient
mortality [2, 4, 6], despite advances in surgical and perioperative
care. The Milan criteria have historically ensured excellent post-
LT outcomes [2, 3, 5]. However, with an increasing number of
recipients exceeding these strict morphological boundaries, the
Milan criteria alone are no longer sufficient to accurately predict
post-transplant outcomes.

Owing to these limitations, particularly their emphasis on
tumor size and number, a paradigm shift has emerged toward
incorporating tumor biology using surrogate tumor biological
markers [2, 7]. This approach aims to better capture the intrinsic
behavior of HCC and enhance the selection process for LT
candidates [2, 7]. Moreover, the lack of standardized post-LT
HCC surveillance guidelines [8, 9] has prompted the
development of diverse prognostic scoring systems and refined
selection protocols [3, 5, 10]. These models now integrate a
broader range of factors, including radiological [2], molecular
[2], serological [2, 11], and morphological [2, 5, 9] factors to
promote recurrence detection and improve post-
transplant survival.

The rising demand for living donor liver transplantation
(LDLT) [12, 13], which frequently involves patients beyond
the Milan criteria, further highlights the need for expanded
selection criteria and LDLT-specific predictive models [10, 12,
13]. Consequently, several prognostic systems for LDLT have

been developed, particularly in Asian centers [12, 13]. In 2016,
our center introduced the Model for Recurrence After Liver
Transplantation (MoRAL), a prognostic score based solely on
surrogate tumor biological markers, which showed strong
predictive performance, but still required complex calculations
[14]. Similarly, another major Korean center proposed the
SNAPP (Size and Number, alpha-fetoprotein (AFP), protein
induced by vitamin K absence-II (PIVKA-II), and positron-
emission tomography (PET) score, which incorporates
morphological, biological (AFP and PIVKA-II), and
radiological (PET) factors, demonstrating excellent prognostic
utility, but requires PET results [15].

Moreover, in Western countries, the majority of LT is
performed with deceased donor liver transplantation (DDLT)
settings; therefore, most prognostic systems are developed based
on DDLT. This could be another reason for the unlimited access
to certain LDLT centers [14–17]. In particular, among deceased-
donor LT (DDLT) cohorts, scoring systems such as the Risk
Estimation of Tumor Recurrence After Transplant (RETREAT),
which integrates additional microvascular invasion status [16],
and the recurrence-risk reassessment AFP (R3-AFP) [17], have
also been developed and have demonstrated strong predictive
performance for HCC recurrence but still require additional
factors such as histopathologic differentiation grade. For
survival-specific outcomes, tools such as the Survival After
Liver Transplantation (SALT) calculator [18] and
METROTICKET 2.0 [19] have yielded concordance (C)-
indices exceeding 70%. It is fair to say that most high-volume
centers worldwide proposed their own selection criteria or
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scoring systems for HCC in LT; however, unlike during the Milan
era, these models are not uniformly reached to an consensus or
consistently adopted in routine clinical practice [2, 7]. Since the
target groups differ [14–17], their actual clinical applicability is
limited. Moreover, despite the robust predictive performance of
these models, their complexity and reliance on advanced
diagnostics [8, 20] hamper their routine clinical
implementation. Consequently, only a few of these scoring
systems are consistently utilized in clinical practice, especially
in LDLT [8, 20].

Advances in surgical techniques, immunosuppressive
strategies, and systemic therapies, including immune
checkpoint inhibitors [21], have significantly improved long-
term post-transplant survival [22], with mean survival rates
now exceeding 20 years [23, 24]. Despite this progress, long-
term outcomes, such as HCC recurrence and mortality over
extended periods, remain insufficiently understood [25]. Most
prognostic models are designed to predict recurrence or post-LT
mortality within 3 or 5 years [2, 7]. In particular, there is a lack of
validated, simplified prognostic models for long-term (>5 years)
outcomes after LDLT that rely solely on biochemical markers
such as AFP and PIVKA-II [25].

In this context, AFP [1, 11, 26–30] and PIVKA-II [26, 31]
levels remain pivotal as readily obtainable biomarkers, with
decades-long validation as accurate and reliable indicators in
clinical practice, and continue to provide crucial insights into
tumor recurrence and survival outcomes through simple and
singular measurements. More complex prognostic models,
however, require additional measurements, and their use is
generally limited to specific circumstances [17, 20], meaning
they are typically only available in tertiary or quaternary
medical facilities.

We hypothesized that AFP and PIVKA-II levels would show
performance comparable to that of highly accurate complex
prognostic models, particularly for predicting recurrence,
mortality, and outcomes beyond 5-year post-LT, while being
simpler to use. This study, therefore, compared the predictive
accuracy of models for predicting recurrence and mortality with
that of these two traditional biomarkers. Additionally, we
evaluated the accuracy of the predictive ability of individual
and combined values of AFP and PIVKA-II for predicting
outcomes beyond 5-year post-LT and their utility in predicting
location-specific HCC recurrence.

MATERIALS AND METHODS

Study Design and Patients
A single-center, retrospective analysis was performed on
707 patients with HCC who underwent adult LDLT at Seoul
National University Hospital between 2003.01.01 and 2018.12.31.
The last follow-up date was 2024.01.31 (Figure 1). The inclusion
criteria were as follows: 1. age ≥19 years; 2. diagnosis of HCC
following LDLT based on explant pathology reports; and 3. with
available AFP and PIVKA-II measurements prior to
transplantation. The exclusion criteria were as follows: 1. non-
diagnosis of HCC following LDLT based on explant pathology; 2.

re-transplantation; 3. missing AFP and PIVKA-II measurements;
and 4. combined intra-hepatic carcinoma-hepatocellular
carcinoma or intra-hepatic carcinoma. Diagnosis of HCC was
based on postoperative histopathological examination. The study
patients were subsequently categorized into the Milan cohort
(MC) and Beyond Milan cohort (BMC) based on
explant pathology.

Data Collection
Preoperative data, including demographic and clinical
information, such as age, sex, body mass index (BMI), arterial
hypertension, diabetes mellitus, underlying disease (such as HCV
and HBV infections), AFP level, PIVKA-II level, and Model for
End-stage Liver Disease scores, were extracted from electronic
medical records (EMRs). Records of pre-transplant interventions,
such as hepatectomy, transarterial chemoembolization,
radiofrequency ablation, and percutaneous ethanol injection
therapy, were reviewed from the EMRs. Tumor characteristics,
including vascular invasion status (microvascular or
macrovascular), tumor size, number of tumors, tumor stage,
and differentiation grade, were extracted from post-LT
pathological reports. HCC diagnosis, total necrosis, and graft-
to-recipient weight ratio were confirmed by explant pathology
findings. Overall survival (OS) was defined as the period from the
date of liver transplantation until death from any cause. Patients
who were alive at the last follow-up were censored. Recurrence-
free survival (RFS) was defined as the duration from the date of
liver transplantation to the first radiological or pathological
evidence of HCC recurrence or death from any cause,
whichever occurred first. Patients without recurrence or death
were censored at the last follow-up date.

Assessment of Cox Prediction Models and
Statistical Analysis
Preoperative AFP and PIVKA-II levels, as individual predictors,
and four prognostic scores for HCC recurrence (SNAPP,
RETREAT, MoRAL, and R3-AFP) were evaluated in both the
MC and BMC [14–17]. AFP, PIVKA-II, SALT, and
METROTICKET 2.0 scores were evaluated to predict post-LT
mortality for both the MC and BMC [18, 19]. All prognostic
scores were calculated retrospectively utilizing explant pathology
reports, preoperative measurements, and radiological data. Time-
dependent receiver operating characteristic (ROC) analysis was
performed using Uno’s integrated area under the curve (iAUC),
with inverse probability of censoring weighting (IPCW), to
evaluate the dynamic predictive performance of the Cox
regression models applied to both composite scores and
individual biological tumor markers for HCC recurrence and
mortality [32]. Furthermore, to assess the overall predictive
ability of each model, Harrell’s C-index was calculated from
the Cox regression models for both recurrence and mortality
outcomes [33]. Confidence intervals for Uno’s iAUC were
derived from 1,000 bootstrap samples, and iAUC values were
compared between models using 1,000 bootstrap iterations to
ensure the robustness and statistical reliability of the
estimate [34, 35].
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Continuous variable Cox regression models utilized calculated
scores from prognostic models or measurements of biological
markers, such as AFP and PIVKA-II levels, to predict HCC
recurrence or survival following LDLT. In contrast, the
threshold value binary Cox regression models were
constructed using previously reported or validated threshold
values (Supplementary Table S3). The Cox model
specifications were as follows: AFP ≥200 (ng/mL) and PIVKA-
II ≥400 (mAU/mL) cutoff values for predicting HCC recurrence
and mortality were employed, as previously described [36, 37].
The SNAPP score was calculated using AFP, PIVKA-II, tumor
size, number, and PET metabolic status, with a SNAPP ≥5 score
used as a cutoff to indicate a high risk of HCC recurrence, as
previously described [15]. The RETREAT score was calculated
using the explant microvascular invasion status, largest tumor
size, and preoperative AFP level, with RETREAT ≥5 indicating
the high-risk group and as a threshold, as previously described
[16]. The MoRAL score was calculated using preoperative AFP
and PIVKA-II levels with a cutoff of 314.8, as previously
described [14]. The R3-AFP score was based on the number
of nodules, size of the largest tumor nodule, AFP level,
microvascular invasion status, and tumor differentiation grade
(Edmonson and Steiner grade >2), with a cutoff R3-AFP ≥3 score
for cox models, as previously described [17]. SALT was based on
the risk score, with a risk score ≥4.07 used as a threshold for
higher mortality, as previously described [18]. The
METROTICKET transplantability score was based on three

categories: 1. If AFP <200 ng/mL, the sum of the number and
size ≤7; 2; if 200 ≤ AFP <400 ng/mL, the sum of the number and
size ≤5; 3. if 400 ≤AFP <1,000 ng/mL, the sum of the number and
size ≤4, as described previously [19].

The Kaplan–Meier method was used to estimate overall
survival and recurrence-free survival. Chi-square or Fisher’s
exact tests were used to compare categorical variables, and
Student’s t-test was used for continuous variables. Statistical
analyses were performed using SPSS version 29 (IBM SPSS
Inc., Armonk, NY, United States) and R version 4.4.11. Uno’s
iAUC was calculated using “survAUC” package, and Harrell’s
C-index was computed using “survcomp” package in R. Cox
models were fitted using “survival.” All statistical tests were two-
sided, with a significance threshold of 0·05, and were performed
within an exploratory framework.

Ethical Statements
This study adhered to the Declaration of Helsinki and Istanbul
guidelines and was approved by the Institutional Review Board of
Seoul National University Hospital (IRB-H-2502-060-1612). The
need to obtain informed patient consent was waived owing to the
retrospective nature of the study. This study adhered to the
STROBE guideline for retrospective study and check lists are
provided in the Supplementary Material.

FIGURE 1 | Study design and flow chart.

1https://cran.r-project.org/bin/windows/base/old/4.4.1/
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RESULTS

Baseline Characteristics and Post-
LT Outcomes
From 707 screened patients, 117 were excluded due to missing
data, combined cholangiocarcinoma-hepatocellular carcinoma,
or re-transplantation history. Finally, 590 patients who
underwent LDLT were categorized into the MC (n = 437) and
BMC (n = 153) groups (Figure 1). The baseline characteristics
were similar between the groups (Table 1). Hepatitis B was more
common in the MC (81.0% vs. 75.8%), whereas hepatitis C was
more common in the BMC (13.1% vs. 8.2%, p < 0.01). BMC
showed elevated tumor markers with higher AFP (15,125.0 vs.
48.4 ng/mL, p = 0.03) and PIVKA-II levels (3,556.6 vs. 69.4 mAU/
mL, p < 0.01). More BMC patients had AFP ≥200 ng/mL and
PIVKA-II ≥400 mAU/mL. Prognostic scores, tumor
characteristics, and PET-CT hypermetabolic activity were
worse in the BMC (44.4% vs. 11.7%, p < 0.01, Table 1;
Supplementary Table S1). BMC patients had higher
recurrence rates (50.3% vs. 10.3%), mortality (46.4% vs.
15.6%), and HCC-specific deaths (87.3% vs. 45.6%, Table 2).
The median follow-up was longer in the MC group (113.05 vs.
70.54 months, Table 2), whereas recurrence-free survival was
shorter in the BMC group (51.8 vs. 89.8 months, p < 0.01). The

median follow-up duration for the entire population was
104.6 months (IQR: 68.0–145.9 months).

Post-LT HCC Recurrence and Mortality
Prediction
Individual tumor markers showed modest predictive
performance (Table 3; Figure 2). In the Milan cohort, AFP
(continuous, Table 3; Figure 2A) yielded an iAUC of 0.58
(95% CI: 0.47–0.68) and PIVKA-II 0.68 (95% CI: 0.60–0.75).
In the Beyond Milan cohort, AFP and PIVKA-II achieved iAUCs
of 0.69 (95% CI: 0.61–0.79) and 0.68 (95% CI: 0.58–0.78, Table 3;
Figure 2B), respectively. Threshold models followed similar
trends. AFP ≥200 had C-indices of 0.71 (95% CI: 0.53–0.90)
in Milan and 0.76 (95% CI: 0.66–0.86) in Beyond Milan; PIVKA-
II ≥400 reached 0.73 (95% CI: 0.52–0.93) and 0.71 (95% CI:
0.60–0.83). Combination marker models (AFP + PIVKA-II)
showed improved performance. The continuous model yielded
iAUCs of 0.64 (95% CI: 0.55–0.72) in Milan and 0.72 (95% CI:
0.62–0.80) in Beyond Milan. The threshold version yielded
C-indices of 0.68 (95% CI: 0.50–0.86) and 0.73 (95% CI:
0.66–0.81). The MoRAL model, designed for Beyond Milan
populations, achieved an iAUC of 0.65 (95% CI: 0.58–0.73,
Figure 2D) and a C-index of 0.75 (95% CI: 0.65–0.86).

TABLE 1 | Baseline characteristics of study population.

Variables Milan Cohort (N = 437) Beyond Milan Cohort (N = 153) p-value

Age (years) 55.5 ± 7.5 56.0 ± 9.4 0.52
Sex, male 359 (82.2%) 137 (89.5%) 0.03
BMI 24.2 ± 11.9 23.5 ± 3.3 0.49
Hypertension 44 (10.1%) 16 (10.5%) 0.89
Diabetes mellitus 70 (17.6%) 24 (15.7%) 0.59
MELD score 13.4 ± 7.1 13.1 ± 6.5 0.66
Underlying disease 0.15
HBV 354 (81.0%) 116 (75.8%)
HCV 36 (8.2%) 20 (13.1%)
Alcoholic liver disease 29 (6.6%) 7 (4.6%)
Others 18 (4.1%) 10 (6.5%)

AFP (ng/mL) 48.4 ± 149.9 15,125.0 ± 140,747.1 0.03
AFP ≥200 (ng/mL) 26 (5.9%) 32 (20.9%) <0.01

PIVKA-II (mAU/mL) 69.5 ± 155.4 3556.6 ± 11,703.0 <0.01
PIVKA-II ≥400 (mAU/mL) 16 (3.7%) 38 (24.8%) <0.01

MoRAL score 81.54 ± 58.51 359.74 ± 687.84 <0.01
MoRAL ≥314.8 5 (1.1%) 35 (22.9%) <0.01

RETREAT score 1.4 ± 1.0 3.2 ± 2.0 <0.01
RETREAT ≥5 6 (1.4%) 38 (24.8%) <0.01

SNAPP score 0.9 ± 1.0 3.6 ± 1.7 <0.01
SNAPP ≥5 3 (0.7%) 41 (26.8%) <0.01

Risk score (SALT) 2.3 ± 0.6 3.4 ± 1.3 <0.01
Risk score (SALT) ≥4.07 4 (0.9%) 41 (26.8%) <0.01

R3-AFP score 0.8 ± 0.9 3.7 ± 2.4 <0.01
R3-AFP ≥3 18 (4.1%) 88 (57.5%) <0.01

METROTICKET 2.0 transplantability <0.01
Eligible 416 (95.2%) 51 (33.3%)
Ineligible 21 (4.8%) 102 (66.7%)

Values are present with number (%) or mean ±SD or median (IQR).
BMI, body mass index; MELD, Model for End-Stage Liver Disease; HBV, hepatitis B virus; HCV, hepatitis C virus; LT, liver transplantation; TACE, transarterial chemoembolization; RFA,
radiofrequency ablation; PEIT, percutaneous ethanol injection therapy; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; MoRAL,Model for Recurrence After Liver
Transplantation; RETREAT, Risk Estimation of Tumor Recurrence After Transplant; SNAPP, Size and Number, AFP, PIVKA-II, PET; SALT, Survival After Liver Transplantation; R3-AFP,
Recurrence-Risk Reassessment AFP.
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Models incorporating morphology and vascular invasion showed
stronger performance. R3-AFP (continuous, Table 3; Figure 2A)
yielded iAUCs of 0.64 (95% CI: 0.54–0.74, Figure 2A) in Milan
and 0.79 (95% CI: 0.71–0.86, Figure 2B) in Beyond Milan. R3-
AFP ≥3 showed C-indices of 0.76 (95% CI: 0.58–0.93) and 0.77
(95% CI: 0.67–0.87). RETREAT, evaluated specifically in the
Milan cohort, showed an iAUC of 0.60 (95% CI: 0.48–0.72),
and RETREAT ≥5 achieved a C-index of 0.75 (95% CI:
0.30–1.00). The SNAPP model, which incorporates tumor
biology, morphology, vascular invasion, and PET metabolism,
showed an iAUC of 0.54 (95% CI: 0.42–0.65) in Milan and 0.72
(95% CI: 0.63–0.82) in Beyond Milan. SNAPP ≥5 demonstrated
(Table 3; Figure 2) the strongest threshold performance: 0.88

(95% CI: 0.72–1.00) in Milan and 0.78 (95% CI: 0.69–0.87) in
Beyond Milan.

Individual tumor markers, including AFP and PIVKA-II,
showed moderate predictive accuracy, with slightly better
performance in the Beyond Milan cohort (Table 3). While
combining these markers modestly improved
discrimination, complex models such as R3-AFP and
SNAPP ≥5 consistently showed higher iAUCs and
C-indices across both cohorts. Recurrence-free survival
for each threshold model and marker was evaluated, and
results are shown in Figure 3.

In mortality prediction, PIVKA-II (iAUC 0.71, Table 4;
Figure 4) outperformed AFP (0.53) in Milan, with

TABLE 2 | Post-LT outcomes.

Variables Milan Cohort (N = 437) Beyond Milan Cohort (N = 153) p-value

Recurrence 45 (10.3%) 77 (50.3%) <0.01
Intra-hepatic 10 (2.3%) 22 (14.4%) <0.01
Extra-hepatic 35 (8.0%) 55 (35.9%) <0.01

Number of intra-hepatic recurred tumor 0.77
1 6 (50.0%) 17 (47.2%)
2 1 (8.3%) 6 (16.7%)
Multiple 5 (41.7%) 13 (36.1%)

Post-Recurrence Treatment 0.24
Untreated 6 (13.3%) 5 (6.5%)
Transarterial chemoembolization 10 (22.2%) 28 (36.4%)
Surgical resection 18 (40.0%) 21 (27.3%)
Radiotherapy 6 (13.3%) 18 (18.2%)
Chemotherapy 3 (6.7%) 8 (10.4%)
Radiofrequency ablation 2 (4.4%) 1 (1.3%)

Mortality 68 (15.6%) 71 (46.4%) <0.01
HCC specific mortality 31 (45.6%) 62 (87.3%) <0.01

Median follow-up, months (IQR) 113.1 (77.7–149.0) 70.5 (27.3–135.8) <0.01
Median recurrence free survival, months (IQR) 89.8 ± 56.4 51.8 (11.8–128.2) <0.01

Values are present with number (%) or mean ±SD or median (IQR) HCC, hepatocellular carcinoma; IQR, interquartile range.

TABLE 3 | Integrated AUC and C-index of HCC recurrence of both Milan and Beyond Milan cohorts.

Prediction Cox Models Milan Cohort (N = 437) Beyond Milan Cohort (N = 153)

Recurrence Recurrence

iAUC (95% CI) C-index (95% CI) iAUC (95% CI) C-index (95% CI)

AFP (continuous) 0.58 (0.47–0.68) 0.64 (0.56–0.72) 0.69 (0.61–0.79) 0.63 (0.57–0.68)
AFP ≥200 (threshold) 0.52 (0.48–0.57) 0.71 (0.53–0.9) 0.68 (0.61–0.75) 0.76 (0.66–0.86)
PIVKA-II (continuous) 0.68 (0.6–0.75) 0.64 (0.57–0.72) 0.68 (0.58–0.78) 0.62 (0.55–0.69)
PIVKA-II ≥400 (threshold) 0.5 (0.48–0.53) 0.73 (0.52–0.93) 0.63 (0.56–0.78) 0.71 (0.6–0.83)
PIVKA-II + AFP (continuous) 0.64 (0.55–0.72) 0.66 (0.58–0.73) 0.72 (0.62–0.8) 0.64 (0.58–0.71)
PIVKA-II ≥400+AFP ≥200 (threshold) 0.51 (0.46–0.57) 0.68 (0.5–0.86) 0.74 (0.65–0.82) 0.73 (0.66–0.81)
SNAPP (continuous) 0.54 (0.42–0.65) 0.57 (0.45–0.7) 0.72 (0.63–0.82) 0.68 (0.61–0.76)
SNAPP ≥5 (threshold) 0.52 (0.5–0.56) 0.88 (0.72–1) 0.73 (0.65–0.81) 0.78 (0.69–0.87)
RETREAT (continuous) 0.6 (0.48–0.72) 0.69 (0.58–0.8)
RETREAT ≥5 (threshold) 0.51 (0.49–0.55) 0.75 (0.3–1)
MoRAL (continuous) 0.65 (0.58–0.73) 0.65 (0.59–0.72)
MoRAL ≥314.8 (threshold) 0.65 (0.58–0.73) 0.75 (0.65–0.86)
R3-AFP (continuous) 0.64 (0.54–0.74) 0.74 (0.64–0.83) 0.79 (0.71–0.86) 0.71 (0.64–0.77)
R3-AFP ≥3 (threshold) 0.54 (0.48–0.6) 0.76 (0.58–0.93) 0.7 (0.63–0.76) 0.77 (0.67–0.87)

iAUC, integrated area under curve; C-index, concordance index; 95%CI, 95% confidence interval; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; SNAPP, size
and number, AFP, PIVKA-II, PET; RETREAT, risk estimation of tumor recurrence after transplant; MoRAL, model for recurrence after liver transplantation; R3-AFP, Recurrence-Risk
Reassessment AFP.
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improvement when combined (0.66). SALT ≥4.07 had the highest
C-index in Milan (0.86; 95% CI: 0.72–1.00). In Beyond Milan
(Table 4; Figure 4), SALT and METROTICKET 2.0 showed
C-indices of 0.80 (95% CI: 0.71–0.89) and 0.74 (95% CI:
0.62–0.86), respectively. Overall survival rates for each model
are presented in Figure 5.

Post-LT Location Specific HCC Recurrence
Prediction
We further analyzed location-specific HCC recurrence by
intrahepatic and extrahepatic patterns (Supplementary

Figures S1,S2; Supplementary Table S2). In the Milan cohort,
complex prognostic models incorporating tumor morphology,
vascular invasion, and PET metabolic activity showed improved
performance for intrahepatic recurrence. R3-AFP achieved an
iAUC of 0.82 (95% CI 0.63–0.94), RETREAT ≥5 a C-index of 0.93
(95% CI 0.79–1.00), and SNAPP ≥5 a C-index of 0.96 (95% CI
0.85–1.00). In the BeyondMilan cohort, R3-AFP yielded an iAUC
of 0.68 (95% CI 0.52–0.82), SNAPP ≥5 a C-index of 0.71 (95% CI
0.52–0.90), and MoRAL ≥314.8 a C-index of 0.78 (95%
CI 0.61–0.94).

For extrahepatic recurrence in the Milan cohort
(Supplementary Figure S2; Supplementary Table S2), AFP

FIGURE 2 | AUC and iAUC for Recurrence Prediction in Milan and Beyond Milan cohort. (A) Continuous variable–based AUC and iAUC in the Milan cohort. (B)
Continuous variable–based AUC and iAUC in the Beyond Milan cohort. (C) Threshold-based AUC and iAUC in the Milan cohort. (D) Threshold-based AUC and iAUC in
the Beyond Milan cohort.
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FIGURE 3 | Recurrence Free Survival according to prognostic score cut-off and AFP and PIVKA-II cut-off level in Milan and Beyond Milan cohort. (A) Recurrence
Free Survival according to AFP ≥200. (B) Recurrence Free Survival according to PIVKA-II ≥400. (C) Recurrence Free Survival according to MORAL ≥314.8. (D)
Recurrence Free Survival according to SNAPP ≥5. (E) Recurrence Free Survival according to RETREAT ≥5. (F) Recurrence Free Survival according to R3-AFP ≥3.
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and PIVKA-II showed iAUCs of 0.56 (95%CI 0.45–0.67) and 0.66
(95% CI 0.57–0.75), respectively. The combined AFP + PIVKA-II
model reached an iAUC of 0.61 (95% CI 0.51–0.70). Composite
models outperformed individual markers: R3-AFP reached 0.60
(95% CI 0.49–0.72), and SNAPP ≥5 achieved the highest C-index
at 0.81 (95% CI 0.56–1.00). In the Beyond Milan cohort, R3-AFP
showed the highest iAUC at 0.83 (95% CI 0.75–0.89), followed by
SNAPP at 0.77 (95% CI 0.67–0.96) and AFP + PIVKA-II at 0.73
(95% CI 0.62–0.92). Threshold models R3-AFP ≥3 and
SNAPP ≥5 demonstrated C-indices of 0.86 (95% CI 0.76–0.95)
and 0.80 (95% CI 0.71–0.90), respectively.

Overall, complex prognostic models provided higher predictive
accuracy for both intrahepatic and extrahepatic recurrence than
biomarker-only approaches (Supplementary Table S2).
Performance was generally higher in the Beyond Milan cohort.

DISCUSSION

The current study evaluated the predictive performance of AFP,
PIVKA-II, and multiple prognostic models for HCC recurrence
(RETREAT, MoRAL, SNAPP, and R3-AFP) andmortality (SALT
and METROTICKET 2.0) in both MC and BMC over a 10-year
period (Table 3). PIVKA-II exhibited consistently strong
predictive performance across both cohorts. Among the
complex models, R3-AFP, MoRAL, and SALT demonstrated
high accuracy based on the iAUC and C-index values. The
combined AFP and PIVKA-II model showed modest gains in
the MC but performed comparably to the complex scores in the
BMC. Continuous Cox models yielded higher iAUC values than
threshold-based models by capturing the full biomarker
variability, enabling precise risk estimation. Threshold models,
such as AFP ≥200 or PIVKA-II ≥400, showed lower iAUCs but
maintained moderate-to-high C-indices in the BMC.

HCCRecurrence Prediction Performance of
Cox Models
Single tumor markers, including PIVKA-II and AFP, showed
comparable predictive accuracy to selected multivariable models

in post-LT recurrence prediction. In the Milan cohort, PIVKA-
II achieved higher iAUC than AFP (0.68 vs. 0.58, Table 3;
Figures 2A,C), while both performed similarly in the Beyond
Milan cohort (0.68 vs. 0.69). AFP showed better early
discrimination but declined after 2 years, whereas SNAPP,
MoRAL, and R3-AFP remained stable [3, 28, 29, 38–41]. AFP
was limited in long-term prediction. Combining AFP and
PIVKA-II improved prediction in Beyond Milan (iAUC:
0.72), comparable to SNAPP and MoRAL (0.72–0.73). In
threshold models, PIVKA-II ≥400 had the highest C-index
in Milan (0.73), whereas AFP ≥200 performed better in
Beyond Milan (0.76). SNAPP ≥5 showed the highest
C-index in Milan (0.88). While AFP remains widely used,
dynamic assessment offers better early prediction but weaker
long-term value [3, 28, 29, 38–41]. PIVKA-II shows
independent accuracy, particularly for early recurrence [36,
40, 42, 43]. Continuous models offer time-sensitive
monitoring advantages over fixed thresholds, and AFP and
PIVKA-II integration improves risk stratification post-
LT [1, 40].

The R3-AFP model, developed using data from 47 Euro-
American centers, showed C-index values of 0.76–0.78 in
external validation [17]. In this study, it showed the strongest
long-term recurrence prediction among evaluated models (iAUC:
0.64 in Milan and 0.79 in Beyond Milan, Table 3; Figures 2A,B),
and strong threshold performance (C-index: 0.76 in Milan and
0.77 in Beyond Milan). Although initially developed in DDLT
populations, R3-AFP generalized well to LDLT settings. The
incorporation of tumor burden and pathology appears to
enhance its predictive power compared to single markers [17].
A recent study validated R3-AFP’s prognostic value in LT
recipients with mammalian target of rapamycin inhibitor
(mTORi)-based immunosuppression, which could potentially
decrease HCC recurrence and improve survival [44].

The SNAPP score showed limited performance as a
continuous Cox model in the MC (iAUC: 0.58; C-index: 0.57,
Table 3; Figure 2) and BMC. However, SNAPP ≥5 performed
better, with C-indices of 0.88 in MC and 0.78 in BMC. For intra-
hepatic recurrence, continuous SNAPP had the second highest
iAUC (0.73) after R3-AFP (0.82), whereas its threshold model

TABLE 4 | Integrated AUC and C-index of mortality prediction for both Milan and Beyond Milan cohorts.

Prediction Cox Models Milan Cohort (N = 437) Beyond Milan Cohort (N = 153)

Mortality Mortality

iAUC (95% CI) C-index (95% CI) iAUC (95% CI) C-index (95% CI)

AFP (continuous) 0.53 (0.44–0.64) 0.6 (0.53–0.68) 0.66 (0.57–0.76) 0.61 (0.55–0.66)
AFP ≥200 (threshold) 0.54 (0.49–0.61) 0.72 (0.54–0.89) 0.66 (0.58–0.74) 0.73 (0.62–0.84)
PIVKA-II (continuous) 0.71 (0.62–0.78) 0.66 (0.59–0.73) 0.69 (0.58–0.78) 0.62 (0.55–0.69)
PIVKA-II ≥400 (threshold) 0.53 (0.49–0.57) 0.79 (0.65–0.93) 0.65 (0.57–0.73) 0.74 (0.63–0.85)
PIVKA-II + AFP (continuous) 0.66 (0.57–0.75) 0.67 (0.61–0.74) 0.71 (0.61–0.8) 0.64 (0.57–0.71)
PIVKA-II ≥400+AFP ≥200 (threshold) 0.55 (0.49–0.62) 0.72 (0.59–0.86) 0.72 (0.64–0.81) 0.73 (0.65–0.81)
SALT (continuous) 0.65 (0.56–0.73) 0.66 (0.59–0.73) 0.72 (0.63–0.82) 0.67 (0.61–0.74)
SALT ≥4.07 (threshold) 0.53 (0.5–0.59) 0.86 (0.72–1) 0.69 (0.61–0.77) 0.8 (0.71–0.89)
METROTICKET 2.0 (threshold) 0.53 (0.49–0.58) 0.74 (0.6–0.88) 0.63 (0.56–0.69) 0.74 (0.62–0.86)

iAUC, integrated area under curve; C-index, concordance index; 95%CI, 95% confidence interval; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; SALT, survival
after liver transplantation.

Transplant International | Published by Frontiers June 2025 | Volume 38 | Article 147489

Gongor et al. AFP and PIVKA-II Predicts HCC in LDLT

42



achieved the highest C-index (0.96) in the MC. For extrahepatic
recurrence, SNAPP ≥5 maintained C-indices above 0.80 in both
cohorts (Supplementary Table S2; Supplementary Figure S2).
These results align with the model’s design for LDLT
populations in HBV-endemic Asian regions [15, 45]. Prior
validation showed a C-index of 0.84 [15]; however, as SNAPP
was developed for 5-year recurrence prediction, its fifth-year
C-indices were below 80% in both cohorts (Supplementary
Tables S1, S2).

The MoRAL score, developed in our center to assess
recurrence risk beyond Milan criteria previously, was based on
data collected between 2001 and 2013 [14]. Although a C-index

above 80% was expected, the BMC showed a C-index of 0.75
(Table 3; Figure 2). The 10-year iAUC of MoRAL was 0.65 for
BMC, similar to that of AFP and PIVKA-II. For intra-hepatic
recurrence, MoRAL showed lower performance (iAUC 0.64),
whereas MoRAL ≥314.8 achieved better discrimination (C-index
0.78). Lower early AUCs may reflect the model’s focus on tumor
markers. Studies have validatedMoRAL in hepatectomy [46], and
deep learning integration has improved accuracy [47]. However,
partial data overlap with the original cohort requires further
validation [14].

RETREAT, which was primarily validated in DDLT
populations, was evaluated in the MC, aligning with its

FIGURE 4 | AUC and iAUC for Mortality prediction in Miland and Beyond Milan cohort. (A) Continuous variable–based AUC and iAUC in the Milan cohort. (B)
Continuous variable–based AUC and iAUC in the Beyond Milan cohort. (C) Threshold-based AUC and iAUC in the Milan cohort. (D) Threshold-based AUC and iAUC in
the Beyond Milan cohort.
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original purpose [16]. The continuous RETREAT model showed
an iAUC of 0.60, which was lower than that of PIVKA-II but
similar to those of R3-AFP and AFP + PIVKA-II combination. Its
threshold version (RETREAT ≥5) performed better, with a
C-index of 0.75, ranking third after SNAPP ≥5 and R3-AFP
≥3 (Table 3; Figure 2). For intra-hepatic recurrence, the
continuous model showed moderate accuracy (iAUC 0.70,
Supplementary Table S2; Supplementary Figure S1), whereas
the threshold model demonstrated excellent discrimination
(C-index 0.93). RETREAT has been validated in North
American cohorts with strong discrimination [48, 49]. UK
data confirmed its utility (C-index 0.77) [50], and European

data showed a 10-year prediction capability for low-risk HCC
recurrence groups [51]. The recent addition of AFP-L3 and
PIVKA-II has improved its prognostic performance [52].

Mortality Prediction Performance of
Cox Models
PIVKA-II, as an individual marker and in combination with AFP,
showed strong and consistent predictive abilities for post-LT
mortality in both MC and BMCs (Table 4; Figure 4). In the
MC, PIVKA-II clearly outperformed AFP, highlighting the
growing relevance of tumor biology markers in long-term risk

FIGURE 5 | Overall Survival according to prognostic score cut-off and AFP and PIVKA-II cut-off level in Milan and Beyond Milan cohort. (A) Overall Survival
according to AFP ≥200. (B) Overall Survival according to PIVKA-II ≥400. (C) Overall Survival according to SALT ≥4.07. (D) Overall Survival according to
METROTICKET 2.0.
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assessment [36, 40, 42, 43]. Together, AFP and PIVKA-II,
particularly when combined, offer a practical and accessible
option for risk stratification, although multivariable models,
such as SALT, remained superior for long-term individualized
prognostication.

This retrospective study has several limitations. Selection bias
and variations in clinical management between the MC and BMC
cohorts may have affected model performance. Differences in
tumor biology and the predominance of viral hepatitis in this
cohort may limit generalizability to Western populations, where
non-viral etiologies such as metabolic associated liver diseases are
more common. The higher recurrence and mortality rates
observed in BMC may have led to an overestimation of risk.
Furthermore, our study did not adjust for differences in
recurrence treatments such as TACE or chemotherapy, which
may have introduced bias. Additionally, immunosuppressive
agents such as mammalian target of rapamycin inhibitors
(mTORi) and steroids were not standardized and may have
varied during model development, potentially impacting
predictive performance. From a methodological standpoint,
although Uno’s iAUC and Harrell’s C-index offer robust time-
dependent and overall performance assessments, these statistical
measures do not directly translate to clinical decision-making.
The clinical relevance of modest differences in performance
metrics remains uncertain. The prognostic models evaluated
were developed under varying conditions. SNAPP and MoRAL
were designed for LDLT populations, whereas RETREAT and R3-
AFP were validated in DDLT settings. MoRAL and SALT were
derived from single-center data, which may introduce
institutional bias. Furthermore, the lack of an external
validation cohort remains a major limitation. Future
multicenter studies are necessary to confirm the
generalizability and clinical utility of these findings.

However, this study provides long-term validation of prognostic
models and tumor biomarkers for post-transplant outcomes inMC
and BMCs, evaluating four recurrence and two mortality models
over 5 years. In settings where LDLT recipients return to local care
with limited diagnostic access, preoperative AFP and PIVKA-II
levels could serve as accessible risk assessment markers. When
applied as continuous variables, they showed moderate to strong
predictive performance, with PIVKA-II outperforming AFP,
particularly for long-term mortality. Their combination
improved accuracy, matching complex models in high-risk
populations. Their threshold-based models demonstrated
performance comparable to that of complex models, particularly
in BMC. R3-AFP showed the highest consistent predictive
performance, whereas SNAPP, MoRAL, and SALT also
performed well for BMC. Prognostic models and tumor
biological scores generally performed better, particularly in the
BMC cohort, where tumors were morphologically larger.

In conclusion, preoperative PIVKA-II, alone or in
combination with AFP, may serve as an accessible long-term
risk assessment marker for HCC recurrence and mortality
following LDLT. However, AFP and PIVKA-II do not fully
replace validated multivariable models, which remain the
preferred approach in centers with advanced diagnostic
capabilities.
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Optimizing lung transplant candidate selection is crucial for maximizing resource efficiency
and improving patient outcomes. Using data from the International Society for Heart and
Lung Transplantation (ISHLT) registry (29,364 patients), we developed a deep learning
model to predict 1-year survival after lung transplantation. Initially, 25 pretransplant factors
were identified, and their importance was assessed using SHapley Additive exPlanations
values. We refined the model by selecting the top 10most influential factors and compared
its performance with the original model. Additionally, we conducted external validation
using an independent in-house dataset. Among the 29,364 patients, 4,729 (16.1%) died
within 1 year, while 24,635 survived. The Gradient Boosting Machine (GBM) model
achieved the highest performance (AUC: 0.958, accuracy: 0.949). Notably, the
streamlined model using only the top 10 factors maintained identical performance
(AUC: 0.958, accuracy: 0.949). The in-house dataset used for external validation
showed significant compositional differences compared to the ISHLT dataset. Despite
these differences, the GBMmodel performed well (AUC: 0.852, accuracy: 0.764). Notably,
the Multilayer Perceptron model demonstrated superior generalization with an AUC of
0.911 and accuracy of 0.870. Our machine learning-based approach effectively predicts
1-year mortality in lung transplant recipients using a minimal set of pretransplant factors.

Keywords: lung transplantation, mortality, machine learning, risk factors, prediction model

INTRODUCTION

Lung transplantation is a critical intervention for patients with end-stage lung disease, providing
significant survival benefits. As the population ages and medical technologies advance, the demand
for lung transplants continues to rise [1]. However, the global supply of organ donors is insufficient
to meet this growing demand [2]. Despite advancements in surgical techniques and
immunosuppressive therapies, the post-transplant environment remains challenging, with
various factors influencing outcomes [3]. Given the scarcity of medical resources, prioritizing
patients with a low risk of mortality post-transplant is imperative. Predicting 1-year mortality
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following lung transplantation is, therefore, a critical
goal to optimize patient care and enhance clinical
decision-making.

Traditional methods for predicting mortality after lung
transplantation have primarily relied on clinical judgment and
risk-scoring systems [4–7]. While these scoring systems aid in
prioritizing candidates, they often fail to account for the
complexity of individual patient trajectories. This is due to the
limited number of variables they include and their heavy reliance
on clinical judgment. Additionally, several factors traditionally
considered important, such as recipient age, body mass index
(BMI), and the duration of preoperative mechanical ventilation,
have not consistently shown the expected prognostic impact in
previous studies [8]. A recent meta-analysis found that only one
factor, postoperative extracorporeal membrane oxygenation
(ECMO) use, was significantly associated with 1-year
mortality, while other commonly accepted risk factors
demonstrated minimal prognostic significance [8]. These
limitations emphasize the need for more accurate, personalized
risk prediction methods, as existing models may lack the
granularity required for individualized treatment.

In this context, machine learning approaches offer the
potential to develop predictive algorithms that can integrate
diverse patient data and identify subtle patterns that
traditional methods may overlook. Machine learning models
can enhance pretransplant risk stratification, assist clinicians
in selecting and counseling candidates, guide post-transplant
surveillance strategies, and inform interventions to mitigate
adverse outcomes. By providing timely insights into individual

patient trajectories, these models can improve resource
allocation and patient-centered care. Despite their potential,
however, machine learning models predicting patient
prognosis post-lung transplantation have not been
extensively studied [9–11]. In this study, we developed and
validated a machine learning-based model to predict 1-year
mortality among lung transplant recipients using data from
the International Society for Heart and Lung Transplantation
(ISHLT). Additionally, we performed external validation using
the in-house dataset from our hospital.

MATERIALS AND METHODS

Patients who underwent lung transplantation and who were
registered in the ISHLT registry from June 2009 to June
2018 were included (Figure 1). By early 2019, 45 centers
worldwide had submitted data to the ISHLT International
Thoracic Organ Transplant Registry using a secure, web-
based data entry system. Detailed spreadsheets of the data
elements collected in the Registry are available on the ISHLT
International thoracic organ transplant website1. We excluded
patients < 18 years, those who had undergone retransplantation
or multiple organ transplants, and those with unavailable follow-
up status or missing data. Consequently, 29,364 patients were
available for analysis. The ethics committees and review board of

GRAPHICAL ABSTRACT

1https://ishlt.org/research-data/registries/ttx-registry
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Pusan National University Yangsan Hospital (PNUYH) (55-
2024-128) approved the current study, and informed consent
was waived due to the retrospective nature of the study. This
study adhered to the Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) reporting guideline. Initially, key variables were
selected through regression analysis to develop a predictive
model for 1-year mortality following lung transplantation.
This analysis identified 25 variables significantly associated
with 1-year mortality. We then evaluated feature importance
using SHapley Additive exPlanations (SHAP) values (Figure 2A)
(Supplementary Figure S1) and developed a refined model
incorporating the top 10 most important features. The
performance of this refined model was compared with that of

the original model, which included all 25 variables. Finally,
external validation was conducted using our hospital’s in-
house dataset.

Machine Learning-Based Model
Development
We employed six machine learning models to predict 1-year
mortality after lung transplantation: Logistic Regression (LR)
[12], Support Vector Machine (SVM) [13], Random Forest
(RF) [14], Gradient Boosting Machine (GBM) [15], Balanced
Random Forest (BRF) [16], and a neural network model,
Multilayer Perceptron (MLP) [17]. To evaluate model
performance, we conducted five-fold cross-validation. The
entire dataset was divided into five subsets, and during each
iteration, one subset was used for validation while the remaining
four were used for training. This process was repeated until each
subset had been used for validation once, and the final results
were reported as the average performance across all five iterations
(Supplementary Figure S2). To interpret the predictions of our
models, we employed SHAP [18], a widely used method for
estimating the contribution of each feature to a prediction. SHAP
provides explanations based on Shapley values derived from
game theory. Specifically, we utilized the Python SHAP
package [18] and applied the TreeExplainer for GBM. We
used the scikit-learn package [19] for most models, except for
BRF, which was implemented using the imbalanced-learn

FIGURE 1 | Patient inclusion. A total of 29,364 lung transplant patients
were included in this study.

FIGURE 2 | Shapley Additive explanations (SHAP). A SHAP plot illustrates the influence of each feature’s value on the prediction outcome, with red indicating an
increase in prediction and blue indicating a decrease. It demonstrates notable impacts in the following sequence: albumin, mean pulmonary artery pressure, and
functional status. Increasing albumin levels correlate with decreased mortality (blue), while higher mean pulmonary artery pressure correlates with increased mortality
(red). (A) SHAP plot of 25 features, (B) SHAP plot of 10 features.
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package [20]. Default model settings were applied without
additional hyperparameter tuning. However, due to class
imbalance in the ISHLT dataset, class weight adjustments were
applied for LR, RF, SVM, and BRF to account for the imbalance.
Additionally, survival analysis based on model predictions was
performed using the lifelines Python package [21]. Finally,
external validation of the developed models was conducted
using our hospital’s in-house dataset, further assessing their
generalizability and robustness.

Statistical Analyses
Variables with excessive missing values (defined as more than
20% missing data) were removed, and patient samples with any
missing data were excluded. This approach ensures that the
analysis is based on complete cases, minimizing potential
biases from missing data. Continuous variables are reported as
either the mean ± standard deviation or the median with
interquartile range (IQR), depending on their distribution.
Statistical comparisons of continuous variables were performed
using the Student’s t-test or the Mann-Whitney U test, as
appropriate. Categorical variables are expressed as frequencies
and percentages and analyzed using the chi-square or Fisher’s
exact test, as appropriate. To identify factors associated with 1-
year mortality after lung transplantation, we conducted
univariate regression analysis. Additionally, we validated the
GBM model by comparing the actual survival curves of
patients, grouped based on the model’s predictions. Patients
predicted by the model to die were classified into the high-risk
group (death group), and those predicted to survive were
classified into the low-risk group (survival group). Survival
curves for these two groups were illustrated using Kaplan-
Meier plots, and the log-rank test was performed to compare
survival rates between the groups. All statistical analyses were
performed using R software (version 4.2.0; R Foundation for
Statistical Computing, Vienna, Austria2). Statistical significance
was set at P < 0.05.

RESULTS

Patient Characteristics
Among the 29,364 patients included in the study, 4,729 (16.1%)
died within 1 year, whereas 24,635 survived. The baseline
pretransplant characteristics of the patients are summarized
in Table 1. Their average age was 53.4 ± 13.4 years, with 17,032
(58%) males, and the average body mass index (BMI) was 24.9 ±
4.5. The primary diagnoses were as follows: chronic obstructive
pulmonary disease (COPD) in 27.9%, idiopathic pulmonary
fibrosis (IPF) in 26.8%, cystic fibrosis in 14.6%, nonidiopathic
interstitial pneumonia (nonIIP) ILD in 7.3%, nonIPF idiopathic
interstitial pneumonia (IIP) in 4.7%, alpha-1 antitrypsin
deficiency in 3.4%, idiopathic pulmonary arterial hypertension
(IPAH) in 2.8%, noncystic fibrosis (nonCF) bronchiectasis in
2.6%, sarcoidosis in 2.5%, nonIPAH pulmonary hypertension in

1.7%, connective tissue disease-associated ILD (CTDILD) in
1.3%, obliterative bronchiolitis in 0.9%, lymphangioleiomyomatosis
in 0.8%, and other diagnoses in 2.6%. Pretransplant, 1,757 patients
(6%) were admitted to the intensive care unit (ICU), 1,515
(5.2%) were hospitalized in general wards, and 26,092 (88.9%)
were not hospitalized. Additionally, 1,021 patients (3.5%) were
on ventilators, and 642 (2.2%) were on extracorporeal
membrane oxygenation (ECMO). Pretransplant diabetes was
present in 3,288 patients (11.2%), pretransplant dialysis was
performed in 61 patients (0.2%), and 64 patients had a history
of organ transplantation other than the lung. Additionally, 781
(2.7%) and 2,601 (8.9%) patients had previous heart and lung
surgeries, respectively.

TABLE 1 | Baseline characteristics of patients before the transplant.

Variable Survivors
(N = 24,635)

Death
(N = 4,729)

P

Age, years 53.2 ± 13.5 54.5 ± 13.1 <0.001
Male 14,186

(57.6)
2,846
(60.2)

0.001

BMI, kg/m2 25.3 ± 4.3 23.1 ± 4.9 <0.001
Total bilirubin, mg/dL 0.6 ± 0.9 2.0 ± 2.0 <0.001
Creatinine, mg/dL 0.8 ± 0.3 1.7 ± 1.0 <0.001
Albumin, g/dL 3.7 ± 0.4 3.1 ± 0.6 <0.001
Diagnosis
COPD 7036 (28.6) 1,171

(24.8)
<0.001

Alpha-1 antitrypsin deficiency 847 (3.4) 151 (3.2) 0.394
Cystic fibrosis 3,782 (15.4) 516 (10.9) <0.001
Non-cystic fibrosis bronchiectasis 616 (2.5) 147 (3.1) 0.016
IPF 6,425 (26.1) 1,438

(30.4)
<0.001

IIP, non-IPF 136 (4.6) 254 (5.4) 0.024
ILD, non-IIP 1803 (7.3) 352 (7.4) 0.763
CTD ILD 319 (1.3) 52 (1.1) 0.271
Sarcoidosis 612 (2.5) 134 (2.8) 0.162
Lymphangioleiomyomatosis 200 (0.8) 35 (0.7) 0.612
Idiopathic pulmonary artery

hypertension
652 (2.6) 184 (3.9) <0.001

Pulmonary hypertension- not idiopathic 385 (1.6) 102 (2.2) 0.003
Obliterative bronchiolitis 236 (1.0) 29 (0.6) 0.022
Other 586 (2.4) 164 (3.5) <0.001

Diabetes 2,826 (11.5) 462 (9.8) 0.001
Malignancy history 1,205 (4.9) 196 (4.1) 0.027
Ventilator use 818 (3.3) 203 (4.3) 0.001
ECMO use 508 (2.1) 134 (2.8) 0.001
Prior cardiac surgery 637 (2.6) 144 (3.0) 0.072
Dialysis 45 (0.2) 16 (0.3) 0.031
Prior lung surgery 2,234 (9.1) 367 (7.8) 0.004
Chronic steroid use 6,185 (25.1) 1,079

(22.8)
0.001

Tracheostomy before transplant 484 (2) 122 (2.6) 0.006
Previous transplant history except lung 48 (0.2) 16 (0.3) 0.053
Pulmonary embolism 60 (0.2) 24 (0.5) 0.002
FEV1 39.2 ± 20.9 40.7 ± 20.1 0.002
Mean pulmonary artery pressure, mmHg 27.9 ± 8.4 32.4 ± 9.1 <0.001
Medical condition before transplant <0.001
ICU admission 1,401 (5.7) 356 (7.5)
General ward admission 1,304 (5.3) 211 (4.5)
No admission 21,930 (89) 4,162 (88)

Data are presented as means ± SD, or number (%).

2https://www.R-project.org/
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Machine Learning-Based Model
Performance and Model Interpretation
We performed univariate regression analysis of 1-year mortality.
Table 2 presents the odds ratio of the 25 factors used in the

model. We evaluated the performance of six machine learning
models with 25 pretransplant features for predicting 1-year
mortality after lung transplantation. The results are presented
in Table 3. We used area under the curve (AUC), accuracy,
sensitivity, specificity, positive predictive value, and negative
predictive value as evaluation metrics. Most models exhibited
high performance, with AUC and accuracy either surpassing or
closely approaching 0.9. The GBM model achieved the highest
performance, with an AUC and accuracy of 0.958 and 0.949,
respectively.

Feature importance was analyzed using SHAP, with Figure 2
displaying the feature importance for the GBM model. The most
important feature was albumin, with lower levels associated with
higher mortality 1-year post-transplant. Other significant
predictors included mean pulmonary artery pressure,
creatinine levels, total bilirubin, and age.

Based on the SHAP results, we trained a new model using the
top-10 most important features (Table 4). Despite reducing the
number of features from 25 to 10, the performances of the six
models remained largely unchanged. Some models, including LR,
RF, SVM, and MLP, exhibited slight improvements in AUC,
although accuracy was slightly decreased. The GBM model
continued to demonstrate the highest performance with an
AUC and accuracy of 0.958 and 0.949, respectively, even with
only 10 features.

Actual Survival Curves: Low-Risk vs.
High-Risk Groups by the GBM Model
We further validated the GBM model by comparing the actual
survival curves of patients who were classified into two groups
based on the model’s predictions. Patients predicted by the model
to die were assigned to the high-risk group (death group), while
those predicted to survive were placed in the low-risk group

TABLE 4 | Performance of 1-year mortality prediction model after lung
transplantation with 10 features.

Model AUC Accuracy Sensitivity Specificity PPV NPV

LR 0.882 ±
0.005

0.884 ±
0.005

0.786 ±
0.003

0.902 ±
0.006

0.607 ±
0.015

0.956 ±
0.001

SVM 0.869 ±
0.005

0.917 ±
0.002

0.786 ±
0.006

0.942 ±
0.003

0.722 ±
0.010

0.958 ±
0.001

RF 0.951 ±
0.003

0.948 ±
0.002

0.735 ±
0.008

0.989 ±
0.002

0.926 ±
0.013

0.951 ±
0.001

GBM 0.958 ±
0.002

0.949 ±
0.002

0.755 ±
0.003

0.986 ±
0.002

0.914 ±
0.009

0.955 ±
0.001

BRF 0.953 ±
0.002

0.938 ±
0.002

0.791 ±
0.005

0.967 ±
0.002

0.821 ±
0.009

0.960 ±
0.001

MLP 0.939 ±
0.005

0.935 ±
0.001

0.664 ±
0.008

0.987 ±
0.002

0.906 ±
0.011

0.939 ±
0.001

This Table summarizes the performance indicators of various prediction models using
10 factors for 1-year mortality after lung transplantation.
AUC: area under the curve, PPV: positive predictive value, NPV: negative predictive
value, LR: logistic regression, RF: random forest, SVM: support vector machine,
GBM: gradient boosting machine, MLP: multilayer perceptron, BRF: balanced
random forest.

TABLE 2 | Univariate associations of pretransplant characteristics with 1-year
survival.

Variable OR (95% CI) P

Age 1.01 (1.00–1.01) <0.001
Male 1.10 (1.04–1.17) 0.001
Prior lung surgery 1.17 (1.06–1.31) 0.003
any previous transplantation history 1.67 (1.03–2.74) 0.040
Albumin 0.22 (0.21–0.22) <0.001
Chronic steroid use 0.88 (0.83–0.95) <0.001
Diabetes 1.20 (1.09–1.32) <0.001
total bilirubin 1.09 (1.09–1.10) <0.001
BMI 0.90 (0.90–0.91) <0.001
creatinine 1.32 (1.31–1.33) <0.001
Previous malignancy history 1.18 (1.03–1.37) 0.021
mean pulmonary artery pressure 1.04 (1.04–1.04) <0.001
non-hospitalized before transplant 0.91 (0.82–1.00) 0.043
non-ICU hospitalized before transplantation 0.84 (0.72–0.97) 0.018
ICU hospitalized before transplantation 1.35 (1.20–1.52) <0.001
Ventilator 1.27 (1.10–1.46) 0.001
ECMO 1.36 (1.14–1.61) <0.001
COPD 0.82 (0.77–0.88) <0.001
Cystic fibrosis 0.68 (0.61–0.75) <0.001
IPF 1.49 (1.26–1.76) <0.001
non-CF bronchiectasis 1.25 (1.04–1.50) 0.016
IPAH 1.43 (1.23–1.66) <0.001
Dialysis 1.80 (1.10–2.94) 0.019
Pulmonary embolism before transplant 1.93 (1.29–2.88) 0.001
Tracheostomy before transplantation 1.29 (1.08–1.54) 0.006

OR; odds ratio, CI; confidence interval, BMI; body mass index, ICU; intensive care unit,
ECMO; extracorporeal membrane oxygenation, COPD; chronic obstructive pulmonary
disease, IPF; idiopathic pulmonary fibrosis, CF; cystic fibrosis, CTD-ILD; connective
tissue disease associated interstitial lung disease, IPAH; idiopathic pulmonary artery
hypertension.

TABLE 3 | Performance of 1-year mortality prediction model after lung
transplantation with 25 features.

Model AUC Accuracy Sensitivity Specificity PPV NPV

LR 0.884 ±
0.005

0.881 ±
0.006

0.792 ±
0.006

0.898 ±
0.007

0.600 ±
0.017

0.958 ±
0.001

SVM 0.870 ±
0.004

0.917 ±
0.002

0.790 ±
0.006

0.941 ±
0.003

0.719 ±
0.009

0.959 ±
0.001

RF 0.951 ±
0.004

0.948 ±
0.002

0.731 ±
0.011

0.989 ±
0.002

0.929 ±
0.012

0.950 ±
0.002

GBM 0.958 ±
0.002

0.949 ±
0.002

0.756 ±
0.003

0.986 ±
0.002

0.911 ±
0.011

0.955 ±
0.001

BRF 0.954 ±
0.003

0.939 ±
0.002

0.788 ±
0.006

0.968 ±
0.002

0.826 ±
0.010

0.960 ±
0.001

MLP 0.924 ±
0.005

0.930 ±
0.004

0.649 ±
0.020

0.984 ±
0.002

0.886 ±
0.015

0.936 ±
0.003

This Table summarizes the performance indicators of various prediction models using
25 factors for 1-year mortality after lung transplantation.
AUC: area under the curve, PPV: positive predictive value, NPV: negative predictive
value, LR: logistic regression, RF: random forest, SVM: support vector machine, GBM:
gradient boosting machine, MLP: multilayer perceptron, BRF: balanced random forest.
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(survival group). As shown in Figure 3, the survival curves
demonstrated a statistically significant difference between the
two groups (p < 0.001). Among the predicted high-risk group,
91.4% experienced actual mortality, while 95.5% of the predicted
low-risk group survived. These findings highlight the model’s
robust predictive performance for distinguishing between
mortality and survival outcomes.

External Validation on In-House Dataset
of PNUYH
To evaluate the generalizability of our model, we conducted an
external validation using data from Pusan National University
Yangsan Hospital (PNUYH) (Table 5). The model was developed
using all 29,364 samples included in this study and subsequently
validated on the in-house dataset of PNUYH. Between January
2012 and March 2024, a total of 228 adult patients
(aged ≥18 years) underwent lung transplantation at PNUYH.
After excluding 12 patients who underwent retransplantation,
216 patients were included in the external validation cohort.
Among them, 70 (32.4%) died within 1 year of transplantation.
Key preoperative characteristics of these patients are summarized
in Supplementary Table S1. Notably, the mortality group had a
significantly higher BMI compared to the survival group (23.2 vs.
21.3, p = 0.001). Serum albumin levels were lower in the mortality
group (2.5 vs. 3.7, p < 0.001), and steroid use was more frequent
(47.1% vs. 24.0%, p = 0.001). Additionally, a history of lung
surgery prior to transplantation was more common in the
mortality group (5.7% vs. 0.7%, p = 0.021).

The PNUYH dataset used for external validation had a
significantly different distribution compared to the ISHLT dataset
used for training (Supplementary Table S2), with all 10 model
variables showing statistically significant differences between the two
cohorts. Despite these differences, the GBM, which had the highest

performance in the ISHLT dataset, demonstrated excellent external
validation results (AUC: 0.852, accuracy: 0.764). Among all tested
models, the highest AUC was observed for the SVM model (0.936).
However, when considering both AUC and accuracy, the best-
performing model was the MLP, a deep learning-based approach.
The MLP achieved an AUC of 0.911 and an accuracy of 0.870,
consistently outperforming other models across all evaluation
metrics. Given the substantial distributional differences between
the ISHLT and PNUYH datasets, the MLP model’s strong
generalization performance underscores its robustness. These
findings highlight the model’s ability to maintain high predictive
performance in an external population, supporting its potential
clinical utility in lung transplant candidate selection.

DISCUSSION

In this study, we developed and validated a deep learning-based
model to predict 1-year survival following lung transplantation
using a large, multicenter, international dataset. Our model
demonstrated strong predictive performance, effectively
identifying key determinants of post-transplant survival. By
leveraging GBM techniques, we constructed a highly accurate
and robust prediction model. Notably, a simplified version of our
model, incorporating only the 10 most influential predictors,
achieved performance comparable to that of more complex
models utilizing 25 variables. Furthermore, the model’s
generalizability was confirmed through external validation
using the in-house dataset from PNUYH. The GBM model
achieved an AUC of 0.852 and an accuracy of 0.764, and
the MLP model demonstrated superior performance,
achieving an AUC of 0.911 and accuracy of 0.870. These
findings underscore the potential clinical applicability of
our model in improving risk stratification and decision-
making for lung transplant recipients.

The 10 predictors identified in this study were critical in
assessing the potential benefit of lung transplantation. Among
these, age, BMI, creatinine levels, total bilirubin levels, and mean
pulmonary artery pressure have been well-established as critical
indicators for assessing patient urgency and potential benefit in
previous Lung Allocation Scores (LAS) [22] and the current

TABLE 5 |Results of External Validation for 1-Year Mortality PredictionModel After
Lung Transplantation Using 10 Features on in-house dataset of PNUYH.

Model AUC Accuracy Sensitivity Specificity PPV NPV

LR 0.905 0.708 0.986 0.575 0.527 0.988
SVM 0.936 0.750 0.957 0.651 0.568 0.969
RF 0.870 0.769 0.443 0.925 0.738 0.776
GBM 0.852 0.764 0.529 0.877 0.673 0.795
BRF 0.888 0.815 0.857 0.795 0.667 0.921
MLP 0.911 0.870 0.886 0.863 0.756 0.940

This table summarizes the results of external validation on in-house dataset of PNUYH,
using various prediction models with 10 features for 1-year mortality after lung
transplantation.
AUC: area under the curve, PPV: positive predictive value, NPV: negative predictive
value, LR: logistic regression, RF: random forest, SVM: support vector machine, GBM:
gradient boosting machine, MLP: multilayer perceptron, BRF: balanced random forest.

FIGURE 3 | Actual survival curves: low-risk vs. high-risk groups by the
GBM model. Graph depicting actual survival curves of the group whose
survival was predicted by the GBM model.
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Composite Allocation Score (CAS) [23]. Factors such as albumin
levels, chronic steroid use, and prior lung surgery, newly
highlighted in our study, further emphasize their potential to
refine patient assessments and improve prediction accuracy.
Albumin is traditionally a marker of nutritional status and
inflammation, with lower levels associated with poorer post-
transplant outcomes in previous studies [24]. This underscores
the importance of evaluating nutritional and inflammatory status
during pretransplant assessments. Chronic steroid use, identified
in earlier studies, increases post-transplant morbidity and
mortality [25], with some suggesting that long-term steroid
use may be a contraindication for surgery [26]. Long-term
steroid usage increases the risk of infection, poor wound
healing, and other complications, all of which may be
important predictors of transplant outcomes. Furthermore,
prior major lung resection has been recognized as a significant
risk factor for increased perioperative mortality and
complications such as the need for dialysis [27]. This
increased risk can be attributed to factors such as altered
anatomy, potential for adhesions, and bleeding, all of which
complicate the transplant procedure. These findings highlight
the importance of thorough preoperative assessment in patients
with a history of major lung resection.

Traditionally, prognosis following lung transplantation has
been significantly influenced by the underlying primary
disease necessitating the transplant. Different lung diseases
impact post-transplant outcomes due to their distinct
pathophysiology, patient demographics, and associated
comorbidities. For example, patients with cystic fibrosis
(CF) generally exhibit better post-transplant survival rates
compared to those with idiopathic pulmonary fibrosis or
chronic obstructive pulmonary disease [8]. In that regard,
patient diagnosis plays an important role in both LAS and
CAS, and several studies have incorporated diagnoses into
prediction models. In our study, only cystic fibrosis was
included as a predictor, but it had the lowest importance in
the model (Figure 2B). Additionally, no patients with cystic
fibrosis were included in the PNUYH in-house dataset used for
external validation. Nevertheless, our model demonstrated
excellent predictive performance, suggesting that
preoperative conditions, such as organ function, nutritional
status, and preoperative hospitalization, may be more critical
prognostic indicators than the underlying disease itself. Thus,
general aspects of patient health prior to transplantation could
be more important than the specific underlying disease in
pretransplant management.

While several studies have attempted to predict mortality in
lung transplant patients, accurate predictions have not always
been achieved due to limited performance (Supplementary
Table S3) [28–30]. A recent study accurately predicted 1-year
survival using 22 factors, including postoperative variables
such as operation time, donor PaO2/FiO2 ratio,
postoperative ECMO time, ventilator time, ICU stay,
primary graft dysfunction grade, and cold ischemic time,
achieving an AUC of 0.921 in patients from a single center
[9]. Although these factors provide valuable insights into post-
transplant outcomes, they are not available preoperatively,

limiting their utility in pretransplant decision-making and
patient prioritization. Our study addresses this limitation
by focusing on preoperative variables that can be assessed
before transplantation, thereby enhancing the ability to
predict transplant outcomes and prioritize patients more
effectively. Notably, achieving similar predictive accuracy
with fewer variables has significant implications for clinical
practice, as it simplifies the assessment process and makes it
more feasible to implement in diverse healthcare settings
without compromising predictive power. Furthermore, the
external validation using in-house datasets further
underscores the high generalizability of our model. Despite
the fundamental differences between the training and
validation datasets, the model demonstrated excellent
performance, emphasizing its robustness and applicability
across varied populations.

The use of machine learning approaches, particularly GBM, in
this study highlights the transformative potential of these methods
in healthcare. Machine learning models can handle complex
interactions between variables and provide more accurate
predictions compared to traditional statistical methods. This
study demonstrates how machine learning models, such as
GBM, can capture nonlinear relationships between variables,
such as pulmonary artery pressure and BMI, which may not
follow linear patterns. By incorporating these nonlinear
interactions, the predictive performance of the model is
significantly improved compared to traditional methods. SHAP
values were used to visually explore the interactions between
variables, providing insights into which characteristics contribute
most to predictions. This ability to visualize complex interactions
enhances the interpretability of the model, offering a deeper
understanding of its decision-making process. Furthermore,
comparing linear models (e.g., logistic regression, support vector
machines) to nonlinear models (e.g., random forest, XGBoost)
illustrates how traditional methods may miss out on capturing
nonlinear patterns, which are crucial for accurate prediction of
post-transplant outcomes. Our study advocates for the integration
of machine learning technologies into clinical workflows. This
integration can enhance clinical decision-making, providing
more accurate predictions and improving patient outcomes. By
leveraging machine learning models, clinicians can identify high-
risk patients and tailor pretransplant management strategies to
optimize post-transplant survival.

One significant limitation of our study was its reliance on
registry data, meaning that the model’s performance depends
on the accuracy and completeness of the recorded information.
We mitigated this issue by excluding instances with missing
data to use the most precise data available. We developed and
internally validated the model using the ISHLT registry, which
offers a large and diverse sample, and externally validated it
using our own cohort, demonstrating the model’s
generalizability. Future research should explore
incorporating additional potential predictors and leveraging
longitudinal data to further refine the model. These efforts
would contribute to enhancing the model’s robustness and
applicability in clinical practice. Additionally, further
validation and ethical considerations should be conducted
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before applying the model to donor lung allocation, ensuring it
addresses any ethical concerns.

In conclusion, our study confirmed that a machine learning-
based approach can accurately predict 1-year mortality in lung
transplant recipients using a minimal set of pretransplant factors.
The development of a streamlined model with high predictive
accuracy facilitates better patient selection, ensuring that lung
transplantation resources are utilized efficiently and patient care
is optimized. This model holds promise for enhancing clinical
decision-making and improving post-transplant outcomes in lung
transplant recipients. Investigating the underlying mechanisms by
which specific pretransplant characteristics influence post-transplant
outcomes could further enhance patient management strategies.
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To address the shortage of organs for kidney transplantation, the Eurotransplant Senior
Program (ESP) was established to enhance kidney allocation from elderly donors. This
study aimed to evaluate post-transplant outcomes of deceased donor grafts and identify
prognostic factors within the ESP population. We therefore analyzed patient data from
64 ESP recipients and their donors transplanted at our center between 2017 and 2022.
Time-zero biopsies were analyzed using AI image analysis software for glomerular density
and glomerulosclerosis. One-year patient and allograft survival rates were 96.9% and
85.9%. 5-year survival rate was 74.6%, as opposed to about 41.0% historically reported
for patients on dialysis. Delayed Graft Function occurred in 29.7% of cases, with recipient
coronary heart disease, BMI-disparities, and prolonged cold ischemia time as major
predictors (P < 0.05). Histopathological analysis revealed that the degree of
glomerulosclerosis and interstitial fibrosis and tubular atrophy (IFTA) were associated
with graft failure in multivariable analyses (P < 0.05). Arteriolosclerosis (arteriolar hyalinosis)
correlated with a higher risk for primary non-function (P < 0.05). The number of HLA
mismatches was not significantly associated with graft outcome. Including prognostic
baseline characteristics as well as histopathological AI analysis into individual allocation
decisions during organ-acceptance process might improve allograft survival within the
ESP and should prospectively be studied.

Keywords: kidney transplantation, elderly, ESP European Senior Program, AI histopathology, machine learning

INTRODUCTION

At present, kidney transplantation represents the only treatment option for patients suffering from
terminal kidney failure that offers perspectives for prolonged survival and benefits for the quality of
life. In response to the demographic changes, including the rising numbers of elderly patients with
end-stage kidney diseases on the waiting list but persisting shortage of donated organs,
Eurotransplant established the European Senior Program (ESP) for this group in 1999. The ESP
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allocates kidneys from deceased donors aged ≥65 years to elderly
recipients ≥65 years of age who left the general kidney waiting list
(ETKAS) for the benefit of significantly shorter waiting times. Its
medical outcome is mainly based on minimizing cold ischemia
time (CIT) by allocating organs locally, still based on blood group
compatibility and waiting time. In contrast to the Eurotransplant
Kidney Allocation System (ETKAS), the ESP does not include
human leukocyte antigen (HLA) A-B-DR matching or specific
immunological criteria. The latter have to be evaluated by the
accepting centers, although inclusion of HLA-DR matching has
recently been discussed [1]. Taken together, relevant reductions
in waiting times for patients that otherwise might not even live up
to their ETKAS-transplantation, as well as improved mortality
rates among these elderly patients when compared to those
continuing on dialysis, seem to be the major significant
advantages of this program [2, 3].

Despite 25 years of experience with the ESP, selecting suitable
organs from elderly donors remains a complex challenge due to
the lack of extensive scientific studies identifying robust
prognostic factors for satisfactory transplant outcomes.
Frequently debated factors contain donor and recipient age,
number of HLA mismatches, kidney re-transplantation, and
body mass index (BMI) [1, 4–6]. Delayed graft function
(DGF) is a significant prognostic indicator for graft survival
and immunological response in ESP patients [4, 7–9].
Identifying modifiable risk factors for DGF could therefore
contribute to improved outcomes in the future.

In this retrospective single-center study, we analyzed patient
and graft survival in recipients of kidneys allocated via the ESP.
Donor and recipient data were utilized to identify prognostic
factors associated with kidney allograft survival and DGF.
Furthermore, we evaluated whether the results of in-advance
biopsies, that in our center are currently performed as time-zero
analysis during transplantation, could potentially even further
improve the prediction of the graft outcome when added to the
aforementioned criteria, especially when their personnel- and
time-sensitive processing could at least partially be automated. In
addition, we aimed to review whether the ESP-recipients at our
center in general still benefit from their transplantation.

MATERIAL AND METHODS

Study Design
From1 September 2017 to 1 September 2022, 64waitlisted recipients
aged ≥65 years at the Hamburg University Transplant Center
(UKE) received deceased donor kidneys via the ESP allocation
algorithm. All renal allografts were obtained from donors after
brain death, aged ≥65 years. Following the standard ESP criteria,
HLA matching was not utilized during allocation. Induction
immunosuppressive treatment consisted of basiliximab and
steroids. Highly immunologically sensitized patients or patients
with a high risk for DGF (e.g., longer CIT received
thymoglobulin instead together with steroids. Maintenance
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immunosuppression included calcineurin inhibitors (mostly
tacrolimus) and antimetabolites (mycophenolate mofetil or
mTOR inhibitor) with or without steroids. From 2021 on,
patients with low immunological risk were routinely placed on a
steroid-free maintenance therapy from day eight after
transplantation, following the HARMONY-study protocol [7].

Data Collection
Donor data was extracted from Eurotransplant’s donor kidney
reports. Recipient data was collected in a retrospective manner,
utilizing the patient files and hospital discharge reports, with a
minimum follow-up of 16 months. 18G-time-zero biopsies were
performed by the implanting transplant surgeon after reperfusion.
Paraffin-embedded kidney biopsies were cut into 1–2 µm sections
and stained according to a standard PAS staining protocol. Slides
were digitized using Zeiss AxioScan.Z1 slide scanner (ZEISS Group,
Oberkochen, Germany) with a ×20 objective and retrospectively
analyzed using explainable deep-learning-based software HSA KIT
(HS Analysis GmbH, Karlsruhe, Germany; Supplementary
Material S1), which calculated in a reproducible and objective
manner the surface area of the renal cortex and automatically
quantified glomeruli. The evaluation enabled the calculation of
glomerular density and the ratio of sclerosed glomeruli to the
total number of glomeruli in a biopsy section (Figure 1).
Histological findings of these biopsies were not available prior to
transplantation and did therefore not influence decisions of the
transplanting team in these patients. Data on interstitial fibrosis and
tubular atrophy (IFTA), arteriolosclerosis, and arterial intimal
fibrosis (AIF) were obtained from post-transplant pathology
reports. Follow-up data were collected from patients undergoing
routine check-up appointments at the outpatient clinic.

Outcome Parameters
Recipient survival was defined as the time from transplantation until
death, kidney graft failure by return to dialysis, excluding deaths with
a functioning graft (DWFG). In the event of sepsis-induced multiple
organ failure, documentation of dialysis therapy for at least 3 days
prior to death was used for considering acute kidney injury as graft

failure. DGF was defined as requiring more than one dialysis
treatment within the first post-transplant week. Primary non-
function (PNF) was defined for grafts never obtaining enough
function to stop dialysis treatment after transplantation.

Statistical Analysis
Descriptive statistics were determined for continuous (mean ±
standard deviation, median, and minimum-maximum) and
categorical variables (absolute values and percentages). Two-
sided t-test was used to ascertain significant differences between
two groups for continuous variables. Pearson’s chi-square test was
applied to calculate correlations between pairs of categorical
variables. The Kaplan-Meier method was employed to examine
graft and patient survival and log-rank test to analyze differences in
graft survival. P-values < 0.05 were considered to be statistically
significant. The P-values are of descriptive nature. There was no
adjustment for multiplicity. The Intraclass Correlation Coefficient
(ICC) was calculated using a two-way mixed effects model with an
absolute agreement model. Univariable regression analysis was
conducted to determine potential prognostic factors for graft loss,
PNF and DGF. Variables yielding statistical significance in the
univariable analysis were evaluated through a stepwise regression
process within a multivariable analysis, utilizing a binary logistic
regression model. Cox proportional hazard regressions were
performed univariable and multivariable in order to analyze the
effect of variables on graft survival. For the multivariable model,
variables with a P-value < 0.05 in univariable analysis were
included, and backward stepwise selection was applied using a
removal criterion of P > 0.10. All data were analyzed using SPSS
29.0 (IBM Corp., Armonk, NY, United States).

RESULTS

Donor and Recipients Baseline
Characteristics
A total of 64 patients who underwent kidney transplantation
after ESP allocation were included in this study. All organs

FIGURE 1 | Deep learning-based glomeruli detection in HAS KIT from periodic acid Schiff stained kidney.
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were obtained after brain death, as donations after circulatory
death are currently not permitted in Germany. Table 1
summarizes the baseline characteristics. The mean follow-
up period was 49.2 ± 16.6 months. The proportion of males
was higher among both recipients (68.8%) and donors
(56.3%). The mean age of the recipients was 71.3 ±
4.3 years, while the donors had a mean age of 72.9 ±
6.3 years. According to the WHO definition, male
recipients showed a considerable prevalence of increased
bodyweight (79.5%), compared to the overall male
population in Germany within the same age group (68.2%)
[8]. Mean dialysis time before transplantation was
45 months. The leading cause of renal insufficiency was
hypertensive nephropathy (26.6%). The mean CIT was
8.70 ± 3.0 h, and the mean warm ischemia time (WIT)
was 37.5 ± 11.5 min. Due to the missing HLA matching in
the ESP, 82.8% of patients had ≥4 HLA mismatches, while
only 4.7% received a full-house match.

Predictors for Delayed Graft Function
DGF occurred in 19 out of 64 cases (29.7%). A minimal BMI
disparity of ≤2.5 kg/m2 between donor and recipient was
associated with significantly lower prevalence of DGF (11.1%),
compared to >2.5 kg/m2 (36.9%, P < 0.05). Univariable analyses
indicated that an unfavorable BMI match (subdivided into ≤2.5,
2.51–5.0, >5.0 kg/m2), higher recipient BMI, presence of CHD,
and prolonged CIT significantly increased the odds of DGF. Each
additional hour of CIT increased DGF-risk by 24% (P < 0.05).
Table 2 displays the results of the uni- and multivariable analyses.
In amultivariable regressionmodel, the combination of CHD and
BMI disparity reached statistical significance for the
event of DGF.

Graft and Patient Outcome
Patients immunosuppressive therapy and outcome are
described in Table 3. During the entire follow-up period,
12 patients (18.8%) died. The 1-year survival rate was 96.9%,
with two patients dying within the first year and another
10 patients dying thereafter. Initially, patient survival
remained nearly consistent, with a 3-year survival rate of
91.1%. After the first 3 years, the survival rate dropped, with
the 5-year survival rate being only 74.0%. Seven recipients dies
with a functional graft (DWFG). The primary cause of mortality
was sepsis (58.3%).

Graft loss occurred in 14 patients (21.9%; DWFG excluded),
with 1- and 5-year graft survival rates of 85.9% and 75.0%.
Kaplan-Meier curves are shown in Figures 2A,B. PNF was
observed in five patients. Excluding patients with PNF, the
mean time to graft failure was 617.22 ± 446.83 days
(89–1,177 days). Biopsy-proven rejection was observed in
14 recipients (21.9%). However, graft loss due to chronic
rejection was rare, accounting for only one case. During
follow-up, DSA were identified in 14 patients (21.9%), but
their presence did not correlate with graft survival or
rejection events. A total of 44 patients (68.8%) were
hospitalized for at least 7 days due to infection-related
complications. COVID-19 was diagnosed in 15 recipients
(23.4%) during one of their inpatient stays. The presence of
COVID-19, BK virus infection, or cytomegalovirus did not
show any statistically significant correlation with mortality or
graft failure.

Predictors for Graft Failure
Follow-up data at 4 weeks (P < 0.006), as well as at three (P =
0.039), six (P = 0.006) and twelve (P = 0.003) months after
transplantation, demonstrated a statistically significant
correlation between elevated creatinine levels and graft loss in
univariable logistic regressionmodel. Themean creatinine level at
4 weeks post-transplant in patients who later experienced graft
failure was 3.44 mg/dL ± 1.71, compared to 2.09 ± 0.95 mg/dL in
those who did not experience graft failure. Additionally, the
length of hospitalization post-transplant emerged as a
predictor for graft failure probability: the relative risk for the
loss of a graft increased by 8% for each additional day spent in the
hospital after transplantation (P = 0.029). As our study aimed to
define parameters already available at the time of allocation, these

TABLE 1 | Demographics and clinical characteristics.

Variable n = 64

Recipient age (years) 71.3 ± 4.3 (65–81)
Recipient sex m/f 44/20 (68.8%/31.3%)
Recipient BMI (kg/m2) 26.8 ± 4.06 (17.7–37.5)
Recipient Comorbidities
Hypertension
Coronary heart disease
Diabetes
Past history of tumor
Renal cell cancer
Prostate cancer
Colorectal cancer
Others

56 (87.5%)
29 (45.3%)
14 (21.9%)
21 (32.8%)
6 (9.4%)
4 (6.3%)
4 (6.3%)
7 (10.9%)

Donor age (years) 72.9 ± 6.3 (65–86)
Donor sex m/f 36/28 (56.3%/43.8%)
Donor BMI (kg/m2) 26.7 ± 4.8 (18.4–54.9)
Donor creatinine prior to organ procurement (mg/dL) 1.02 ± 0.50 (0.43–2.81)
Donor Comorbidities
Hypertension
Smoking
Diabetes

34 (53.1%)
14 (21.9%)
10 (15.6%)

Time on dialysis (months) 45.0 ± 24.52 (8.72–98.69)
Renal replacement therapy HD/PD 52/12 (81.3%/18.8%)
2nd kidney transplantation 7 (10.9%)
Dual kidney transplant 3 (4.7%)
Causes for kidney failure
Nephrosclerosis or hypertensive nephropathy
ADPKD
IgA-nephropathy
Diabetic nephropathy
Nephropathy of unknown case
Interstitial nephritis
FSGS
Membranous glomerulonephritis
Membranoproliferative glomerulonephritis
Goodpasture-syndrome
Others

17 (26.6%)
9 (14.1%)
8 (12.5%)
7 (10.9%)
4 (6.3%)
2 (3.1%)
2 (3.1%)
2 (3.1%)
1 (1.6%)
1 (1.6%)

11 (17.2%)

Data are presented as absolute values (percentages) for categorical variables; mean ±
standard deviation (minimum–maximum) for continuous variables. BMI, body mass
index; HD, hemodialysis; PD, peritoneal dialysis; ADPKD, autosomal dominant polycystic
kidney disease; FSGS, focal segmental glomerulosclerosis.
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data are presented in the Supplementary Material S2, along with
factors that remained non-significant in univariate analysis and
therefore were not included.

Focusing on kidney donors, histopathological analysis was
performed for all available 51 time-zero biopsies. There was a very
good agreement on glomerulosclerosis grading between the
pathologist and the retrospective semi-automated deep
learning quantification (ICC = 0.913; 95% Confidence
Interval = 0.85–0.95). Univariable analyses identified IFTA, the

percentage of arteriolosclerosis (arteriolar hyalinosis), and
glomerulosclerosis as significant risk factors for graft failure
(Table 4). Glomerular density and AIF did not reach
statistical significance. When focusing on the recipients,
prolonged time on dialysis was associated with increased
failure rates. Patients exceeding 3 years of dialysis treatment
had a 35.3% risk of graft failure, compared to a 6.6% risk for
those with less than 3 years of renal replacement therapy (P =
0.006). The combination of IFTA, glomerulosclerosis, and time
on dialysis reached statistical significance in a multivariable Cox
proportional hazard model. The corresponding Kaplan-Meier
analyses and log-rank tests are shown in Figures 3A–C.
Additionally, arteriolosclerosis showed a significant correlation
for the event of PNF (P = 0.016; odds ratio = 1.16; 95%
Confidence interval = 1.03–1.31). However, the number of
HLA mismatches did not significantly influence graft survival
in our ESP collective.

DISCUSSION

This study aimed to identify potential prognostic factors for
short- and long-term outcomes of ESP-kidney transplantations
to improve organ allocation strategies within the participating
transplant centers in the future. Therefore, we comparatively
reevaluated those parameters proposed from previous studies [1,
4, 6] for our ESP recipients and investigated potentially predictive
additional variables available at the time of the organ offer, such
as the matching of baseline characteristics between donors and
recipients. Finally, we used deep learning based image analysis
software HSA KIT as human-machine interaction tool to
retrospectively quantify histopathological data obtained from
time-zero kidney biopsies and its potential as a future
prospective tool prior to final organ acceptance when half-
automatically integrated into the allocation process.

Our univariable analysis indicated that disparity in BMI,
higher recipient BMI, CHD, and prolonged CIT significantly
correlated with a higher prevalence of DGF. These factors, when
modifiable, may be considered in future transplant evaluations,
as existing literature has demonstrated that DGF is associated
with poorer outcomes [4, 9–11]. However, due to the limited
size of our patient cohort, not all variables could be included in
the multivariable analysis. Previous studies have consistently
shown that an increased BMI in either the recipient or the donor
is associated with a higher risk of DGF and graft loss [4, 12–16].

TABLE 2 | Uni- and multivariable analysis of potential risk factors for Delayed Graft Function.

Factors Univariable analysis Multivariable analysis

OR (95% CI) P-value OR (95% CI) P-value

BMI match (≤2,5; 2,51–5.0; >5.0 kg/m2) 2.38 (1.10; 5.17) 0.028a 2.40 (1.07; 5.41) 0.035a

CHD 3.93 (1.25; 12.33) 0.019a 3.95 (1.20; 13.03) 0.024a

CIT (h) 1.24 (1.02; 1.50) 0.033a -- --
Recipient BMI (kg/m2) 1.20 (1.03; 1.40) 0.021a -- --

BMI, body mass index; BMI match, disparity in BMI between recipient and donor; CHD, coronary heart disease; CIT, cold ischemia time; OR, odds ratio; CI, confidence interval.
aSignificance 0.05. -- not included.

TABLE 3 | Immunosuppressive therapy, patient- and graft survival.

Variable n = 64

HLA mismatch 4.4 ± 1.5
PRA positive recipient 12 (18.8%)
Induction therapy
Basiliximab/simulect
Antithymocyte globuline

60 (93.8%)
4 (6.3%)

Use of tacrolimus as initial CNI on day eight 59 (92.2%)
Use of cyclosporine A as initial CNI on day eight 5 (7.8%)
Use of an antimetabolite (MMF/MPA) on day eight 47 (73.4%)
Use of a mTOR inhibitor on day eight 17 (26.6%)
Steroid-free immunosuppression on day eight 14 (21.9%)
Delayed graft function 19 (29,7%)
Mean hospital stay after transplantation (days) 19.0 ± 8.5 (6–47)
Death 12 (18.6%)
Cause of death
Sepsis
Cardiovascular event
Aneurysm-related hemorrhage
Cancer
Unknown

n = 12
7 (58.3%)
1 (8.3%)
1 (8.3%)
1 (8.3%)
2 (16.7%)

Graft failure 14 (21.9%)
Cause of graft failure
Primary non-function
As a result of infection/sepsis
Rejection
BK virus infection
Cardiac decompensation
Unknown
Others

n = 14
5 (35.7%)
2 (14.3%)
1 (7.1%)
1 (7.1%)
1 (7.1%)
2 (14.3%)
2 (14.3%)

Duration between transplantation and graft loss
(days)

617.22 ± 446.83
(89–1,177)

NODAT 11 (17.2%)
DSA 14 (21.9%)

Data are presented as absolute values (percentages) for categorical variables; mean ±
standard deviation (minimum–maximum) for continuous variables. HLA, human
leukocyte antigen (Loci A, B, DR); PRA, panel reactive antibodies; CNI, calcineurin-
inhibitor; NODAT, new onset diabetes after transplantation; DSA, de novo donor-specific
antibodies.
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But to our knowledge, this study is the first to report the
impact of BMI disparities, rather than absolute values,
between donor recipient pairs within the ESP as a measure
that could indeed be part of an individualized allocation
decision, favoring closer BMI matches to improve outcomes,
as the match might indeed guide a decision for factors (absolute
BMI of donor and recipient) are non-modifiable at the time of
allocation.

Analyses of time-zero biopsies revealed that histopathological
findings such as IFTA and the degree of glomerulosclerosis and
arteriolosclerosis represented independent predictors of graft
survival in ESP recipients. Our Cox proportional hazard
model points to IFTA as one of the main histological factors
associated with graft survival. Ouellet et al. used IFTA scoring to
demonstrate that each unit increase in IFTA at 6 months is
associated with a higher risk of graft loss [17]. In this respect, it is
important to emphasize that validation of AI automated IFTA
scoring is still in progress at our center. Our results regarding the
influence of glomerulosclerosis on graft survival as the other
major histopathological determinant align with findings from
other studies [18–20]. In contrast to Keijbeck et al., our
observations revealed a significant association between
histological arteriolosclerosis and graft outcome [21]. Much to
our surprise, glomerular density and AIF were not significantly
associated with graft survival, while the importance of AIF in
predicting kidney function after transplantation was recently
demonstrated [20].

The retrospective findings of Jacobi et al. revealed that higher
biopsy scores in pre-implantation biopsies from ESP kidneys
were associated with an increased prevalence of PNF and higher
creatinine levels 1-year post-transplant [5]. The value of
preimplantation biopsies is still a matter of debate. Given
that the logistics and economics (24/7 on-call
nephropathologists and technical staff), as well as the
resulting time delay, would only legitimate the effort if major
improvements in outcome could still be expected, considering
prolonged CIT already as one of the relevant determinants of

DGF and prognosis. This is where semi-automated deep
learning systems could help to reduce this delay. They could
be operated by the cryosectioning team (technician and
pathologist), typically available at transplant centers, which
are usually situated at highly specialized university hospitals.
In the future, this tool may not necessarily require a designated
nephropathologist during routine analysis, as only the
location of the analyzed area (glomerulus, blood vessel,
tubulointerstitium) needs to be validated. The agreement
between retrospective semi-automated quantification and
pathologist grading of glomerulosclerosis was very good [22].
However, we have not yet been able to automate the analysis of
time-zero biopsies for IFTA and arteriolosclerosis. This remains
a promising area for future research. Nevertheless, combining
automated glomerulosclerosis-scoring with IFTA assessment by
a cryosectioning on duty team might be a feasible concept
today already.

In addition, a biopsy only represents a limited section of the
kidney, and there may be some variation in the distribution of
healthy and sclerosed glomeruli. Still, final interpretation of
biopsy results needs the context of clinical and laboratory
findings, although we find the opportunity of utilizing quite
reliable specific parameters via deep learning systems in the
environment of sparse resources very intriguing as well as
applicable during our routines. Taken together, such efforts
must still be justified by a significant improvement of the
transplant outcomes for individual patients, considering the
potential benefits of knowing histopathological details
compared to the effects of procedural extension of
ischemia times.

Our retrospective study was not able to confirm the positive
impact of HLA-DR matching on ESP-graft survival. Fijiter et al.
lately reported that HLA-DR matching for ESP-recipients
resulted in reduced waiting time on dialysis (2.6 vs. 4.1 years)
and improved graft survival, despite an increase in CIT (12.0 vs.
10.6 h) [1]. Furthermore, Koch et al. assert that HLA matching is
even beneficial for organs from donors aged 75 and older [6]. In

FIGURE 2 | Kaplan-Meier plots for (A) Patient survival during follow-up. (B)Graft survival during follow-up (censored due to end of observation period or death with
functional graft).
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contrast, our findings indicate that prolonged CIT is associated
with an increased risk of DGF, whereas better HLA match in our
recipients did not correlate with improved outcomes. Several
other studies also confirmed that extended CIT correlates with a
higher incidence of DGF and graft loss [4, 11, 22, 23]. The
increased susceptibility of older organs to damage from cold
ischemia underscores the importance of minimizing CIT. The
reduction in waiting time resulting from prospective HLA-DR
matching may be the reason for better outcome, as our

retrospective study again pronounces the negative impact of
prolonged dialysis duration on later graft survival, as reported
in the literature before [24].

DGF-rates, graft and patient survival in our study were
comparable to those reported in similar studies evaluating the
ESP. One- and 5-year graft survival rates ranged between 84%–
87% and 63%–77%. Patient survival rates were 92%–94% and
65%–73% [4, 5, 25]. The incidence of DGF ranged between 19%–
41.1% [4–6, 23, 25]. Excluding cases of PNF in our cohort, patient

TABLE 4 | Uni- and multivariable analysis of potential risk factors for graft failure using Cox Regression.

Factors Univariable analysis Multivariable analysis

HR (95% CI) P-value HR (95% CI) P-value

IFTA (%) 1.04 (1.006; 1.07) 0.021a 1.08 (1.03; 1.41) 0.002a

Glomerulosclerosis (%) 1.05 (1.01; 1.09) 0.025a 1.07 (1.02; 1.12) 0.011a

Time on dialysis (months) 1.02 (1.002; 1.04) 0.031a 1.05 (1.02; 1.09) 0.004a

Arteriolosclerosis (%) 1.05 (1.01; 1.09) 0.011a -- --
Arterial intima fibrosis (%) 1.01 (0.98; 1.05) 0.483 -- --
HLA-MM 0.99 (0.66; 1.50) 0.969 -- --

IFTA, Interstitial fibrosis and tubular atrophy; Glomerulosclerosis - ratio of sclerosed glomeruli to total number of glomeruli; HLA-MM, number of human leucocyte antigen mismatches; HR,
Hazard ratio; CI, confidence interval.
aSignificance 0.05. – not included.

FIGURE 3 | Kaplan-Meier plots for graft survival of ESP recipients by IFTA - Interstitial Fibrosis and Tubular atrophy (A), degree of Glomerulosclerosis (B) and time
on dialysis (C).
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and graft survival rates remained stable throughout the initial
3 years, with a notable increase in mortality thereafter. Death with
a functional graft occurred in 58.3% of deceased patients, which is
also in line with recent ESP observations [4, 5, 16, 23]. Compared
to one- and 5-year survival rates of elderly dialysis patients with
end-stage kidney disease, recipients still benefited from a
transplantation within the ESP. In our cohort, the 5-year
survival rate for recipients aged between 65–74 years was
74.6%, as opposed to 41.0% reported for patients on dialysis [3].

In our elderly cohort of transplant recipients, sepsis was
identified as the primary cause of death. This once again
highlights the unmet need for individually assessed and
optimized levels of immunosuppression, considering initial
renal disease and immunological burden by prior
immunization, immunosenescence, and the patient’s history
of infections. Our results suggest that implementing less-
potent immunosuppressive regimens might be advantageous,
although no specific correlations of immunosuppressive therapy
with patient or graft survival could be detected. In contrast to
findings in previous ESP studies, in our cohort graft survival and
DGF were not associated with rejection events [16]. However,
the incidence of graft loss due to chronic rejection was low, and
the limited number of chronic rejection cases precluded our
statistical analysis from detecting potentially significant results.
Taken together, follow-up care should especially evaluate the
individual risk for infections and the adjustment of the
immunosuppressive regimen as long as measures for
individualized immunosuppressive guidance [26] cannot
routinely be used.

The primary limitation of our study, next to its retrospective
setup, is the relatively small sample size in terms of events for
statistical testing. This constraint may have prevented
identifying relationships between post-transplant outcomes
and baseline characteristics such as age, diabetes mellitus, re-
transplantation, and number of HLAmismatches. These factors
were significant determinants of graft survival in prior ESP
studies [4, 6, 16]. Our analysis of glomerular density did not
yield statistically stable information regarding graft survival. An
alternative approach might involve correlating glomerular
density from biopsies and graft volume, which could
facilitate the calculation of the total number of glomeruli in
terms of “transplanted functional tissue” as a potential predictor
of later transplant outcomes. These limitations could be
addressed by multi-center studies with larger cohorts to
prospectively validate the prognostic factors identified in this
study for use during allocation. Moreover, we are quite aware
that deep-learning-driven quantification would need to be
validated and adapted for the use of fast-track HE-stained
frozen sections, which, according to the manufacturer, would
generally be technically realizable, but not yet included in
our analysis.
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Frailty is a frequent condition among kidney transplant candidates (KTc) that confers poor
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sample of KTc in Spain. We conducted a multicenter cross-sectional study including
1194 KTc ≥50 years. Frailty was assessed by the FRAIL scale. Mean age was 64.2 years;
38.4% were female. Median Charlson comorbidity index (CCI) was 6 [4–7] and the total
number of medications was 9 [7–12]. We found that 8.2% of patients were frail and 41.5%
were pre-frail. Frailty was more frequent among females (60.2% of frail vs. 32.8% of robust;
p < 0.001), hemodialysis patients (74.5% of frail vs. 67.1% of robust; p = 0.02), and those
with a high burden of disease (54.6% of frail patients with CCI >6 vs. 29.3% of robust; p <
0.001). The multivariable analysis confirmed that frailty was associated with the female sex
(OR 3.9 [2.5–6.2]); higher CCI (>6 OR 2.9 [1.6–54]); and the number of medications (OR
–per medication- 1.13 [1.07–1.2]). Almost 50% of KTc in Spain are pre-frail or frail. Frailty is
more prevalent between women and patients with high comorbidity burden. Identifying
those candidates at risk is essential to establish risks and implement strategies to
minimize them.

Keywords: FRAIL, frailty, kidney transplant, waiting list, candidate

INTRODUCTION

Frailty is characterized by a reduced physiological reserve to stressors and was initially studied within
the aging population residing in communities [1]. Among individuals with advanced chronic kidney
disease (CKD), frailty is a frequent condition and has been reported to affect up to 70% of patients
receiving hemodialysis [2, 3]. These patients experience poorer outcomes while on dialysis, including
higher mortality rates [4, 5].

Frail CKD patients have also restricted access to the kidney transplantation (KT) waiting list and
their chances of receiving a transplant are notably reduced [6, 7]. Among subjects evaluated for KT,
frailty prevalence ranges from 5% to more than 50%, depending on the series and the scale used
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[6–9]. Eventually, pooled analysis of different studies shows that
about 17% of KT recipients are identified as frail [10]. However,
most of the studies included in the systematic reviews of frailty
among KT recipients come from US cohorts, with a very small
representation of European studies [11]. Sociodemographic
differences between American and European populations
prevent direct extrapolation of the results.

Frail KT recipients experience heightened rates of
complications such as intolerance to immunosuppressants
[12], prolonged length of stay and a higher rate of
readmissions [13, 14], higher rate of delayed graft function
and surgical complications [15, 16], and, more importantly,
higher post-transplant mortality [14, 17–21].

In Spain, fewer than 20% of dialysis patients have access to KT
[22]. Possibly, frailty hampers this access, especially among
elderly recipients. Despite the recognized impact of frailty on
KT outcomes, clinicians often encounter challenges in assessing
frailty during outpatient visits, and questions arise regarding the
best scale to use and the potential utility of the information
obtained [23]. A survey across 133 KT programs in the US
revealed that 69% of centers reported performing standardized
frailty assessments during transplant evaluations, yet there was
little consensus on the preferred tool for measuring frailty [24].
The scale proposed by Linda Fried more than 20 years ago, the
Physical Frailty Phenotype (PFP), has emerged as the most
used frailty scale in research involving KT candidates and
recipients [1]. However, other less time-consuming metrics,
like the FRAIL scale, have also found utility in this context [7,
25]. Centers conducting frailty evaluations through validated
tools have demonstrated better waitlist and transplant outcomes,
regardless of the tool used [26]. Although correlation among
different frailty metrics is poor [27–29], identifying patients at
risk for unfavorable results holds paramount importance in
assessing prognosis, establishing preventive strategies, and
implementing therapeutic interventions such as prehabilitation.

This is a multicenter cross-sectional study carried out with the
participation of the vast majority of KT Units in Spain. We aimed
to establish frailty prevalence and associated factors among KT
candidates over 50 years in our setting, as well as to boost the
universal implementation of the frailty measurement as part of
the KT candidacy study work-up.

PATIENTS AND METHODS

Study Design and Participants
This is a multicenter, cross-sectional study carried out in 38 KT
Units in Spain during 2022.

All KT Units in Spain were invited to participate and 38 out of
41 agreed. During the outpatient visits, subjects ≥50 years old
included on the KTwaiting list and able to consent were invited to
participate in the study. Both patients already included on the
waiting list and those who were new inclusions during the visit
could be included in the study. Patients with a major psychiatric
disorder, cognitive impairment, or an acute condition that to the
judgment of the investigator could cause a physical impairment
were excluded from the study.

The study started in March 2022 and the inclusion was
competitive among centers until the end of the study
(December 2022). The number of patients included was
different across centers, depending on the number of patients
included on their KT waiting list, the frequency of the visits, etc.
Although there were differences, with a maximum of 169 and a
minimum of 2 patients per center, 50% centers included more
than 20 patients in the study.

Clinical and epidemiological variables and the FRAIL scale
were collected at each center and introduced in a central database.
Data extraction and analysis were further conducted.

Ethics
The Institutional Review Board of Hospital del Mar approved the
study (2020/9349), and all enrolled participants provided written
informed consent at the time of frailty evaluation. The study
followed the principles of the Declaration of Helsinki, only
relying on the official database.

Frailty Assessment
Frailty was assessed according to the FRAIL scale which includes
5 questions (all of them self-reported) assessing fatigue,
resistance, ambulation, illness, and loss of weight. In both
scales, each component or question scores 0/1 depending on
its presence or absence. Robust patients were defined by a score of
0, pre-frail as those who ranked 1–2, and frail patients were
defined by a score ≥3 [30].

The FRAIL scale has been proposed as a screening tool for
frailty in general population [31]. It has been used in Spanish
geriatric population [32] but also in Spanish KT candidates [7, 28].

Study Variables
Besides the FRAIL scale, we included demographics (age, sex,
ethnicity); social (education -defined by 4 categories: elementary,
primary education, secondary education, and tertiary education-,
family or social support –living by their own, in family, with
friends, in a health/social facility-); and clinical data (body mass
index (BMI), Charlson comorbidity index (CCI) [33], total
number of medications, cause of renal disease, type of renal
replacement therapy (RRT), date of dialysis initiation and date of
waiting list inclusion, candidate to re-transplantation, albumin
levels, C-reactive protein levels).

Statistics
Continuous variables were expressed as mean ± standard
deviation (SD), or median and interquartile range (IQR),
according to normal distribution. Categorical data were
expressed as absolute numbers and percentages. Comparisons
of baseline characteristics between two groups were made using
Chi-square or Fisher’s exact tests to analyze categorical variables,
Student’s t-test for continuous variables with normal distribution,
and Mann–Whitney test for non-parametric variables. When
three categories were present, the Chi-square test was also used to
compare categorical variables, the ANOVA test to compare
quantitative variables with normal distribution, and the
Kruskal-Wallis test for quantitative variables without normal
distribution. Binomial and multinomial logistic regression
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models considering frailty as yes/no (merging pre-frailty and
frailty status) or with the three categories (robust, pre-frail, and
frail) were conducted. Variables were considered to be included in
the multinomial model if a p-value ≤0.20 was found in the
bivariate analysis. Two multinominal logistic regression
models were conducted: one including the global CCI (ranking
0–24), and other including only cardiovascular disease as
Charlson comorbidities (ranking 0 to 4: myocardial infarction,
congestive heart disease, peripheral vascular disease and
cerebrovascular disease). Statistical analysis was performed
using SPSS version 29 software (IBM, Armonk, NY, USA).
P-values <0.05 were considered statistically significant.

RESULTS

A total number of 1194 KT candidates ≥50 years old were
included in the study. Table 1 displays the main
characteristics of the cohort. The mean age was 64.2 years,
38.4% of them were female and 92.7% were Caucasian. In
terms of education and social support, 17.4% declared
themselves as having received elementary education and 11.7%
lived on their own. The most frequent cause of CKD was
unknown (23.9%) followed by glomerular disease (19.5%).

Almost one-third of candidates had received at least one
kidney transplant before (27.6%). In terms of RRT modality,
64.9% were on hemodialysis, 18% were on peritoneal dialysis and
19.8% were on a situation of advanced CKD pre-dialysis. The
median time from dialysis onset to the waiting list entry was
12 months. KT candidates presented with a high comorbidity
burden (CCI >6) in 35.6% of the cases. Subsequently, the total
number of medications prescribed to each patient was high (9). In
terms of laboratory parameters, mean albumin levels were 4 g/dL
and mean levels of C-reactive protein were 0.6 mg/dL.

Frailty prevalence was determined by the FRAIL scale. Half of
the patients were robust (50.3%), 41.5% were pre-frail, and 8.2%
were frail. The most frequently reported item was fatigue (27.7%),
followed by loss of weight (21.1%) and lack of robustness
(15.5%). Figure 1.

Table 2 compares KT candidates who were robust, pre-frail,
and frail. We found a higher percentage of females as the frail
score increases (32.8% of robust patients; 40.9% of pre-frail; and
60.2% of frail patients). Frail candidates were also slightly more
overweighted (BMI 27.5 kg/m2 in frail candidates vs. 26.1 kg/m2

in robust ones), were more frequently receiving hemodialysis as
RRT (74.5% -frail- vs. 67.1% -robust-), had higher comorbidity
burden (CCI >6 54.6% -frail- vs. 29.3% -robust-), and were on
more medications (11 –frail- vs. 8.5 –robust-). On the contrary,
the mean age was similar among robust and frail candidates. No
differences in terms of albumin or C-reactive protein levels were
found between robust or frail patients either.

TABLE 1 |Baseline and clinical characteristics of the 1194 KT candidates included
in the study.

KT
candidates
(n = 1,194)

Age (years, mean ± sd) *n = 0, 0% 64.2 ± 8.4
Sex (female, n (%)) *n = 0, 0% 459 (38.4)
Ethnicity (Caucasian, n (%)) *n = 9, 0.8% 1,107 (92.7)
Education (elementary, n (%)) *n = 170, 14.2% 208 (17.4)
Family/social support (living alone, (%)) *n = 84, 7% 140 (11.7)
BMI (Kg/m2, mean ± sd) *n = 79, 6.6% 26.7 ± 4.5
Cause of renal disease *n = 5, 0.4%
Unknown
Diabetic nephropathy
Glomerular disease
Others

285 (23.9)
183 (15.3)
233 (19.5)
493 (41.3)

Previous KT (yes, n, (%)) *n = 14, 1.2%
Number of previous KT (median [max-min])

329 (27.6)
1 [1–5]

Renal replacement therapy modality (n, (%)) *n = 3, 0.3%
Hemodialysis
Peritoneal dialysis
Preemptive transplant

775 (64.9)
215 (18)
201 (19.8)

Time from dialysis onset to WL entry (years, median [IQR]) *n=
291, 24.7%
Time from dialysis onset to frailty determination (years, median
[IQR]) *n = 0, 0%

1 [0.5–1.9]
2 [1–3.9]

Charlson comorbidity index (median [IQR]) *n = 18, 1.5%
Low comorbidity = 3–4
Intermediate comorbidity = 5–6
High comorbidity >6

6 [4–7]
337 (28.7)
420 (35.7)
419 (35.6)

Total number of different medications (median [IQR]) *n = 0, 0% 9 [7–12]
Albumin (g/dL, mean ± sd) *n = 200, 16.7% 4 ± 0.6
CRP (mg/dL, median [IQR]) *n = 370, 31% 0.6 [0.2–1.9]

KT, kidney transplant; sd, standard deviation; BMI, body mass index; IQR, interquartile
range; WL, waiting list; CRP, C-reactive protein. *Frequencies and % of missing data of
each variable.

FIGURE 1 | (A) Frailty prevalence according to the FRAIL scale among
1194 KT candidates in Spain. (B) FRAIL items distribution.
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Two multinomial logistic regression analyses were conducted to
analyze factors associated with pre-frailty and frailty in KT
candidates (Table 3). In the first model, including global
Charlson index as comorbidity index, female sex (odds ratio
(OR) 1.53 [1.19–1.98]), high comorbidity burden (OR
1.55 [1.13–2.13]), and total number of medications (OR 1.08 per
medication [1.04–1.12]) were associated with pre-frailty status. The
same factors with higher intensity were also associated with frailty:
female sex (OR 3.90 [2.46–6.19]), high comorbidity burden (OR
2.93 [1.61–5.41]), and total number of medications (OR 1.13 per
medication [1.07–1.20]), Table 3. The second model included only
cardiovascular disease (myocardial infarction, congestive heart
disease, peripheral vascular disease and cerebrovascular disease)
as comorbidity burden. Cardiovascular disease was highly associated
with frailty in this cohort, starting at one cardiovascular problem
(OR 3.46 [2.02–5.95], and increasing this association along with the
number of cardiovascular problems (Table 3).

DISCUSSION

Herein, we present a multicenter cross-sectional study involving
thirty-eight out of the total forty-one Kidney Transplant Units in
Spain and more than 1000 CKD patients who are KT candidates
that establishes the prevalence of frailty according to the FRAIL

scale and factors associated. This sample represents about 50% of
all patients over 50 years included in the KT waiting list in Spain
(data provided by Spanish National Transplant Organization).
Although less than 10% of KT candidates ≥50 years old in Spain
are frail, the prevalence of pre-frailty and frailty together was
almost 50% of the cohort. Female sex, comorbidity, and
medications were strongly associated with frailty status.

The prevalence of frailty among KT candidates already listed
for transplantationmay vary from less than 5% tomore than 50%,
depending on the population and the scale used [6–9]. A large
multicenter study from the US identified 18% of individuals as
frail at the time of initial evaluation, while only 12% of individuals
were identified as being frail among those who were ultimately
listed for KT [6]. Among KT recipients, frailty prevalence before
transplantation was established at 17.1% when a pooled analysis
was made [10]. However, eleven of the fourteen studies included
in the analysis were from the US. In Europe, two single-center
studies have explored the prevalence of frailty in KT candidates/
recipients: 15% of KT recipients were frail according to the
Groningen Frailty Indicator in a Dutch study [11], and 10.5%
and 3.6% of KT candidates were frail according to the PFP and the
FRAIL scale, respectively, in a Spanish study [7]. In this
multicenter study, we describe a large cohort of Spanish KT
candidates over 50 years listed for transplantation with a
prevalence of frailty of 8.2% according to the FRAIL scale.

TABLE 2 | Baseline and clinical characteristics of KT candidates according to their FRAIL score.

Baseline and clinical characteristics
of KT candidates

Robust group Pre-frail group Frail group p-value

FRAIL = 0 (n = 600) FRAIL = 1–2 (n = 496) FRAIL ≥3 (n = 98)

Age (years, mean ± sd) 64.1 ± 8.2 64.5 ± 8.7 63.3 ± 8.1 0.475
Sex (female, n (%)) 197 (32.8) 203 (40.9) 59 (60.2) <0.001
Ethnicity (Caucasian, n (%)) 553 (93.3) 464 (93.9) 90 (91.8) 0.729
Education (basic, n (%)) 99 (19.4) 87 (20.3) 22 (26.2) 0.093
Family/social support (living alone, (%)) 70 (12.6) 53 (11.4) 17 (18.5) 0.230
BMI (Kg/m2, mean ± sd) 26.1 ± 4.1 27.1 ± 4.6 27.5 ± 5.4 0.002
Cause of renal disease
Unknown
Diabetic nephropathy
Glomerular disease
Others

128 (21.5)
88 (14.8)
116 (19.5)
268 (44.6)

129 (26.1)
79 (16)
98 (19.8)
190 (19.8)

28 (28.6)
16 (16.3)
19 (19.4)
35 (35.7)

0.734

Previous KT (yes, n, (%))
Number of previous KT (median [max-min])

167 (28.1)
1 [1–3]

129 (26.4)
1 [1–5]

33 (34.4)
1 [1–3]

0.276
0.993

Renal replacement therapy modality (n, (%))
Hemodialysis
Peritoneal dialysis
Preemptive transplant

402 (67.1)
106 (17.7)
91 (15.2)

300 (60.7)
93 (18.8)
101 (20.4)

73 (74.5)
16 (16.3)
9 (9.2)

0.020

Time from dialysis onset to WL entry (years, median [IQR])
Time from dialysis onset to frailty determination (years, median [IQR])

1.1 [0.6–2.3]
2 [1–3.8]

1.2 [0.6–2.3]
1.8 [1–3.8]

1.5 [0.7–4.1]
3 [1.-4.9]

0.105
0.471

Charlson comorbidity index
Low comorbidity = 3–4
Intermediate comorbidity = 5–6
High comorbidity >6

195 (33.2)
221 (37.6)
172 (29.3)

124 (25.3)
173 (35.2)
194 (39.5)

18 (18.6)
26 (26.8)
53 (54.6)

<0.001

Charlson comorbidity index (only considering CV risk factors (0–4)
Low comorbidity = 0
Intermediate comorbidity = 1
High comorbidity =2–4

394 (55.9)
138 (42.6)
56 (9.52)

282 (40)
149 (46)
60 (12.2)

29 (4.1)
37 (11.4)
31 (31.9)

<0.001

Total number of different medications (median [IQR]) 8.5 [7–11] 10 [7–12] 11 [8–13] <0.001
Albumin (g/dL, mean ± sd) 4 ± 0.6 4 ± 0.5 3.9 ± 0.5 0.688
CRP (mg/dl, median [IQR]) 0.6 [0.2–1.8] 0.5 [0.2–1.7] 1 [0.2–2.6] 0.205

KT, kidney transplant; sd, standard deviation; BMI, body mass index; IQR, interquartile range; WL, waiting list; CV, cardiovascular; CRP, C-reactive protein.
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Pre-frailty was a very frequent finding, with 41.5% of candidates
scoring 1 or 2 points by FRAIL. This has relevance as not only
frailty but also pre-frailty has been associated with poorer
outcomes in patients after transplantation [20]. In our cohort,
the most frequently reported item was fatigue, followed by loss of
weight. The lack of robustness was present in 15.5% of the
patients. The latter is especially relevant given that pre-
transplant grip strength has been found to be the most
important frailty item related to post-transplant outcomes [34].

Differences in frailty prevalence may respond to different scales
applied. Although there is an agreement regarding the underlying
conceptual framework of frailty, there is a low level of consensus
regarding the constituent elements to be included in operational
definitions of frailty [35]. Consequently, various frailty metrics,
encompassing different aspects like physical reserve, morbidity,
cognition, or social factors, have been developed to date [3]. The
PFP remains the most popular one for KT candidates and recipients
and is characterized by the presence of three out of five indicators:
slow walking speed, low physical activity, unintentional weight loss,
weakness, and exhaustion. It has been suggested as the preferred
choice for measuring physical reserve [36]. In contrast, the FRAIL

scale also requires 3 out of 5 criteria—weight loss, resistance, fatigue,
ambulation, and illness—but all items are self-reported [25], and,
therefore, easier and faster to apply in the clinical practice setting. On
the other hand, as the FRAIL scale did not account for objective
measurements of physical reserve, it might underestimate the
presence of frailty and classify as robust a patient who can be
pre-frail or frail [28]. The decision regarding which scale to utilize
during candidate evaluation will hinge on various factors, including
the scale’s feasibility concerning time and resource consumption. In
any case, clinicians should opt for a validated frailty scale, as they have
demonstrated better transplant outcomes [26]. In our study, the
prevalence of frailty was lower than the reported in studies from the
US (8.2% vs. 15%–20%). This may reflect population differences, but
also scale-dependent differences, as FRAIL usually estimates a lower
prevalence of frailty than others that include physical domains [28].
There is no clear consensus on what frailty tool should be used in this
population, and no systematic determinations are held during KT
candidates’ evaluation [37]. Reasons to choose one frailty tool over
the rest are broad, and KT candidates lack of a specific frailty tool (in
contrast to liver transplant candidates) [38]. We chose the FRAIL
scale because at that time 90% of KT centers in Spain were not
systematically measuring frailty in their KT candidates. FRAIL scale
has been acknowledged as a validated screening tool for frailty and is
very easy to implement [39]. Our aimwas to dimension and highlight
the problem of frailty, and we needed to establish the frailty
prevalence with a tool that most of the centers were willing and
able to do.

Despite being a geriatric syndrome, age was not related to frailty
in KT candidates, similar to what other studies in the CKD
population have found [2, 40, 41]. Additionally, this fact could be
related to a more restrictive selection of older candidates included in
the waiting list [42]. We did find that female sex and comorbidity/
treatment are associated with frailty in our cohort of patients. The
second one is foreseeable as the FRAIL scale accounts for disease as
part of its frailty phenotype. Importantly, cardiovascular disease
seems to play the leading role in this association. On the
contrary, time on dialysis was not associated with frailty, despite
frail patients presented with a substantial longer time on dialysis.
Although patient’s functional status decline seem irreversible after
starting dialysis, studies have reported improvement in frailty status
in up to one third of patients after starting dialysis [43]. Regarding
sex, studies in community-dwelling populations have revealed a
higher prevalence of frailty in females compared to males [44].
Studies including liver and kidney transplant candidates have
found similar results [40, 45]. However, although women present
with more frailty than men do, health results in the general
population are usually worse in the latter, known as the male-
female health-survival paradox [44, 46]. In liver transplant
candidates, however, women present with higher mortality rates
on the waiting list [45], while female kidney transplant candidates
have lower mortality rates than men [47, 48]. Moreover, not only the
prevalence but also the components and characteristics of frailty
differ between male and female frail patients [40]. Examining sex-
based disparities in frailty holds the potential to enhance risk
assessment before transplantation and tailor specific, personalized
interventions. Regarding BMI and albumin levels, we did notfind any
association with frailty status in this cohort. This may reflect how

TABLE 3 |Multinomial logistic regression of factors associated with pre-frailty and
frailty in KT candidates. A) Considering global Charslon index; B) Considering
a cardiovascular Charlson index (0–4).

Independent variables OR 95% CI

A
Pre-frailty (FRAIL = 1–2)
Sex (ref: male) 1.531 1.186 1.978
Charlson index (ref: 3–4)
5–6 1.097 0.806 1.492
>6 1.550 1.126 2.135
Number of medications (per each one) 1.081 1.045 1.118
Frailty (FRAIL ≥3)
Sex (ref: male) 3.904 2.462 6.190
Charlson index (ref: 3–4)
5–6 1.030 0.539 1.970
>6 2.935 1.612 5.412
Number of medications (per each one) 1.132 1.067 1.200
B
Pre-frailty (FRAIL = 1–2)
Sex (ref: male) 1.504 1.166 1.941
Charlson CV index (ref: 0)
1 1.387 1.043 1.844
2 1.369 0.876 2.139
3 1.369 0.541 3.462
4 1.416 0.196 10.247
Number of medications (per each one) 1.084 1.049 1.122
Frailty (FRAIL ≥3)
Sex (ref: male) 4.117 2.572 6.591
Charlson CV index (ref: 0)
1 3.466 2.019 5.948
2 8.204 4.278 15.731
3 7.897 2.337 26.682
4 7.897 2.337 26.682

KT, kidney transplant; CI, confidence interval; OR, odds ratio.
We initially explored factors associated with pre-frailty and frailty through a binomial logistic
regression. Factors with a p-value <0.2 were included in the final multinomial analysis: A)
age, sex, body mass index, level of education, renal replacement therapy modality,
C-reactive protein levels, Charlson comorbidity index, and number of medications; B) age,
sex, body mass index, level of education, renal replacement therapy modality, C-reactive
protein levels, Charlson cardiovascular comorbidity index, and number of medications.
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poorly BMI and albumin levels detect potential sarcopenia in these
patients. Conversely, a higher BMI was found among frail patients.
As sarcopenia is defined as reduced muscle mass and strength, a
higher BMI does not necessarily reflect less risk of sarcopenia [49].
Moreover, it has been described that albumin levels may not differ
among robust and frail KT candidates but sarcopenia does [28].
Novel biomarkers should guide the future investigation in
this regard [50].

Our study has limitations, as it is a cross-sectional study that
analyzes frailty prevalence and factors associated, lacking a follow-up
of the patients. Regarding the study design, it has a potential selection
bias, as there were centers with a high number of patients included
while others only included a few patients. In addition, the FRAIL
scale has been proposed as a screening frailty tool [23, 31], and its
sensitivity detecting CKD frail patients may be lower [7, 28, 39].
However, this is to our knowledge the largest cohort of European KT
candidates with frailty measurement reported so far. We aimed to
establish the dimensions of the frailty problem in the KT waiting list
in Spain, using a representative cohort. More than 1,000 patients over
50 years have been analyzed, from a total (considering all ages) of
4000 individuals included in theKTwaiting list in Spain by the end of
2023 [22]. We provide important information about the prevalence
and factors associated with frailty that may serve to implement
adequate preventive and treatment interventions in this population.
The photograph of the situation might be also useful for changing
health policies.

In conclusion, less than 10% of the KT waiting list in Spain is frail
according to the FRAIL scale, but pre-frailty and frailty together
account for half of the patients. Female sex and comorbidity burden
are factors associated with frailty. As frailty has a negative impact on
outcomes after transplantation, measurements to improve/revert
frailty should be part of the healthcare and preparation of
candidates for KT.
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Renal cell carcinoma (RCC) of native kidney is more prevalent after kidney transplantation
than in the general population. Risk factors and the value of screening remain unclear. We
conducted a multicenter case-control study in kidney transplant recipients transplanted
between 1989 and 2017. All patients with RCC were included, and two controls were
matched to each case. Two centers performed annual screening (AnS group) and the
other two had other strategies (OS group). A total of 125 cancers were found in
113 patients. The majority of cancers were stage T1-T2 (92.0%), 1.6% had metastasis
at diagnosis and ten (9.0%) had recurrence after nephrectomy. Men [OR 2.2; IC 95%
(1.2–4.4); p = 0.02] and acquired cystic kidney disease [OR 3.2; IC 95% (1.8–5.9); p <
0.01] were associated with cancer in multivariate analysis. The 10-year survival was poorer
in cases (65.6% vs. 79.1%, p < 0.001). The AnS group had fewer relapses (5.0% vs.
18.2%, p = 0.02) and a lower rate of cancer-related deaths (16.0% vs. 46.1%, p = 0.04).
Survival of patients with RCC is lower than in control patients. Annual screening could
improve cancer prognosis, its benefit needs to be evaluated in larger studies.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Kidney transplantation (KT) is the treatment of choice for chronic
kidney disease (CKD), offering, in comparison to dialysis, a better
quality of life and survival. However, the use of immunosuppressive
treatments increases the risk of post-transplantation complications,
mostly infections and cancers. Thus, the risk of cancer is 2 to 5-fold
higher in kidney transplant recipients (KTRs) than in the general
population [1, 2], and 20% of KTRs will develop cancer within
10 years after KT [3]. A higher risk is observed, compared to the
general population, for skin cancer, Kaposi’s sarcoma, post-
transplantation lymphomas, and urological malignancies
particularly the renal cell carcinoma (RCC) of native kidney [1, 2].

Every year, RCC affects 350,000 new patients worldwide and
30,000 patients die from their cancer [4]. Themain risk factors for
RCC are age older than 60 [5], male gender [5], smoking [6], high
blood pressure [7–9], obesity [10, 11], and CKD [12]. Acquired
cystic kidney disease (ACKD) is a multi-cystic differentiation of
native kidneys, mainly affecting patients with end-stage of CKD.
ACKD is suspected to be a risk factor for RCC, due to the strong
association between ACKD and CKD-patients with RCC (70%–
90%) [13]. Treatment for RCC is usually surgical but medical
treatment (in particular the use of immunotherapies and tyrosine
kinase inhibitors) has clearly improved prognosis of patients with
metastatic disease [14, 15].

Several studies, generally retrospective, monocentric, and with
small numbers of patients, have studied the risk of RCC in KTRs
[16–27]. RCC is 15-fold higher in KT than in the general
population [28, 29], and occurred in 0.7% of KTRs [30].

Interestingly, several studies have suggested that the frequency
of RCC may be higher when systematic screening is performed
(2.7%–4.6%) [18, 21, 23]. The explanations for this higher
frequency in KT have not been optimally studied, due to a
lack of studies comparing the characteristics of KTRs with
RCC to those of KTRs without cancer. The impact of
immunosuppressive regimen notably, remains unclear [31].
Finally, there is no consensus on systematic screening of RCC
in KTRs. Indeed, the American Society of Transplantation and
the Kidney Disease Improving Global Outcomes do not
recommend systematic screening [2, 32], while the European
Association of Urology recommends performing an annual
ultrasound of the native kidneys [33]. The aim of this study is
to determine the characteristics of KTRs with RCC in a large
population of transplant patients. To evaluate the risk factors of
RCC in KT, we compared characteristics of this population to a
healthy and matched population of KTRs. Finally, we evaluated
the outcome of KTRs with RCC according to the screening
strategy of their center.

PATIENTS AND METHODS

Study Design
We conducted a multicentric, retrospective, case-control study in
four University Hospitals in France (Amiens, Caen, Lille and
Rouen). The study included KTRs transplanted between April
1989 and December 2017. The end of the follow-up was
31 January 2019.
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Selection of Cases and Controls
All patients with a diagnosis of RCC during graft follow-up were
included, while patients with a diagnosis of benign tumor of
native kidney, graft cancer, or urinary tract malignancy were not.
Cases were selected in all centers by the search for “Cancer of
native kidney” or “Kidney carcinoma” in the CRISTAL database
(Agence de la Biomedecine, Paris, France) and supplemented by
questioning the Pathology Department of each center. Finally, the
analysis of medical records ensured the diagnosis of RCC.
Controls were selected from KTRs transplanted over the same
period. All patients underwent pre-transplant evaluation,
including abdominal imaging, to rule out active malignancy
and RCC. We assigned two controls per case, matching by
center, year of transplantation (±2 years), and age at
transplantation (±2 years). Cases had to be alive with a
functioning graft at the time of the case’s cancer onset and
anephric controls were excluded. These criteria was verified in
the patient’s medical records.

Patients’ Medical Records
All data were collected retrospectively from the patients’ medical
records. The variables collected included sex, age at
transplantation, age at cancer diagnosis (for cases), the
number of transplants received, the type and duration of
dialysis treatment before KT, cancer history, the presence of a
single native kidney, smoking (current or former), obesity,
diabetes mellitus, presence of ACKD, cause of end-stage renal
disease (ESRD), estimated glomerular filtration rate (eGFR),
immune complications (biopsy-proven graft rejection, rejection
type and de novo donor-specific antibodies [DSA]),
immunosuppression characteristics (regimen, drugs, blood
calcineurin inhibitor level, and the dose of mycophenolate
mofetil received), the histologic characteristics of cancers,
cancer treatments (including initial treatment, treatment of
recurrence and changes in immunosuppressive therapy). Single
native kidney was defined as a single anatomical kidney (acquired
or congenital) before KT; obesity was defined as a body mass
index >30 kg/m2; eGFR was calculated using the Modification of
Diet in Renal Disease equation [34]; ACKD was defined as the
presence of at least three single cysts in each native kidney on
imaging tests (ultrasound, CT scan or magnetic resonance
imaging), patients with autosomal dominant polycystic kidney
disease (ADPKD) and those without available imaging
examinations were excluded from this analysis. Tumors were
classified by histological type according to current classifications
the year of the discovery of the cancer, and according to the
classifications of Fuhrman or International Society of Urological
Pathology (based on date of diagnosis) for the tumor grade [35,
36]. The stage of the disease was evaluated according to the Union
for International Cancer Control TNM
2017 classification [37, 38].

RCC Screening
We defined two groups of patients according to the screening
strategy of each center: the “annual screening group” (AnS,
including patients from Amiens and Rouen) and the “other
strategy group” (OS, including patients from Caen and Lille).

The annual screening strategy involved alternating CT scans and
ultrasounds in Amiens center (alternately) and only an
ultrasound screening in Rouen center. The use of iodinated
contrast agent for CT scans was permitted but left to the
discretion of the nephrologist. In the OS group, Caen center
carried out ultrasound at 1 year of KT then every 3 years, while
Lille center did not perform systematic screening. Patients in both
groups (Ans and OS) could undergo additional imaging, after
screening or incidental diagnosis.

Statistical Analysis
The normality tests used were the Shapiro-Wilk test and the
Kolmogorov Smirnov test. In case of normal distribution, means
and standard deviations were used to describe continuous
variables. Otherwise, we described the results with the median
and the interquartile range (IQR). For unpaired subjects, the
means were compared by Student’s t-test or the Mann-Whitney
(depending on whether the variables were normally distributed or
not), and frequencies by the chi-square test or the Fisher test. For
matched subjects, frequencies were compared by the Cochran-
Mantel-Haenszel test. Survival data (patient survival and graft
survival) were evaluated at 10 years from baseline. Baseline
corresponded to the date of cancer diagnosis in the cases, and
the date of cancer of the matched case for the controls. For
patients who had contralateral RCC, only the date of the first
cancer was used in the analyses. Graft survival data were censored
at the time of recipient death. Survival was analyzed by the Kaplan
Meier method. Survival curves were compared by the Logrank
test. The odds ratios, described with a 95% confidence interval,
were calculated in a bivariate analysis, then included in a
multivariate model if p was less than 0.1 using a logistic
regression model. The results were considered significant for a
p-value less than 0.05. Statistical analyses were performed using
SPSS® software (version 21 SPSS Inc., Chicago, IL, United States)
and Graphpad Prism (Graphpad Software San Diego, California,
United States).

Ethics
The study followed the 1964 Declaration of Helsinki and its later
amendments. In line with the French legislation on retrospective,
non-interventional studies, this study was reviewed and approved
by an ethic committee (Comité de Protection des Personnes Nord
Ouest II, n°2011/17), all patients were informed about the
collection of their data and were free to decline participation
in the study. The study was registered with the French National
Data Protection Commission (Commission Nationale de
l’Informatique et des Libertés, Paris, France; registration
number: CNIL MR001: n°1449904).

RESULTS

Comparison of Cases and Controls
Seven thousand and eighty-four patients were transplanted in the
four centers between April 1989 and December 2017 (1511 in
Amiens, 1377 in Caen, 2887 in Lille, 1449 in Rouen). One
hundred and thirteen patients had a RCC during the study
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period, i.e., a prevalence of 1.6% in the entire population. The
characteristics of the patients are summarized in Table 1.

Cases and controls mostly received a graft from a deceased
donor (98.2% in cases and 97.8% in controls). Cases were more
likely to be men (77.0% vs. 63.3%; p = 0.03) and to have an ACKD
(50.0% vs. 24.1%; p = 0.01). The cause of ESRD was more
frequently a glomerulonephritis (48.7% vs. 37.2%; p = 0.04) or
a nephroangiosclerosis (12.4% vs. 4.4%; p = 0.02) in the cases,
while ADPKD (6.2% vs. 23.0%; p = 0.01) and uropathies (3.5% vs.
11.1%; p = 0.04) were more frequent in controls (Table 1). There
was no difference in the immunosuppressive treatment and
immunological complications before baseline (Table 2).

In the univariate analysis, male gender [OR 1.9; CI 95% (1.1–3.1);
p = 0.01], ACKD [OR 3.4; CI 95% (2.0–5.7); p < 0.01],
glomerulonephritis [OR 1.7; CI 95% (1.0–2.7); p = 0.01] and
nephroangiosclerosis [OR 2.8; CI 95% (1.2–6.5); p = 0.02] as a
cause of ESRDwere associated with RCC, while ADPKD [OR 0.2; CI
95% (0.1–0.5); p < 0.01] and uropathies [OR 0.4; CI 95% (0.1–0.9);
p = 0.04] were protective factors. Only male gender [OR 2.2; CI 95%
(1.2–4.4); p = 0.02] andACKD [OR 3.2; IC 95% (1.8–5.9); p < 0.001]
remained associated with the risk of RCC in themultivariate analysis
(see the Supplementary Table for comprehensive results).

With respective median follow-up times of 62.5 months (IQR
29.9–120.1) and 82.1 months (IQR 39.9–134.4), the mortality rate
(33.6% vs. 18.6%, p = 0.02) and 10-year survival (65.6% vs. 79.1%,
p < 0.001; Figure 1) were better in controls. Patients with metastatic
disease at diagnosis had a median survival of 9.0 months (IQR

8.6–9.3). RCC was the second cause of death in cases (10/38, 26.3%)
after cardiovascular disease (CVD; 12/38, 31.6%) while infections
(13/42, 30.9%), malignancies (10/42, 23.8%) and CVD (9/42, 21.4%)
were the most common causes of death in controls. There was no
difference in the 10-year graft survival censored on patient death
(82.7% in cases vs. 86.7% in controls, p = 0.38; Figure 2), and chronic
allograft nephropathy was the most common cause of graft loss in
the two groups (60.0% in cases and 65.2% in controls). Finally, the
risks after baseline of allograft nephropathy (9.7% in cases vs 6.2% in
controls), humoral rejection (7.1% in cases vs. 5.6% in controls),
cellular rejection (4.4% in cases and 1.3% in controls) and
appearance of DSA (14.2% in cases and 13.5% in controls) were
similar between the two groups.

RCC Characteristics
One hundred and twenty-five cancers were diagnosed in the
113 cases (Figure 3). Clear cell carcinoma (CCC) was the most
common type of cancer (56.0%), followed by papillary (PC;
40.8%) and chromophobe subtypes (Ch; 3.2%). Due to the low
number of Ch cancers, only CCC and PC were included in the
following analysis. The median time between cancer diagnosis
and transplantation was 38.4 months (17.3–84.3) for CCC and
42.1 months (15.2–102.2) for PC. There was no difference in the
clinical characteristics according to the histological subtypes,
except for ciclosporin use which was more frequent in patients
with CCC (61.9% vs 36.6%; p = 0.01). Most cancers were low stage
(stage T1-T2, 94.2%) and low grade (grade 1 or 2, 63.0%) at

TABLE 1 | Cases and controls characteristics.

Variables Patients

Cases n = 113 Controls n = 226 p

Male 87 (77.0) 143 (63.3) 0.03
Age at transplantation 51.3 (10.9) 51.2 (10.9) ns
Age at baseline 56.1 (10.6) 56.1 (10.7) ns
Smoke 39 (33.6) 75 (33.2) ns
Body mass index, kg/m2 26.1 (23.4–28.9) 25.9 (22.8–28.5) ns
Obesity 23 (20.4) 43 (19.0) ns
Diabetes mellitus 21 (18.6) 40 (17.7) ns
Acquired cystic kidney diseasea 52 (50.0) 39 (24.1) 0.01
Single native kidney 12 (10.6) 23 (10.2) ns
Dialysis before transplantation
Hemodialysis

106 (93.8)
94 (88.7)

211 (93.4)
185 (87.7)

ns
ns

Time to dialysis, months 27.2 (16.6–45.6) 23.7 (14.8–38.5) ns
Time to dialysis >3 years 40 (35.4) 58 (25.7) ns
eGFR at baseline, mL/min/1.73 m2 47.0 (36.5–60.0) 46.0 (35.0–57.0) ns
Prior cancer history
History of pre-transplant RCC

11 (9.7)
2 (1.8)

14 (6.2)
0 (0.0)

ns
ns

Prior transplantation 16 (14.2) 20 (8.8) ns
Cause of ESRD
Glomerulonephritis
Nephroangiosclerosis
Diabetes mellitus
ADPKD
Chronic Interstitial Disease
Urologic malformation
Other
Unknown

55 (48.7)
14 (12.4)
8 (7.1)
7 (6.2)
7 (6.2)
4 (3.5)
8 (7.1)
10 (8.8)

84 (37.2)
10 (4.4)
10 (4.4)
52 (23.0)
14 (6.2)
25 (11.1)
8 (3.5)

23 (10.2)

0.04
0.02
ns
0.01
ns
0.04
ns
ns

Data are expressed as mean (standard deviation) or median (interquartile range) for continuous variables (depending on the normal distribution or not) and number (percentage) for
categorial variables. eGFR, estimated glomerular filtrate rate; RCC, renal cell carcinoma; ESRD, end stage renal disease; ADPKD, autosomal dominant polycystic kidney disease; ns, non-
significant.
aPatients with autosomal dominant polycystic kidney disease and those for whom imaging examinations were not available were excluded from the analysis of this variable.
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diagnosis in both types of cancer and there was no difference
between CCC and PC for tumor size, stage, grade and focality
(Table 3). Despite this, 10-year survival was worse in patients
with CCC (52.8% vs 83.1%, p = 0.007; Figure 4), and the rate of
cancer-related deaths had a clear tendency to be higher (33.3% vs.
0.0%, p = 0.07).

Treatment and Relapse
All cancers were treated by nephrectomy. A contralateral preventive
nephrectomy was performed in 19 patients resulting in the diagnosis
of 6 cancers. The immunosuppressive treatment was mostly
unmodified after the surgery (68.0%) and 24 patients (19.2%)

TABLE 2 | Immunosuppressive treatments and immunological complications of cases and controls before baseline.

Variables Patients

Cases n = 113 Controls n = 226

Induction therapy
None
Thymoglobulin
Anti-IL2-R

2 (1.8)
69 (61.1)
42 (37.2)

5 (2.2)
134 (59.3)
87 (38.5)

Maintenance IS therapy
Tacrolimus
Ciclosporin
Corticoids
Mycophenolic acid
Azathioprine
mTOR inhibitors
Belatacept

50 (44.2)
58 (51.3)
86 (76.1)
85 (75.2)
9 (8.0)
5 (4.4)
3 (2.7)

95 (42.0)
116 (51.3)
166 (73.5)
171 (75.7)
14 (6.2)
18 (8.0)
0 (0.0)

Dose/weight mycophenolate mofetil, mg/kg 17.3 (7.3) 16.1 (7.3)
Dose/weight mycophenolate sodium, mg/kg 10.6 (6.0) 13.2 (6.3)
Exposure time to CNI, months 40.8 (15.6–99.6) 44.6 (16.3–91.8)
Exposure time to TIT, months 18.0 (4.8–59.3) 14.6 (4.0–62.3)
Immunological complications
Allograft nephropathy
Active-AMR
Chronic-AMR
Acute-TCMR
Acute rejection (type not specified)
De novo DSA

10 (8.8)
2 (1.8)
1 (0.9)
2 (1.8)
6 (5.3)
2 (1.8)

22 (9.7)
5 (2.2)
1 (0.4)
8 (3.6)
9 (4.0)
7 (3.1)

Data are expressed as mean (standard deviation) or median (interquartile range) for continuous variables (depending on the normal distribution or not) and number (percentage) for
categorial variables. Baseline correspond to date of cancer diagnosis for cases and for controls on the date of cancer of the matched case; IL2R: interleukin-2, receptor; mTOR:
mechanistic target of rapamycin; CNI: calcineurin inhibitor; TIT: triple immunosuppressive therapy; AMR: antibody-mediated rejection; TCMR: T cell-mediated rejection; DSA: donor
specific antibody. There was no significant difference between cases and controls (p-value >0.05 for all variables).

FIGURE 1 | Patient survival in cases and controls groups. Patient
survival was measured from baseline, corresponding date of cancer diagnosis
for cases and for controls on the date of cancer of the matched case.

FIGURE 2 | Graft survival in cases and controls groups. Graft survival is
censored on patient death and measured from baseline, corresponding date
of cancer diagnosis for cases and for controls on the date of cancer of the
matched case.
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were switched to an mTOR inhibitor. Only one patient (with
metastatic disease at diagnosis) received anti-angiogenic therapy.
Ten patients (9.0%) relapsed after surgery, among whom 9 had
metastases (Table 4). The median delay of relapse was 9.5 months
(4.5–47.7). Patients were mostly men (90.0%), aged over 60 at
diagnosis (80.0%) and all these patients had CCC (relapse rate:
16.4% for CCC and 0.0% for PC, p = 0.002). Changes in
immunosuppressive treatments after relapse were not different
from those across the cohort. This recurrence was treated by
antiangiogenic therapy in 4 patients (2 with Sunitinib and
2 unspecified, 40.0%), and by an mTOR inhibitor in 3 (30.0%).
Eight patients (80.0%) died after this relapse, mainly due to the
progression of RCC (75.0%). The median delay between death and
relapse was 24 months (19.7–44.9) and 21.6 months (17.0–27.0) for
patients who died from RCC.

Impact of Screening Strategy
Eighty-seven cancers were diagnosed in the 80 patients from the
AnS-group and 38 in the 33 patients of the OS-group. The two

patients with a history of pre-transplant RCC were in the AnS
group, and their screening strategy did not differ from that of the
rest of the group. The prevalence of RCC was 2.7% in the AnS-
cohort and 0.8% in the OS-cohort (p < 0.0001). The median time
between cancer diagnosis and transplantation was 40.5 months
(15.3–90.8) in the AnS-group and 46.4 months (21.1–101.5) in
the OS-group (p = 0.34). Patients in the AnS-group (compared
to-OS group) were younger at baseline (54.7 ± 10.5 vs. 59.5 ±
10.4 years, p = 0.03), more frequently dialyzed before
transplantation (97.5% vs. 84.8%, p = 0.01), had more
ciclosporin (60.0% vs. 30.3%, p = 0.004), corticoids (81.2% vs.
63.6, p = 0.04), less tacrolimus (33.7% vs. 69.7%, p < 0.001), and a
lower dose of mycophenolate mofetil [dose/weight ratio: 14.4

FIGURE 3 | Repartition of 125 cancers in 113 patients. CCC, clear-cell carcinomas; PC, papillary carcinomas; Ch, chromophobes cancers.

TABLE 3 | Histological characteristics of clear-cells and papillary carcinomas.

Variables Cancers

Clear cells n = 70 Papillary n = 51

Tumor size, mm 23.5 (15.5–37.5) 22.0 (15.0–33.0)
TNM stage
T1-T2
T3-T4
N+
M+

64 (91.4)
6 (8.6)
1 (1.4)
2 (2.9)

50 (98.0)
1 (2.0)
0 (0.0)
0 (0.0)

Gradea

G1-G2
G3-G4

38 (62.3)
23 (37.7)

25 (64.1)
14 (35.9)

Multifocal 12 (17.1) 16 (31.4)

Data are expressed as median (interquartile range) for continuous variables and number
(percentage) for categorial variables. Ns: non-significant.
a21 patients with unknown histological grade (9 in Clear cells group and 12 in Papillary
group) were excluded from the analysis. There was no significant difference between two
groups (p-value >0.05 for all variables).

FIGURE 4 | Patients’ survival according to histologic type of RCC, clear-
cell or papillary carcinomas. Patient survival is measured from date of cancer
diagnosis. Five patients with CCC and PC were excluded from the analysis.
CCC: clear-cells carcinomas; PC: papillary carcinomas.
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(11.8–19.9) vs. 17.6 (14.3–25.3) mg/kg, p = 0.02]. Similar to the
entire cohort, CCC remained the main histological subtype in
each group (57.5% in AnS and 52.6% in OS, p = 0.61). Stage and
grade were similar between the two cohorts, but cancers were
significantly smaller in the AnS-group [median tumor size: 20.0
(15.5–32.5) vs. 30.0 (20.0–40.0) mm, p = 0.01]. Both patients
with metastasis at diagnosis were in the AnS group, at the center
alternating CT and ultrasound screening. Their last negative
screening test was an ultrasound, performed respectively 3 and
12 months prior to the diagnosis of metastatic RCC. Relapses
were less frequent in the AnS group (5.0% vs. 18.2%, p = 0.02)
and the time between cancer diagnosis and relapse tended to be
longer [29.5 (7.9–75.4) vs. 6.0 (2.7–29.0) months, p = 0.26).
Finally, mortality rate (31.2% vs 39.4%, p = 0.40) and 10-year
survival (70.3% vs 54.2%, p = 0.11, Figure 5] did not differ
between the two groups, but the rate of cancer-related deaths
was significantly lower in the AnS group (16.0% vs.
46.1%, p = 0.04).

DISCUSSION

This retrospective study reports the characteristics and outcome
of 113 patients who presented RCC out of a population of just
over 7,000 KTRs in four University Hospitals. One hundred and
twenty-five cancers were diagnosed in this population during a
27-year period, mostly clear cell carcinomas at low grade and
early stage. We identified two risk factors for the occurrence of
native kidney cancer in KTRs: male gender and ACKD. RCC was
associated with a reduction in patient survival but did not
influence graft survival or immunological complications.
Mortality was particularly high in patients with disseminated
disease, whether at diagnosis or at relapse. Clear cell carcinoma
was associated with a poorer prognosis, reduced survival and
increased risk of recurrence compared to papillary carcinoma.
We focused on the impact of screening and showed that patients
in centers with annual screening had smaller cancers, a lower
relapse rate, and a lower rate of cancer-related deaths.

Several studies have analyzed the risk of occurrence of RCC
during KT, but most of them included only a small number of
patients [16–27]. Moreover, these studies did not compare the
characteristics of these patients to a control population, making it
impossible to study the risk factors of RCC in KT. This work is, to
our knowledge, the first study comparing patients with RCC to a
control population of KTRs without RCC and is also one of the
cohorts with the largest number of patients.

The recognized risk factors for RCC in the general population
are age over 60, male gender, smoking, high blood pressure,
obesity, and certain genetic disorders [5–12]. In the present study,
only male gender and the presence of ACKD remain associated
with an increase-risk of RCC in the multivariate analysis. Several
potential RCC risk factors, including smoking quantification and
family history, could not be assessed due to missing data inherent
to the study design. Several studies have suggested an association
between ACKD and RCC, due to the high prevalence of this
anomaly in ESRD patients with RCC (70%–90%) [13, 17, 32].
ACKD and its potential link to RCC are not fully understood.
Nephron reduction associated with renal failure could lead to the
expression of growth factors (such as Epidermal Growth Factor
and Hepatocyte Growth Factor) and proto-oncogenes (such as

TABLE 4 | Characteristics of patients with relapse.

No Sex Agea ITa Histology Stage Grade Relapse (delay) Treatment Death (cause)

1 M 63 Cs, MMF, CT CCC T1bN0 G2 M+, lung, bones (47 months) Addition of imTOR Yes (INF)
2 M 62 Tac, MMF, CT CCC T1aN0 G2 M+, pancreas (85 months) Palliative care No
3 M 61 Cs, MMF CCC T1aN0 G1 M+, lung, liver, bones (6 months) Stop of Cs for imTOR Yes (RCC)
4 M 68 Tac, MMF CCC T1aN0 G2 M+, lung, bones, brain (12 months) Stop of MMF Yes (RCC)
5 M 62 Tac, MS, CT CCC T3N0 G4 M+, lung (5 months) Addition of imTOR Yes (RCC)
6 M 65 Cs, CT CCC T3N0 G3 Local (7 months) Surgical Yes (CVD)
7 F 63 Tac, CT CCC T1aN0 G3 M+, lung, bones (22 months) Sunitinib Yes (RCC)
8 M 44 Cs, MMF, CT CCC T3N0 G3 M+, bones (3 months) Sunitinib Yes (RCC)
9 M 65 Tac, MMF, CT CCC T3N0 G3 M+, pleura (2 months) AAG Yes (RCC)
10 M 51 Tac, MMF CCC unknown unknown M+, bones (50 months) AAG No

IT: immunosuppressive treatments; M: male; F: female; Cs: ciclosporin; MMF: mycophenolatemofétil; CT: corticoids; Tac: tacrolimus; CCC: clear-cell carcinoma;M+: metastasis; imTOR:
inhibitor of mechanistic target of rapamycin; AAG: anti-angiogenic therapy; INF: infection; RCC: renal cell carcinoma; CVD: cardiovascular disease.
aData at baseline.

FIGURE 5 | Patients’ survival according to screening strategy. Patient
survival is measured from date of cancer diagnosis. Ans, annual screening,
OS, other strategy.
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c-jun), which can promote the hypertrophy and hyperplasia of
tubular cells (contributing to the appearance of cysts), but also the
development of RCC [13]. No difference in immunosuppression
or immunological complications before baseline was observed
between cases and controls. However, our analysis was mainly
qualitative, as accurately quantifying immunosuppression
remains challenging. Use of emerging biomarkers of
immunosuppression levels, like Torque Teno Virus viremia,
may offer a better assessment of the link between
immunosuppression and RCC development [39, 40].

In line with previous studies RCC were mostly at low stage and
low grade, and had a lower rate of relapse than in the general
population (30.0%–40.0%) [35]. Despite these good outcomes we
also showed that KTRs with RCC had a lower survival rate than
controls. However, the higher frequency of males in RCC patients
could partly explain this difference. Clear cell carcinomas were
particularly associated with a poor prognosis, reflected by more
recurrence and a higher mortality than papillary cancers. This
poorer outcomes were already reported in the general population
and could be related with worse stage and histological grade at
diagnosis [41, 42], however we did not highlight any difference on
these criteria in our analysis.

All cancers were managed by nephrectomy and no patient
received alternative treatment such as radiofrequency ablation,
cryotherapy, or active surveillance. Biopsy followed by active
surveillance remains a possible option in transplant recipients,
especially in frail patients or those with high surgical risk [29].
The management of immunosuppressive therapy after the
diagnosis of cancer is an important concern for Transplant-
nephrologists. We showed that the overall immunosuppression
was modified in one-third of the patients, mainly for the use of a
mTOR inhibitor. mTOR inhibitors indeed have
immunosuppressive and anti-cancer effects, making them
interesting in the treatment of post-transplant cancers [2].
However, the use of mTOR inhibitors in this indication has
only been validated in the context of non-melanoma skin cancers
and Kaposi sarcoma, moreover these treatments have lower
immunosuppressive effects than CNI and can lead to the
increase in proteinuria. Furthermore, mTOR inhibitors are
used in the general population in the treatment of metastatic
RCC, but they are not used as adjuvant treatment of localized
cancers. Based on these elements and results of the present study,
our opinion is that the use of an mTOR inhibitor in KTRs has a
strong rational in the context of metastatic RCC and can be
discussed in localized clear cell carcinomas (which have in the
present study an increased risk of recurrence and mortality).
Conversely, the best prognosis of papillary subtype that we report
does not tend to offer these therapies in patients with localized
papillary cancer.

The benefit of CRN screening in KTRs remains subject to
debate. Although our study was not designed to evaluate the
benefit of a screening procedure, we studied the association
between the annual screening with abdominal imaging and the
outcomes of KTRs with RCC. Our data suggest that annual
screening is associated with earlier cancer diagnosis, leading to
fewer relapses and fewer cancer-related deaths. However, we were
not able to demonstrate a statistical link between annual

screening and a better survival. From our point of view, there
was a clear trend towards better survival in the AnS-group, and
this result could be explained by a lack of statistical power linked
to the low numbers in the OS-group. Despite these elements,
systematic screening for RCC appears to have several limitations.
Indeed, in our study, two patients undergoing annual screening
presented with metastasis at diagnosis, and none in the OS-
groups. Interestingly, both patients had a negative ultrasound as
their last screening test, raising concerns about the sensitivity of
this modality for RCC screening in transplant recipients. In
addition, 19 preventive nephrectomies (therefore without
visible anomaly on imaging) were performed in our study and
almost a third of these allowed the incidental diagnosis of another
cancer, which may suggest a lack of sensitivity of imaging tests.
More of that, Tillou et al, presented a series of 21 RCCs from
31 patients in whom an imaging examination (ultrasound or
scanner) had detected a suspicious lesion [23]. Here, almost a
third of the operated patients (10/31, 32.3%) ultimately did not
have cancer, also suggesting a risk of low specificity of imaging
tests. Thus, our encouraging results regarding annual screening
need to be confirmed in future work and on a larger cohort. Given
the existing doubt about the benefit of RCC screening in KTRs, it
seems appropriate to target this screening in patients at risk
(notably in males and patients with ACKD).

This study has limitations and biases. Due to the retrospective
design of the work, there are probably missing or incomplete data,
particularly for older ones. We analyzed RCCs occurring after
transplantation; however, despite thorough screening before
transplantation, some tumors—especially those diagnosed soon
after transplantation—may have preexisted. In addition, the high
prevalence of native kidney cancer in one of the four centers may
cause a “center-effect.” More, we had a long study period, which
could have led to heterogeneity in the definitions, classifications
and patient care. Finally, we presented the outcome of patients
with RCC as well as the centers’ screening policy but did not
collect the type of follow-up after the cancer diagnosis. A
difference in monitoring that could interfere with the outcome
of patients.

CONCLUSION

This work made it possible to better clarify the characteristics
and outcome of kidney transplant recipients who developed
native kidney cancer. Most cancers were localized at the time
of diagnosis and recurrence after nephrectomy was rare.
However, the prognosis of patients with disseminated
disease was poor and survival of cases was lower than that
of controls. Clear cell carcinomas had a particularly poor
prognosis than papillary carcinomas and a modification of
immunosuppressive treatment should be discussed. Finally,
patients benefiting from annual screening tended to have
cancers with better characteristics. The benefit of screening
requires studies with larger numbers. As male sex and acquired
cystic kidney disease are associated with native kidney cancer,
these populations could constitute an interesting target for
the screening.
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Dear Editors,
Renal allograft thrombosis represents the most frequent cause of early allograft loss in our media,
only preceded by the death of the recipient with a functioning graft in recent years [1, 2]. For a long
time, the immediate surgical loss of the graft has been accompanied by graft removal and
immediate immunosuppression cessation. However, there is scarce information about the
impact these early failed kidney transplants (KT) might have on mid- and long-term recipient
human leukocyte antigen (HLA) sensitization, with small studies revealing a potential HLA
sensitization phenomenon if patients wait a long time before the new transplant [3, 4]. Besides the
graft itself and the time for HLA antigens allorecognition, it seems biologically plausible that the
remaining donor vascular tissue after graft nephrectomy could serve as a font for recipient HLA
sensitization. Although recent guidelines encourage clinicians to maintain immunosuppression if
the patient is a candidate for another transplant, even when the graft duration inside the recipient
may be only a few hours [5], other and also recent consensus documents still recommend
withdrawing immunosuppression after renal allograft surgical failure [6]. Outcomes in recipients
who experience early graft loss are usually worse, with only 50% being re-listed [7], and with lower
graft survival probability in their following transplantation if they got highly sensitized [8]. In
addition, there are no clear strategies or policies to prioritize these recipients once they are relisted
for transplantation. In Catalonia, recipients maintain their original time on dialysis (not
considering the failed transplantation as a new starting point), but without any other
exceptional measures to speed up the new transplant.

Using data from the Renal Catalan Registry, we aimed to analyze the calculated panel reactive
antibody (cPRA) class I and class II evolution after an early allograft vascular thrombosis in a cohort
of KT recipients. For this purpose, we performed a retrospective analysis including data from
recipients of their first KT performed in Catalonia between 2015 and 2023 who suffered from an
allograft loss because of vascular thrombosis within the first 30 days after transplantation. To analyze
cPRA evolution, we selected those patients re-included on the KT waiting list for a second
transplantation after the thrombosis (and, therefore, with available cPRA data). We excluded
multiorgan transplants and recipients with a pretransplant cPRAI+II >90%. Trying to isolate the
thrombosis as the sole event of sensitization, we also excluded patients who received blood
transfusions after the transplant, merging our database with the Catalan Blood and Tissue Bank
transfusions data. We analyzed the trend in cPRA after graft loss during the first year after relisting in
those who did not get a second transplant. TheMFI threshold for defining unacceptable antigens was
set as follows: 1) above 750, and 2) exceeding the bead-specific threshold for the lowest bead within

*Correspondence
María José Pérez-Sáez,
mperezsaez@hmar.cat

†These authors share senior
authorship

Received: 06 February 2025
Accepted: 06 June 2025
Published: 27 June 2025

Citation:
Pérez-Sáez MJ, Comas J, Melilli E,

Moreso F, Guirado L, Vila A,
Diekmann F, Palou E, Tort J,

Redondo-Pachón D and Crespo M
(2025) High HLA Sensitization After

Early Renal Allograft
Vascular Thrombosis.

Transpl. Int. 38:14457.
doi: 10.3389/ti.2025.14457

Transplant International | Published by Frontiers June 2025 | Volume 38 | Article 144571

| Best oral communication from the
8th congress of the Sociedad

Española De Trasplante

LETTER TO THE EDITOR
published: 27 June 2025

doi: 10.3389/ti.2025.14457

85

http://crossmark.crossref.org/dialog/?doi=10.3389/ti.2025.14457&domain=pdf&date_stamp=2025-06-27
http://creativecommons.org/licenses/by/4.0/
mailto:mperezsaez@hmar.cat
mailto:mperezsaez@hmar.cat
https://doi.org/10.3389/ti.2025.14457
https://doi.org/10.3389/ti.2025.14457


the same locus. The loci included in the cPRA calculation were
HLA-A, B, C, DRB1, and DQB1. DRB3/4/5, DQA1, DPB1 and
DPA1 loci were not included in the calculation.

During the study period, 5484 1st KT were performed in
Catalonia. Of those, 249 failed within 1 month after
transplantation (40 patients died and 209 lost their grafts). One
hundred twenty-two patients experienced a vascular allograft
thrombosis, representing 58.4% of early graft losses (<30 days),
and 2.2% of the overall graft losses. Seventy-six cases of these
thrombosis (62%) happened within the first 72h post-
transplant–immediate thrombosis-; and 46 from day 4 to day
30 after transplantation–early thrombosis-. Recipients were 64.8%
male and the mean age was 61.7 years old. Renal grafts came from
donors after brain death in 53.3% of the cases; 33.6% from
controlled cardiocirculatory death donors; 9% from living
donors; and 4.1% from uncontrolled cardiocirculatory death
donors. After the transplant, 52.5% of the recipients received
blood transfusions. We analyzed cPRA data from 45 patients
(32 with immediate thrombosis and 13 with early thrombosis)
who had pre-KT cPRA 0% [interquartile range 0–23], who did not
receive any blood transfusion after transplant, and who were re-
included on the KT waiting list until December 2023. All subjects
discontinued the antimetabolite immunosuppressive drug
immediately following transplantectomy. Regarding tacrolimus,
33 subjects discontinued the drug early after transplantectomy
(mean time: 1.6 days), while 12 patients continued tacrolimus for a
longer period (at least 1 year). Steroids were discontinued shortly
after graft loss in 34 patients (mean time: 2.5 days), whereas
11 subjects maintained a minimum dose of prednisone for a
longer duration, alongside tacrolimus.

One month after transplant (median 28 days; interquartile range
[17–39], n = 19), median cPRA increased from 0% to 28%,

interquartile range [0–79]; after 3 months (88.5 days [72–100], n =
14) to 75.5% [52–95]; and after 6 months (196 days [174–198], n = 9)
cPRA reached 99% [93–100] (p = 0.037), Figure 1. From the total
45 cases included in the study, last-follow-up cPRA was 87% [0–100].
In addition, 10.8% of these recipients needed to be included in a
national prioritization program to find an HLA compatible donor for
their following transplant because of a cPRA ≥98%.

Regarding relisting and retransplantation rate, as of September
2024, 75.4% of the 122 cases of thrombosis-related graft failure
were relisted (81/122 (66.4%) cases during the first year after graft
failure), and 60.7% underwent retransplantation (35/122 (28.7%)
during the first year after relisting. The median time between
listing and transplantation was 397 days (interquartile range
[IQR]: 120–670). For all second deceased-donor kidney
transplants performed in Catalonia between 2015 and 2023,
the median wait time was 404.5 days (IQR: 116–1015).

After this analysis, the Catalan renal allocation program
changed their policy and prioritized these patients for a
second transplant. Currently, recipients with a history of graft
thrombosis are prioritized for their second transplant using the
first available deceased-donor kidney in Catalonia, provided it is
not allocated to other prioritization programs such as
simultaneous pancreas-kidney, pediatric, or highly sensitized
recipients. With this policy, patients should be transplanted
before they become highly sensitized.

In conclusion, despite the low number of patients, this study
shows that solely renal allograft vascular thrombosis represents a
strong HLA sensitization event for the recipient and potential
candidate for a second transplant. These results should be
considered for prioritization allocation policies and clinical
practice to decide on immunosuppression reduction/cessation
after graft loss.

FIGURE 1 | Strip plot showing cPRA evolution after vascular kidney allograft thrombosis. N represents the number of patients with available cPRA data at each
time point.
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Dear Editors,
The association of risk factors with renal outcomes of living kidney donors (LKDs) is typically
analyzed with models using the average glomerular filtration rate (GFR) or its change over time [1].
Hence, risk factors associated with the decline of LKDs’ renal function beyond the average or central
measure are not typically characterized. Therefore, there is a need to identify risk factors for higher-
than-average severity of renal function deterioration post-donor nephrectomy (post-DN) in LKDs,
considering the increasing trend of accepting medically complex LKD candidates [2, 3].

This study aimed to identify pre-donation demographic, anthropometric, and systemic blood
pressure (BP)-related risk factors associated with the mean and the 50th, 75th, 90th, and 95th
percentiles of eGFR reduction 1-year post-DN in LKDs and show the applicability of quantile
regression (QR) in analyzing quantitative transplant data. Compared with ordinary least squares
regression (OLSR), which concentrates on the average outcomes, QR can find how risk factors
influence varying degrees or severities of outcomes. Additionally, QR is more robust to outliers and
non-normal data than OLSR [4].

After institutional review board approval of the study protocol, we used the transplant center data
to study 37 LKDs between 7/2012 and 12/2023 with complete baseline pre-kidney donation
demographics, anthropometric, serum creatinine, and 12th-month post-DN blood pressure and
serum creatinine records. We calculated the LKDs’ estimated GFR (eGFR) based on the Chronic
Kidney Disease Epidemiology Collaboration (CKD-Epi) [5] formula, pre-DN, and 1-year post-DN.
The study outcome was the percentage change in the LKDs’ CKD-Epi eGFR between pre- and 1-year
post-DN. We analyzed associations between risk factors and the outcome using bivariate OLSR and
bivariate quantile regressions (QRs) in the 50th, 75th, 90th, and 95th percentiles of eGFR reduction
in percent at 1-year post-DN [4]. When applicable, we performed multivariate regression using the
significant risk factors (P < 0.05) from the bivariate analysis as covariates. Results were presented as
coefficients (β) and 95% confidence interval (CI).

Median LKD age was 45 years (range 23–71 years), 82% were Caucasians, and 84% were females. The
median pre-donation bodymass index (BMI) was 25.7 kg/m2 (range 20.4 kg/m2–35.7 kg/m2). The baseline
systolic blood pressure (SBP) and diastolic blood pressure (DBP)median (and range) values were 121.5mm
Hg (98.0–151.0 mm Hg) and 76.5 mm Hg (62.0–90.0 mm Hg), respectively. The baseline pre-donation
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median eGFRwas 95mL/min. (range = 65–122mL/min). The 1-year
post-DN median eGFR was 63 mL/min. (range = 48–95 mL/min).
The mean percentage (SD) and absolute (SD) 1-year post-DN eGFR
reduction were 30.0% (SD = 8.1) and 29.9 mL/min (SD = 1.6),
respectively. The 50th, 75th, 90th, and 95th eGFR reduction
percentiles at 12 months post-DN corresponded to percentage
(and absolute) eGFR decrements of 31.8% (30 mL/min), 36.7%
(35.0 mL/min), 38.8% (40.8 mL/min), and 40.0% (46.2 mL/min),
respectively (Figure 1). On OLSR and QR on the 50th percentile
eGFR reduction (Figure 1; Supplementary Table S1), the following
were non-significant risk factors for renal function reduction at year-
one post-DN: age at donation, baseline eGFR, body mass index,
systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP),
pulse pressure (PP), body surface area (BSA), sex, and race. Baseline
eGFR was a risk factor for 75th percentile eGFR reduction
(Supplementary Table S1). Based on unadjusted analysis, BMI
and baseline DBP were positive and negative risk factors for 90th
percentile eGFR reduction; however, baseline DBPwas not significant
on adjusted analysis (Supplementary Table S1). Baseline BMI, DBP,
eGFR, and female sex were risk factors on unadjusted and adjusted
analyses for 95th percentile eGFR reduction (Figure 1;
Supplementary Table S1).

Aside from the known detrimental outcome of obesity-
associated glomerulopathy, high BMI has been associated
histologically with renal tubular vacuolization and vascular
hyalinosis [6]. It is associated with an unfavorable renal
prognosis post-DN due to the lack of reserve capacity for
compensation in the remaining kidney [3, 7]. Our study

showed that the detrimental impact of high pre-donation BMI
is most evident with higher severity of renal function reduction.
High pre-donation BMIs were associated with eGFR reductions in
the 90th and 95th percentiles (corresponding to minus 41 mL/min
and 48mL/min absolute eGFR drop) at 1-year post-DN. High pre-
donation BMI was not associated with eGFR reductions in the
lower (50th and 75th) percentiles.

Using central tendency-based statistics, Tent et al. [8] showed
that living kidney donors with hypertension had stable renal
function post-donation. Our study also showed no association
between BP parameters (SBP, DBP, MAP, and PP) and the 50th,
75th, and 90th percentiles of eGFR reduction 1-year post-DN.
However, baseline DBP was a risk factor, while baseline SBP was a
mitigating factor, for eGFR reduction in the 95th percentile. We
acknowledge that the conflicting associations of pre-DN SBP and
DBP with renal function changes of LKDs seen in this study have
not been reported previously and will need confirmation.
However, we are aware of the report that DBP tends to be
more strongly associated with CKD and renal function
deterioration than SBP in the non-LKD population [9].

In a longitudinal study, Berglund et al. [10] reported a higher
first-visit GFR among LDs who later experienced a reduction in
post-donation GFR. In this study, we saw a similar phenomenon
in the association of pre-DN eGFR with the 75th and 95th
percentile eGFR reduction 1-year post-DN.

In summary, our results indicate that at 1-year post-DN, risk
factors were not associated with mean or median eGFR reduction;
however, pre-DNBMI is a risk factor for eGFR reduction in the 90th

FIGURE 1 | Decline in estimated glomerular filtration rate (eGFR) one year post-nephrectomy in living kidney donors.
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and 95th eGFR reduction percentiles, and pre-DN DBP, eGFR, and
female sex were additional risk factors for eGFR reduction in the
95th percentile. Our study is limited by low LKD nephrectomy
volume that could impact center experience and outcomes, and the
small sample analyzed limited statistical power. Nevertheless, it
shows that quantile regression could be used to uncover
relationships between risk factors and outcome distributions
beyond the mean or median in transplantation research. Our
findings are hypothesis-generating and need to be confirmed by
larger studies with longer follow-up, preferably using QR analysis.
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Dear Editors,
Greece has a relatively long history in organ transplantation with the first successful kidney
transplant being performed in 1968. Over the last decade, in the midst of the worst financial
crisis in the history of the country [1], due to the brain drain and the lack of political and
administrative vision, the organ donation and transplantation reached a historic low [2, 3]. Over
the recent few years, a reversal of the trend is noticed. The current momentum, the rising donor
rates, the establishment of an Academic Department for Liver Transplantation in Athens, the
Pancreas Transplant Unit in the University Hospital of Patras and the Onassis National
Transplant Center, structural reforms of the Hellenic Transplant Organization (HTO;
including placement of local transplant coordinators in Intensive Care Units) and the brain
regain, might facilitate the effort that Hellenic Transplant System is making to converge with the
international transplant standards.

Compared to our analysis from almost 10 years ago [2], there are some changes in the number and
structure of the transplant programs. Greece has 5 kidney transplant programs (with 1 program that
has extensive experience of >4,000 deceased-donor and 1,000 living-donor kidney transplants) and
another 1 new kidney transplant program expected to be fully operational in the next few years.
Currently, Greece has 2 active liver transplant programs performing deceased-donor liver
transplants, based in Thessaloniki and Athens. The latter recently successfully performed the
first couple living-donor liver transplants, with the assistance of foreign collaborators. Two of
the kidney programs are licensed to perform pediatric kidney transplants. Moreover, now there are
2 pancreas transplant programs established, and 1 cardiac and lung transplant program. Currently,
there is no active small bowel or dedicated pediatric transplant program. As mentioned before [2],
children older than 14 years are registered and get priority on the adult kidney list, whereas children
younger than 14 years are still referred to centers abroad. All transplant programs are public, and no
transplantation license has been issued in the private health sector.

In a closer look of the transplant frame in Greece, a “soft opt-out” consent system has been in
effect since 2023 (an opt-in system was in place since 2017) and there has been clear transplant
legislation that defines brain death. Ongoing convergence of our legislature to the international
guidelines on the role of ancillary tests to confirm brain death, could mitigate the high levels of public
distrust in the system. Pediatric live donation is prohibited. There are some provisions for donation
after circulatory death since 2023 but unfortunately no DCD organs have been transplanted to date
as well as no clear guidelines regarding donor warm ischemia time have been defined. Moreover, no
provisions exist regarding directed or non-directed altruistic donation: all policies that, if
implemented, will definitely increase the pool of available organs [4].

A recent workforce analysis that pioneered the use of conceptual frameworks as resources to guide
the evaluation and the transformation of organ donation and transplantation in Greece [5], showed
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that medical staffing levels in Hellenic Transplant System were
below the average of other European and Mediterranean
countries across all specialties (including surgeons, physicians,
anesthesiologists, and others) [6]. There is also an urgent need to
expand operating room capacity for both donation (national
donor center) [7] and transplantation procedures, and to
improve access quality of ancillary services (radiology,
transplant infectious diseases, endoscopy, interventional
radiology, pathology and histocompatibility testing etc.) across
all existing units.

Using data from IRODaT (International Registry on Organ
Donation and Transplantation), since 2019 (time of financial
recovery of Greek Economy after 10 years of financial regression),
there was a gradual increase in actual donation from deceased
donors per year, from 5.5 deceased donors/million population
and 6.2 living donors/million population in 2019 to 18.2 and
12.1 in 2024 respectively (Figure 1A), which is higher than the
previously reported period in our analysis 10 years ago (average
4 and 5, respectively) [2]. However, from the 188 deceased donors
performed, organs from only 102 donors were utilized in 2024.
The number of utilized donors during the same period showed
similar trajectory with the actual donors (data are not shown),
however the IRODAT data are not granular enough to provide
more insights about the reasons for discarding organs, that is a
known phenomenon observed in many countries [8]. Moreover,
there was a gradual increase in the number of solid organ
transplants during the same period (2019–2024), with
178 kidney, 33 liver and 15 heart, 0 lung and 0 pancreas

transplants in 2019 to 277 kidney, 55 liver, 24 heart and
12 lung and 2 pancreas transplants in 2024. Three multiorgan
transplants (2 kidney-pancreas and 1 liver-kidney) were
performed. No intestinal transplants or transplants from DCD
were performed during the same period (Figure 1B) [9].

It is clear from the data presented above that the performance of
the Hellenic Transplant System has improved during the recent
years, especially if we focus on the years after the financial
regression. This improvement is multifactorial. First, Greece is
undergoing a period of political, governmental and administrative
stability, that allowed bettermid- and long-term planning as well as
sustainability of the transplant system. Of course, the Hellenic
Transplant System requires better organization and deep structural
reforms, such as establishment of national or regional transplant
center(s); better staffing, including specialized coordinators;
national donor and recipient registries; transparency at the level
of individual programs as well as nationwide in outcome reporting,
quality maintenance and improvement initiatives. The current
political environment appears supportive to the changes needed.
Moreover, the financial recovery that Greek economy had the last
few years allowed for more incentives to be offered to all parties
involved (facilities and staff), to be compensated for their work in
organ donation and transplantation. Furthermore, the successful
implementation of minimally invasive techniques for kidney
donation (with the establishment of a high volume center that
contributes to the rising living donor numbers found in our
analysis, Figure 1C) [10] the successful performance of cases of
adult living liver donation [11] as well as the simultaneous

FIGURE 1 | (A) Trends of total organ donation rates during the period 2019–2024. (B) Volume trends of transplanted organs during the period 2019-2024. (C).
Increasing kidney donation numbers during the same period (orange line: deceased donors, blue line: living donors).
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transplantation of renal and pancreatic allografts in patients with
end-stage renal disease and diabetes, really boosted public trust
around transplantation personnel and their mission, and acted as a
great national campaign strategy for organ donation.

Unfortunately, the Hellenic Transplant System made no
progress in improving the leadership capacity and the
workforce to support a modern transplant system according to
international standards. It is obvious that living donation in
kidney transplantation can be a sustainable solution to organ
demand. However, in liver transplantation, living donation is
more nuanced and requires significant expertise on patient
selection, and transparency on the listing process (low vs. high
MELD patients; exemption points for transplant oncology
patients; streamlined process to list patients with high MELD;
split or reduced grafts for adult and pediatric transplant
recipients). Also, the adoption of DCD, and at later staged the
inclusion of normothermic regional perfusion (NRP) as well as
the use of machine perfusion as a primary organ storage modality
will allow the utilization of extended criteria donors and augment
the available organ pool [12, 13]. Especially, in a country like
Greece, given its topography and the numerous islands, machine
perfusion could allow utilization of organs with longer cold
ischemia times without compromising outcomes.

Despite the brain regain that is currently taking place, the
academic surgical and transplant community remain resistant to
change. There is a plethora of Greek surgeon-scientists who had left
the country during the years of financial crisis and currently
possess the expertise and the zest to join the effort of Hellenic
Transplant System modernization. Greek transplant physicians
and surgeons currently practicing abroad could cover the
obvious gaps in technical skills (in living liver donation,
laparoscopic/robotic living donation/transplant, pancreas and
bowel transplant, multiorgan transplant, extended criteria donor
utilization, advanced organ procurement and machine perfusion
modalities, surgical innovation), scientific extroversion and
networking (through international collaborations and research
initiatives), patient care optimization (e.g., through
modernization of immunosuppressive protocols, personalized
care, transplant oncology, donor and recipient evaluation,
inpatient and outpatient care), transplant logistics, and training
of the next-generation of transplant professionals.

Transplantation is considered the epitome of surgical
technique. It is philosophically based on the pillars of altruism
(organ donation), and utilitarianism (equitable distribution of
life-saving organs, prioritizing those most in need). However,
transplantation is a delicate system to thrive. Transplant networks
remain healthcare’s proverbial canary in the mine: it takes a
robust healthcare system and an empathetic, altruistic society for
transplantation to be operational and thrive; and vice versa,

transplantation as an organism will suffer if a healthcare
system is under strain or if a socioeconomical system is in
decline, as it has been shown in our recent past.

Until recently, Greece lacked the vision to invest on
comprehensive organ donation and transplantation services, the
benefit of which is certainly indisputable. The current comparative
socioeconomical and political stability has afforded an opportunity
for transplantation to reach its long-awaited puberty in Greece; yet
it is still fledgling, and the growth spurt should be steep if it is to
catch up with the transplant revolution witnessed elsewhere. It must
therefore be nurtured by the political and healthcare stakeholders,
who, among other, should embrace a more meritocratic approach
in attracting and retaining talent ostracized during the country’s
lean years, currently pushing transplant boundaries overseas.

The recent steps forward, in terms of social acceptance,
innovation and outcomes should be the steppingstone to the
foundation of a modern transplant system that Greek medical
tradition and patient population deserve.
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