www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Prothrombin-induced by vitamin K
absence Il as a prognostic factor in
living donor liver transplantation
for hepatocellular carcinoma
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Muslim Atiq*, Haseeb Haider Zia?, Nusrat Yar Khan! & Atif Rana®

In hepatocellular carcinoma (HCC), there is a need for novel tumor markers to enhance patient
selection for liver transplantation. This study evaluates the prognostic value of Prothrombin Induced
by Vitamin K Absence-Il (PIVKA-I1) in predicting microvascular invasion (MVI) and post-transplant
recurrence, either alone or in combination with alpha-fetoprotein (AFP), following living donor liver
transplantation (LDLT). We reviewed 400 patients who underwent LDLT under expanded criteria
(largest tumor diameter <10 cm, any tumor number, AFP <1000 ng/ml). PIVKAII outperformed AFP and
tumor size in predicting MVI, with a C-statistic of 0.777 compared to 0.579 and 0.631. On multivariate
analysis, AFP >20 ng/ml [HR 3.3, P=0.003] and PIVKAII>1000 mAU/mI [HR 3.5, P=0.001] were
predictors of recurrence. PIVKAII >1000 mAU/ml was associated with MVI (21.6% vs. 65.7%, P<0.001)
and lower 5-year RFS (79% vs. 50%, P<0.001). A combination of AFP >20 ng/ml and PIVKAII >1000
mAU/ml predicted 47.1% of recurrences, whereas HCC recurred in 6.1% of patients not meeting this
threshold. The 5-year RFS was 45% for dual tumor marker positive HCC versus 77% for all others
(P<0.001). PIVKAIl is a strong predictor of MVI and post-transplant recurrence. Dual tumor marker-
positive HCC can serve as an exclusion criterion for upfront LDLT.

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide!. Due to
underlying liver cirrhosis, liver transplantation (LT) represents the most effective treatment in carefully selected
patients®. Even though Milan Criteria (MC) is considered restrictive, it is associated with low recurrence rates
and favorable post-transplant outcomes®?. Liberal expansion outside the MC is associated with high recurrence
rates unless additional markers of tumor biology are used for patient selection®. Alpha-fetoprotein (AFP) is a
key marker and has been extensively studied in LT. An AFP level exceeding 1000 ng/ml is a strong indicator of
microvascular invasion (MVI) and post-transplant recurrence, leading the United Network for Organ Sharing
(UNOS) to use it as an exclusion criterion®’.

Tradeoffs between tumor size, tumor number, and AFP levels in the expanded criteria improve patient
selection by keeping the rates of MVI and post-transplant recurrence within acceptable limits>®°. However, AFP
is not a perfect tumor marker as some patients with AFP non-secreting HCC still experience post-transplant
recurrence’. Prothrombin induced by vitamin K absence or antagonist II (PIVKAII), also known as des-
gamma-carboxy prothrombin (DCP), is a form of prothrombin lacking carboxylation due to some HCC cells
not expressing the vitamin K-dependent carboxylase enzyme. It has a role in the diagnosis and surveillance of
HCC, and its association with unfavorable biology including poor grade, MVI, and post-transplant recurrence
is being actively investigated”1%!1,

Living donor liver transplantation (LDLT) provides a unique opportunity to perform LT outside the MC
due to the low risk of waitlist mortality and lack of competition for donor organs'2. The International Liver
Transplant Society (ILTS) working group on HCC recommends that a 5-year overall survival (OS) of 60%
should be achieved in waitlisted patients who undergo LDLT"3. To achieve these outcomes in expanded criteria,
balancing tumor morphometrics with tumor markers is a valuable approach, although it may be challenging in
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cases of low AFP HCC'. Although, few studies from Japan have previously evaluated pre-transplant PIVKAII
levels in LDLT, there was only moderate expansion beyond the MC!>-7.

Since 2018, we have been regularly monitoring PIVKAII levels in HCC patients, and this study aimed to
evaluate its effectiveness in predicting MVI and post-transplant recurrence, either alone or in combination with
AFP.

Methods

Study population

In this single-center retrospective cohort study, patients who underwent LDLT with a pre-transplant diagnosis
of HCC between April 2012 and March 2024 were reviewed. Out of 400 patients with a pre-transplant diagnosis
of HCC, 81 were excluded, as shown in Fig. 1, and the final cohort included 319 patients.

The diagnosis of HCC was based on a liver dynamic computed tomography (CT) or magnetic resonance
imaging (MRI) scan showing characteristic features of HCC'®. Tumor marker levels were performed within 3
months of LDLT. Upfront LDLT was considered for patients with HCC meeting the University of California
San Francisco (UCSF) criteria!®. Given the short waiting time, typically less than four weeks, no additional
oncologic treatment was administered during this period. For patients outside the UCSF criteria but fulfilling
our center-specific selection parameters (i.e., largest tumor<10 cm, any number of tumors, and alpha-
fetoprotein [AFP] <1000 ng/mL), downstaging with trans arterial chemoembolization (TACE) or ablation was
recommended. In cases where loco regional therapy (LRT) was not feasible, due to decompensated liver disease
or patient’s decision to proceed with transplantation, upfront LDLT was offered!>?’. Patients not meeting our
center-specific criteria were required to undergo downstaging for a period of 3-6 months with LRT and systemic
therapy, if there was no evidence of extrahepatic disease. LDLT was considered if radiological response was
achieved and AFP levels decreased to below 1000 ng/ml. Lenvatinib is our preferred systemic agent owing to
its favorable side effect profile, ease of administration, and cost-effectiveness. LRT was employed as a bridging
strategy if a delay in LT of approximately three months was anticipated. The Modified Response Evaluation
Criteria in Solid Tumors (mRECIST) was used to assess response to LRT and patients with complete or partial
response were considered good responders, while those with progressive or stable disease were considered
poor responders?®2!. All transplants were performed following comprehensive evaluation and consensus in
multidisciplinary and transplant assessment meetings, with subsequent approval from the Human Organ and
Tissue Transplant Authority (HOTA). All donors were related to their respective recipients, either legally or by
blood.

Patient demographics, etiology of liver disease, tumor morphometrics, Model for end-stage liver disease-
sodium (MELD-Na) score, tumor marker levels, neutrophil to lymphocyte ratio (NLR), response to LRT,
and explant features including poor differentiation and MVI were assessed. Pre-transplant AFP levels were
available for all patients, but PIVKAII levels were performed from 2018 onwards and were available for 146
patients. Regarding post-transplant immunosuppression, tacrolimus monotherapy is the preferred regimen for
patients with hepatocellular carcinoma (HCC) within the Milan criteria (MC). In cases of HCC beyond MC, or
those exhibiting poor differentiation or microvascular invasion, a combination regimen comprising low-dose
tacrolimus with either Mycophenolate Mofetil or Everolimus is employed. Additionally, these patients receive
adjuvant therapy with Sorafenib or Lenvatinib for a duration of 3 to 6 months. Post-transplant surveillance
includes assessment of tumor markers every three months during the first year and biannually thereafter. Cross-
sectional imaging with computed tomography (CT) is performed at 6 months post-transplant and subsequently
on an annual basis for five years.

Statistical analysis
Data were analyzed using the Statistical Package for Social Sciences (SPSS) version 22 (IBM). The primary
outcome of the study was to determine 5-year recurrence-free survival (RFS) and overall survival (OS) in
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Fig. 1. Flowchart of patients included in the study.
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patients who underwent LDLT within and outside MC. In addition, we evaluated pre-transplant PIVKAII levels
in predicting microvascular invasion (MVI) and post-transplant recurrence. The sample size for this study was
calculated to detect a significant difference in the prevalence of MVI between patients with low and high pre-
transplant tumor marker levels. Using a power of 80% and a two-sided alpha level of 0.05 (corresponding to a
95% confidence interval), and assuming a 1:3 ratio of exposed (high AFP and/or PIVKA-II) to unexposed (low
AFP and PIVKA-II) patients, MVI rates were estimated at 20% in the unexposed group and 50% in the exposed
group, as reported previously [14]. Based on these parameters, the minimum required sample size was calculated
to be 115 patients.

Receiver operator curves (ROC) and Concordance statistics (C-statistic) were used to quantify the ability to
predict MVT, looking for cutoffs with high specificity. Categorical variables were compared using Chi-square and
Fisher’s test, while the t-test and Mann-Whitney U test were used for continuous variables. OS was calculated by
subtracting the date of death or last follow-up from the date of transplant and RFS was calculated by subtracting
the date of recurrence from the date of transplant. The 5-year RFS and OS were calculated using Kaplan-Meier
curves, and the log-rank test was used to determine significance. After the exclusion of tumor morphometrics,
response to LRT, NLR > 5, pre-transplant AFP, and PIVKAII cutoffs were analyzed in univariate and multivariate
analysis. The study was performed in accordance with the Declaration of Helsinki. The institutional review
board at Shifa International Hospital approved the study and informed consent was waived due to the study’s
retrospective nature (IRB# 489 —24).

Results

Patient characteristics

Baseline patient characteristics are shown in Table 1. Hepatitis C was the etiology of liver disease in 222 (69.6%)
patients, and 201 (63%) patients had HCC within MC. Ninety patients (28.2%) had LRT with a good response
in 62/90 (68.9%) patients. Sixty-four (20%) patients had poorly differentiated HCC, and 98 (30.7%) had MVI on
explant histopathology.

With a median follow-up of 46.8 (18.5-82.6) months, the 5-year OS and RFS were 68% and 75% respectively.
Sixty-three (19.7%) patients had recurrence, 27/201 (13.4%) within the MC and 36/118 (30.5%) outside the MC
(P<0.001). The 5-year OS within and outside MC was 71% and 62% (P 0.053), and the 5-year RFS was 83% vs.
62% (P<0.001) (Fig. 2a and b).

Pre-transplant variables Patients (n=319)
Median age (years, IQR) 54(48-59)
Sex (n, %)

Men 269(84.3)
‘Women 50(15.7)
Etiology of liver disease (n, %)

Hepatitis ¢ 222(69.6)
Hepatitis B 71(22.3)
Others 26(8.1)
Transplant criteria (n, %)

Within Milan criteria 201(63)
Outside Milan criteria 118(37)
Median largest tumor diameter (cm, IQR) 3(2-4.4)
Median tumor number (n, IQR) 2(1-3)
Locoregional therapy (n, %) 90(28.2)
Type of locoregional therapy

Transarterial chemoembolization 78(86.7)
Radiofrequency or microwave ablation 13(14.5)
Percutaneous ethanol ablation 5(5.6)

Response to locoregional therapy

Good 62(68.9)

Poor 28(31.1)
Median MELD score at transplant (n, IQR) 12(10-18)
Median neutrophil to lymphocyte ratio (n, IQR) | 2.5(1.6-3.8)
Median AFP at transplant (n, IQR) 11.6(4.7-67.1)
AFP <7.0 ng/ml (n, %) 116(36.4)

Median PIVKAII at transplant (n, IQR) (n=146) | 281(77.7-947)

Table 1. Baseline patient characteristics.
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Fig. 2. (a) Estimated 5-year overall survival in 319 patients within and outside Milan criteria. (b) Estimated
5-year recurrence-free survival within and outside Milan criteria.

1.0
0.8
0.6
2
=2
.‘é
Ll
]
0.4+
— - Largest tumor diameter (AUC = 0.631)
----- Pre-transplant AFP (AUC = 0.579)
0241 i — —Pre-transplant PIVKAII (AUC = 0.777)
e — Reference Line

0.0 I T T T
0.0 0.2 0.4 06 08 1.0

1 - Specificity

Fig. 3. Receiver operator curves for microvascular invasion.

PIVKAIIl and microvascular invasion

Among 146 patients with documented pre-transplant PIVKAII levels, ROC curves were used to quantify the
ability to predict MVI. PIVKAII outperformed tumor size and AFP, with a C-statistic of 0.777 compared with
0.631 and 0.579, respectively (Fig. 3).
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In addition, The NLR and tumor number were not associated with MVI (AUC< 0.6) (Supplementary digital
content Table 1). A PIVKAII threshold of 1000 mAU/ml had a sensitivity of 55% and specificity of 88.8% for
MVI. MVI was present in a significantly higher number of patients with PIVKAII>1000 mAU/ml (21.6% vs.
65.7%)(P<0.001) (Supplementary digital content Table 2).

PIVKAII and post-transplant recurrence

On univariate analysis, AFP >20 ng/ml, PIVKAII > 400 mAU/ml, and PIVKAII > 1000 mAU/ml were associated
with recurrence (Supplementary Digital Content Table 3). PIVKAII>1000 mAU/ml was included in the
multivariate analysis due to a higher hazard ratio. AFP >20 ng/ml [HR 3.3, CI 1.4-7.4, P=0.003] and PIVKA
II>1000 mAU/ml [HR 3.5, CI 1.6-7.5, P=0.001] were independent predictors of recurrence on multivariate
analysis. The 5-year RFS was 79% and 50% for PIVKAII cutoff of 1000 mAU/ml (P<0.001). (Supplementary
digital content Fig. 1).

Post-transplant recurrence in the expanded criteria

Out of 146, 59(40.4%) patients underwent LDLT outside MC and 36(61%) of these 59 patients had PIVKAII < 1000
mAU/ml (Fig. 4). The 5-year RFS was significantly lower in patients with PIVKAII > 1000 mAU/ml both within
and outside MC (P<0.05). Next, we looked at recurrence rates for tumor marker combinations of AFP >20 ng/
ml (AFP +) or AFP <20 ng/ml (AFP -) and PIVKAII > 1000 mAU/ml (PIVKAII +) or PIVKAII < 1000 mAU/
ml (PIVKAII -). A dual tumor marker positive HCC (AFP +/PIVKAII +) predicted 47.1% of recurrences in
17 patients, whereas HCC recurred only in 6.1% of 66 patients not meeting the threshold (AFP-/PIVKAII-)
(P<0.001) (Fig. 5). The 5-year RFS was 45% for dual tumor marker positive HCC versus 77% for all others
(P<0.001).

Discussion

Herein, we report post-transplant outcomes of LDLT for expanded HCC criteria and show that pre-transplant
PIVKAIL is a strong predictor of MVI and post-transplant recurrence. Regardless of MC, PIVKAII > 1000 mAU/
ml was associated with high recurrence rates despite excluding patients with AFP > 1000 ng/ml. When combined
with AFP, PIKAII provided useful prognostic information, and patients with a high-risk tumor marker profile of
AFP >20 ng/ml and PIVKAII > 1000 mAU/ml were not suitable candidates for upfront LT.

In the “no competition” situation unique to LDLT, there is a scientific and ethical rationale to offer LT beyond
traditional tumor morphometrics. The ILTS has recently proposed that a 5-year survival of 60% must be achieved
in LDLT, particularly in waitlisted patients'*?2. We have previously reported 5- and 10-year OS of 67% and 61%
for our expanded criteria. Despite comparable OS, the recurrence rate was high outside MC'2. DS was prioritized
in patients with AFP >600 ng/ml but was only feasible in a small number of patients due to high MELD scores,
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Fig. 4. (a) Tumor number and largest tumor diameter distribution within and outside Milan criteria with
PIVKAII threshold of 1000 mAU/ml. (b) Estimated 5-year recurrence-free survival in Milan criteria with
PIVKAII cutoff of 1000 mAU/ml (n=87). (c) Estimated 5-year recurrence-free survival outside Milan criteria
with PIVKAII cutoft of 1000 mAU/ml (n=59).
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Fig. 5. Recurrence rates in 146 patients with various tumor marker combinations, AFP +, AFP >20 ng/ml,
PIVKAII +, PIVKAII > 1000 mAU/ml and estimated 5-year recurrence-free survival in dual tumor marker
positive HCC (AFP+/PIVKAII +) versus all others.

underlying acute-on-chronic liver failure, and decompensated liver disease?*?*. For this group, a pre-transplant
PIVKA-II level can enhance informed decision-making when considering LDLT.

Despite the established role of AFP >1000 ng/ml as a predictor of MVI and post-transplant recurrence, many
patients with lower AFP levels experience post-transplant recurrence®!*. In the expanded criteria for LDLT, no
universally agreed-upon AFP cutoffs exist, and exclusion criteria remain center-specific!®. On the other hand,
the role of PIVKAII in the management of HCC continues to evolve, and new data support its routine use in pre-
transplant evaluation. In a recent study from the United States, a combination of PIVKAII (DCP) 2 7.5 ng/dl and
AFP-L3215% predicted 61.1% recurrences, whereas HCC only occurred in 2.6% of patients not meeting this
threshold’. Regarding expanded criteria, in a multicenter retrospective analysis, patients with far advanced HCC
(tumor size> 10 cm, tumor number >10) had 5-year OS and RFS of 47.8% and 53.4%, when a combined AFP
and PIVKAII cutoff of 300 was used?*. After excluding tumor morphometrics, we evaluated established AFP
cutoffs, PIVKAII cutoffs, NLR > 5, and response to LRT in univariate analysis>>!%15-17:1925 Only AFP levels> 20
ng/ml and PIVKAII levels>1000 mAU/ml were independent predictors of recurrence. This corresponds with
recent evidence where artificial intelligence-based models have shown that tumor size, AFP, and PIVKAII
levels are the larger weighted factors with high Shapley Additive exPlanations value for recurrence?*-2%, Tumor
size and number are well-established prognostic factors in LT. However, these morphological parameters were
deliberately excluded in order to evaluate the prognostic significance of biological factors such as tumor markers,
response to LRT, and the NLR in predicting post-transplant recurrence under our expanded criteria.

It is widely accepted that the 5-year survival threshold in LDLT can be lower than DDLT!*?>*, Using AFP
and PIVKAII thresholds of 20 ng/ml and 1000 mAU/ml respectively, we identified a small but high-risk group
of 17 patients with a 5-year RFS of only 45%. The exclusion of these 17 patients could potentially improve
the 5-year RFS of our cohort from 62 to 77% (Fig. 4). Previously, few studies from Japan have evaluated pre-
transplant PIVKAII levels in LDLT using cutofts between 300 and 450 mAU/ml and moderate expansion in
tumor dimensions!'>!631:32 We used a liberal PIVKAII cutoff of 1000 mAU/ml to achieve high specificity, hoping
to maximize transplant eligibility, with a 5-year survival > 60% as the benchmark.

The limitations of the present study include its retrospective design and the exclusion of patients with AFP
levels exceeding 1000 ng/ml. While this exclusion criterion aligns with current practices in the transplant
community, it also serves to ensure a more uniform and homogeneous study cohort by eliminating potential
outliers. Additionally, the impact of LRT on post-transplant recurrence was not found to be significant, likely
due to the limited number of patients who underwent such treatment.
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In conclusion, pre-transplant PIVKA-II serves as a valuable prognostic marker, demonstrating associations

with MVIand post-transplant recurrence. In this study, the combination of AFP >20 ng/mL and PIVKA-II> 1000
mAU/mL was linked to unacceptably high recurrence rates. These findings suggest that patients exhibiting this
tumor marker profile may not be suitable candidates for upfront LT unless a favorable biochemical response to
downstaging therapy is achieved. To enhance clinical utility and consistency, a more reliable and universally
accepted PIVKA-II threshold is needed for incorporation into liver transplantation selection criteria.

Data availability
Data is available from the corresponding author upon reasonable request.
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