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ABBREVIATIONS 

AUCtc: Area under curve of trough concentrations. 

eGFR: estimated glomerular filtration rate 

LT: liver transplantation 

MDRD: Modification of Diet in Renal Disease 
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ABSTRACT 

Background: Tacrolimus minimization is usually restricted to patients with pre-

transplant renal impairment and this strategy could result into worse renal outcomes 

after liver transplantation (LT).  

Methods: A consecutive cohort of 455 LT patients receiving tacrolimus-based 

immunosuppression was studied (2008-2013). Cumulative exposure to tacrolimus was 

calculated as the area under curve of trough concentrations (AUCtc). Patients were 

stratified as tacrolimus minimization, conventional or high exposure according to 

thresholds based in the COMMIT consensus. Estimated glomerular filtration rates 

(eGFR) were assessed by the MDRD-4 formula up to 5 years post-LT.  

Results: Seventy patients (15.4%) had pre-transplant eGFR<60 ml/min, which was 

associated with increased mortality rates, particularly within the first 5 years post-LT 

(31.4% vs 17.5%; Breslow p= 0.010). After LT, there was an abrupt eGFR decline 

within the first 3 months (median 18.6 ml/min; p<0.001), further decreasing up to 12 

months (additional 3 ml/min), without any improvement thereafter. According to 

AUCtc, 33.7% of patients received tacrolimus minimization, 44.8% conventional 

exposure and 21.5% high exposure. Conventional/high exposure to tacrolimus resulted 

in a more pronounced eGFR decline within the first 3 months as compared with 

minimization (23.3ml/min vs 9.5ml/min; p<0.001). This gap was even higher in patients 

with initially preserved renal function. Tacrolimus AUCtc was an independent predictor 

of eGFR decline within the first 3 months after controlling for potential confounders.  

Conclusions: AUCtc is a surrogate of cumulative exposure to tacrolimus and may be 

helpful for routine dose adjustments. Tacrolimus minimization should be universally 

attempted after LT in order to preserve renal function.  
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INTRODUCTION 

Tacrolimus-based maintenance immunosuppression is the standard of care after liver 

transplantation (LT).
1
 Tacrolimus has a narrow therapeutic window with its 

bioavailability ranging from 5% to 95%.
2
 There is wide exposure variability among 

individuals and even within the same patient over time, making it mandatory to monitor 

tacrolimus trough concentrations in order to prevent graft rejection while avoiding 

toxicity.
3
 As a calcineurin inhibitor, tacrolimus activates the renin-angiotensin and the 

endothelin systems among other vasoconstrictor pathways in a dose-dependent fashion, 

ultimately producing a chronic renal impairment.
4
 

The liver is considered an immunologically privileged organ and therefore the use of 

reduced tacrolimus trough concentrations is deemed safe and does not increase the risk 

of rejection and derived graft loss. The use of reduced tacrolimus dosage is possible 

either as monotherapy
5
 or in combination with other immunosuppressants such as 

mTOR inhibitors
6
 or antimetabolites.

7
 In both situations, tacrolimus minimization is 

consistently associated with improved renal function in the long term. Despite this 

evidence many LT institutions restrict tacrolimus minimization strategies to patients 

with pre-existing renal dysfunction or experiencing acute kidney injury early after LT. 

As a result, patients with initially preserved renal function would not receive tacrolimus 

minimization and could be at higher risk of progressive and irreversible damage to the 

kidney in the long term.  

Cumulative tacrolimus exposure is a novel parameter which indicates the evolution of 

trough concentrations in a time-dependent manner. In previous studies, mean trough 

concentrations within the first month after LT were associated with long term outcomes, 

including graft loss and recurrence of hepatocellular carcinoma.
8, 9

 However, average 

trough levels may not be appropriate to evaluate longer periods and does not take into 
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account the inherent variability between different measurements. These caveats may be 

solved by implementing cumulative tacrolimus exposure as an aiding tool to refine dose 

adjustments.  

The primary aim of the present study was to explore the role of cumulative tacrolimus 

exposure on the development of progressive renal impairment within the first 12 months 

after LT. Secondary aims were to describe estimated glomerular filtration rates (eGFR) 

up to 5 years after LT and to determine the role of tacrolimus intra-patient variability on 

renal impairment.  

MATERIAL AND METHODS 

This is a retrospective analysis of a prospectively collected database from two European 

LT institutions: the Royal Free Hospital (London, United Kingdom) and the Reina Sofía 

University Hospital (Córdoba, Spain). A consecutive cohort of adult patients who 

underwent LT from January 2008 to December 2013 and received tacrolimus-based 

primary immunosuppression was included. Patients with death or tacrolimus withdrawal 

within the first 90 days post-LT were excluded. Donor-recipient blood group 

incompatibility, HIV positive, combined organ transplantation and re-transplantation 

were additional exclusion criteria. Patients receiving induction agents such as 

basiliximab were included as long as tacrolimus introduction was not delayed beyond 

15 post-operative days. Post-transplant clinical surveillance ensured at least one visit 

every 3 months within the first year and every 6 months thereafter. Follow-up ended in 

January 2018. The present study was performed according to the ethical principles 

contained in the Declaration of Helsinky and was approved by the Andalusian ethics 

committee as part of a broader research initiative (PEIBA code 1562-N-18).  
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Immunosuppression protocol and assessment of cumulative tacrolimus exposure. 

Immunosuppressive medication was started immediately after LT once gut function was 

restored. Tacrolimus trough concentrations were determined at least every 48 hours 

until discharge, weekly within the first month, monthly within the first 6 months, and 

every 3 months thereafter. Longer intervals were allowed in the long term. Additional 

measurements were performed if clinically indicated. Tacrolimus dosage and target 

trough levels were adjusted at the discretion of the attending clinician, based on the 

individual balance between the estimated risk of rejection and toxicity. In each patient, 

time dependent cumulative tacrolimus exposure was assessed by the area under curve of 

trough concentrations (AUCtc) (see Figure S1, SDC, http://links.lww.com/TP/B740). 

Taking into account a recent consensus document in which conventional trough 

concentrations of tacrolimus were defined
3
, thresholds were adapted to stratify patients 

the following categories: a) aggressive tacrolimus minimization (trough concentrations 

<4ng/mL within the first month and <3ng/mL thereafter); tacrolimus minimization 

(trough concentrations 4-6 ng/mL within the first month and around 4 ng/mL 

thereafter); conventional tacrolimus exposure (7-10 ng/mL within the first month and 6-

8 ng/mL thereafter); high tacrolimus exposure (>10 ng/mL within the first month and 

>8 ng/mL thereafter). In order to facilitate the interpretation, equivalences between 

target trough concentrations during follow-up and AUCtc are shown in figure 1. 

Parameters related with tacrolimus intra-patient variability were also recorded including 

standard deviation, coefficient of variation and variance of trough concentrations.  

Basiliximab induction was used in selected patients with pre-transplant renal 

dysfunction or hepatic encephalopathy in order to delay the introduction of tacrolimus 

to post-LT day 5. Corticosteroids were progressively tapered and completely withdrawn 

in both centers between the third and the sixth month post-transplant, except for patients 
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with autoimmune hepatitis in whom a minimal dose of prednisone was maintained in 

the long term. Antimetabolites were frequently prescribed to reduce the exposure to 

tacrolimus, with mycophenolate mofetil preferred at the Reina Sofía University Hospital 

(1000mg bid) and azathioprine preferred at the Royal Free (1mg/kg/day). 

Antimetabolites were replaced by mTOR inhibitors in patients with persistent renal 

impairment in both institutions, and also in patients with hepatocellular carcinoma 

transplanted at the Reina Sofía University Hospital from 2012 onwards as part of a 

prospective observational study.
10

 Patients with otherwise unexplained rising serum 

bilirubin and blood eosinophil count underwent liver biopsy to confirm acute T-cell 

mediated rejection.
11

 Boluses of corticosteroids (1000 mg methylprednisolone) were 

administered on three consecutive days if the histological grade of rejection was 

moderate-severe.
12

 

Evaluation of renal function  

Renal function was assessed at baseline (last available creatinine before LT outside an 

acute kidney injury episode) and at the following post-transplant timepoints: 3 months, 

6 months, 12 months, 24 months, 36 months, 48 months and 60 months. The 

“Modification of Diet in Renal Disease” formula (MDRD-4) was used to calculate 

eGFR
13

 as there is no equation dedicated to transplant population which had shown 

superiority to MDRD-4. Patients were stratified according to KDIGO 2017 clinical 

practice guidelines for chronic kidney disease
14

 in the following categories: Grade 1 

(normal or high) if eGFR>90 ml/min; Grade 2 (mildly decreased) if eGFR 60-89 

ml/min; Grade 3a (mildly to moderately decreased) if eGFR 45-59 ml/min; Grade 3b 

(moderately to severely decreased) if eGFR 30-44 ml/min; Grade 4 (severely decreased) 

if eGFR 15-29 ml/min; and Grade 5 (kidney failure) if eGFR <15 ml/min.  
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Sample size calculation 

EPIDAT 3.1 (Xunta de Galicia) was used for sample size calculation in its function for 

cohort studies. The main outcome considered was worsening of renal function beyond 

KDIGO Grade 3a at 12 months post-LT. In the study by Allen et al
15

 the prevalence of 

KDIGO Grade 3a at baseline was 27.1% but rose to 59% at 12 months post-LT (first-

year incidence 31.9%). We speculated that patients with effective tacrolimus 

minimization (AUCtc<2,250 within the first 12 post-LT months) would have a reduced 

first-year incidence of KDIGO>G3a of 20%. The following additional assumptions 

were made: a) Prevalence of effective tacrolimus minimization: 50%; b) statistical 

power 80%; c) confidence interval 5%. Under these premises the minimum sample size 

required would be 424 patients.  

Statistical analysis 

The statistical analysis was performed by using SPSS version 22.0 (IBM corp, Armonk, 

NY). Continuous variables were expressed as mean and standard deviations except for 

those with asymmetric distribution in which median and interquartile range was used. 

Categorical variables were displayed in frequency tables. For each patient, AUCtc was 

calculated by using the Wagner-Nelson equation (see Table S1, SDC, 

http://links.lww.com/TP/B740) and a dedicated excel worksheet was designed for this 

purpose. The appropriate contrast tests were used depending on the characteristics of the 

variables involved in the analysis. Paired T test was used to evaluate changes in eGFR 

during follow up. Kaplan-Meier curves were used to evaluate the influence of baseline 

renal dysfunction on mortality. Multivariate linear regression was implemented to 

explore whether cumulative tacrolimus exposure (AUCtc) independently predicted a 

progressive decline of renal function (delta eGFR) after controlling for potential 

confounding factors. In such model the scale of continuous variables was assessed by 
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using the Box Tidwell test. Multicollinearity was detected by using the variance 

inflation factor, and extreme values were explored by the Cook’s distance. The 

goodness of fit was expressed as the coefficient of determination (R
2
). All comparisons 

were two tailed and considered statistically significant if p<0.05. 

RESULTS 

Baseline characteristics 

In total, there were 455 patients included [59.6% from the Royal Free Hospital (n=271) 

and 40.4% from the Reina Sofía University Hospital (n=184)] with a median follow-up 

post-LT of 58 months. Overall, recipient age at transplantation was 52.2±10.4 years and 

there were 129 female patients (22.4%). The main aetiologies of liver disease were 

chronic hepatitis C (n=164; 36%) and alcoholic cirrhosis (n=151; 33.2%). 

Hepatocellular carcinoma was the indication for LT in 138 patients (30.3%). Baseline 

characteristics of patients according to the recruiting institution are shown in Table S1 

(SDC, http://links.lww.com/TP/B740). At the Reina Sofía University Hospital, patients 

were slightly older (53.9 vs 51.1 years old; p=0.005), and had more frequently alcoholic 

liver disease (45.1% vs 25.1%; p<0.001), chronic hepatitis C (42.4% vs 31.7%; p=0.02) 

and hepatocellular carcinoma (42.9% vs 21.8%; p<0.001). At the Royal Free there were 

more women (32.1% vs 22.8%; p=0.031) and increased prevalence of autoinmmune 

hepatitis, primary biliary cholangitis and primary sclerosing cholangitis (20.3% vs 

3.3%; p<0.001). 

Overall, pre-transplant renal function was preserved (ie, KDIGO Grade 1) in 242 

patients (53.2%). Among the remaining 213 patients with impaired eGFR, 31.4% had 

KDIGO Grade 2, 11.9% had Grade 3a, 2.6% had Grade 3b and 0.9% had Grade 4. No 

patient showed kidney failure (ie, KDIGO Grade 5) at baseline. Patients with baseline 

KDIGO ≥Grade 3 had increased post-transplant mortality rates (log rank p=0.047), 
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particularly within the first 5 years post-LT (31.4% vs 17.5%; Breslow p= 0.010) 

(figure 2). Clinical features of patients with pre-transplant renal impairment (KDIGO≥ 

Grade 3) and without renal impairment (KDIGO Grade 1-2) are shown in table 1. As 

part of routine clinical practice, patients with pre-transplant renal impairment (KDIGO 

≥ Grade 3a) had reduced cumulative exposure to tacrolimus (AUCtc) at 3 months 

(p<0.001), 6 months (p<0.001) and 12 months (p=0.001) as compared with patients 

with KDIGO Grade 1-2 (table 1). Indeed, effective tacrolimus minimization within the 

first 3 months after LT was accomplished in 52.7% of patients with KDIGO ≥ Grade 3a 

vs 29.9% of patients with KDIGO Grade 1-2 (p<0.001). Indicators of tacrolimus intra-

patient variability such as standard deviations of trough concentrations, coefficient of 

variation and variance were reduced in patients with pre-transplant renal impairment 

(table 1). Patients with pre-transplant KDIGO ≥ Grade 3 received induction with 

basiliximab more frequently (17.4% vs 7%; p=0.01). However, the prescription of other 

immunosuppressants such as antimetabolites or mTOR inhibitors was not influenced by 

the baseline renal function (p=0.95 and p=0.72 respectively). 

Evolution of renal function during follow-up 

There was a pronounced decline of eGFR within the first 3 post-transplant months 

(median 18.6 ml/min from baseline; p<0.001) which continued decreasing at 6 months 

post-LT (median 2.4 ml/min from months 3 to 6; p=0.01). There was a not significant 

trend for further eGFR decline at 12 months (median 0.6 ml/min from months 6 to 12; 

p=0.05). Renal function remained stable thereafter though eGFR did not recover up to 

60 months follow-up (figure 3). The evolution of KDIGO grade distribution during 

follow-up is shown in figure 4. The proportion of patients with grade 1 decreased 

abruptly within the first 3 months after LT (from 58.8% to 28.4%) and continued 

declining until reaching a plateau at 24 months post-LT (at 17.7%). Conversely, the 
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prevalence of grades 2 and 3 were raised from 31.6% and 14.7% respectively at 

baseline, to 41% and 29.4% respectively at 3 months after LT, remaining stable 

thereafter. Artificial renal support or renal transplantation was required in 39 patients 

(8.6%) during follow-up. 

When stratifying according to pre-transplant eGFR, patients with initially preserved 

renal function (KDIGO Grades 1-2) showed a similar evolution as the overall 

population, but with an even more pronounced decrease of eGFR within the first 12 

months: 23.9 ml/min within the first 3 months (p<0.001), 3.1 ml/min from months 3 to 

6 (p=0.002) and 0.6 ml/min from months 6 to 12 (p=0.03). There was a decline of at 

least one KDIGO stage within the first 3 months in 193 patients (53.9%): 142 patients 

(39.6%) reached KDIGO Grade 3a, 43 patients (12%) reached KDIGO Grade 3b, 6 

patients (1.7%) reached KDIGO Grade 4 and 2 patients (0.6%) reached KDIGO Grade 

5. On the other hand, patients with pre-transplant KDIGO Grade 3-5 experienced an 

initial improvement in eGFR by a median of 11 ml/min within the first 3 months, but 

remained stable thereafter (figure 3). Baseline KDIGO classification improved in 32 

patients (43.2%) as follows: 1 stage improvement (n=20; 27%), 2 stages improvement 

(n=9; 12.2%), 3-4 stages improvement (n=3; 4.1%). 

Influence of cumulative exposure to tacrolimus on progressive kidney damage, 

rejection, graft loss and mortality 

Cumulative exposure to tacrolimus in the overall population was as follows: aggressive 

minimization in 4.2% of patients (n=19); minimization in 29.5% of patients (n=134); 

conventional exposure in 44.8% of patients (n=204) and high exposure 21.5% of 

patients (n=98). Median AUCtc was 652 ng.day/mL (IQR 529-812) within the first 3 

months, 1324 ng.day/mL (IQR 1062-1633) within the first 6 months and 2641 

ng.day/mL (IQR 2130-3378) within the first 12 months. Cumulative exposure to 
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tacrolimus was tightly correlated with progressive renal impairment (figure 5). Patients 

with conventional or high exposure to tacrolimus experienced a more pronounced 

decline of eGFR within the first 3 months, 6 months and 12 months. Indeed, within the 

first 3 months post-LT, aggressive tacrolimus minimization was associated with the 

lowest decline of eGFR (median 2.4 ml/min). Patients with minimization had a median 

decline of eGFR of 10.6 ml/min and patients with conventional exposure experienced a 

median decline of eGFR of 19.3 ml/min within the first 3 months. The most pronounced 

decrease of eGFR within the first 3 months was observed in patients with high 

cumulative tacrolimus exposure (median 30.7 ml/min; p<0.001) (figure 5). When 

stratifying according to baseline eGFR, patients with initially preserved renal function 

who received conventional or high AUCtc of tacrolimus had a more pronounced decline 

of eGFR within the first 3 months after LT (26.9 ml/min vs 18.9 ml/min; p<0.001). In 

addition, among patients with pre-transplant renal impairment, those receiving 

minimization had a more pronounced eGFR recovery (17 ml/min vs 7.9 ml/min), 

although it did not reach statistical significance (p=0.37). Similar results were obtained 

regarding eGFR decline within the first 6 and 12 months according to cumulative 

tacrolimus exposure within the same periods.  

Standard deviations of trough concentrations showed a weak, although statistically 

significant, direct correlation with eGFR decline within the first 3 months (r=0.14; 

p=0.003), 6 months (r=0.12; p=0.013) and 12 months (r=0.10; p=0.045) after LT. 

Others parameters of tacrolimus intra-patient variability such as coefficient of variation 

and variance of trough concentrations did not correlate with the evolution of eGFR after 

LT (results not shown). 
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The univariate and multivariate linear regression analyses showing predictors of eGFR 

decline within the first 3 months are presented in table 2. Conventional or high 

cumulative exposure to tacrolimus as calculated by the AUCtc was an independent 

predictor of a more pronounced decline of eGFR at 3 post-LT months, after controlling 

for potential confounders such as baseline renal function, recipient age, hepatitis C and 

recruiting institution. Tacrolimus intra-patient variability as defined by the standard 

deviation of trough concentrations had no significant influence on the evolution of 

eGFR in the multivariate analysis. In this multivariate model, we tested to replace 

AUCtc by average trough concentrations of tacrolimus within the same period. Average 

trough concentrations were not independent predictors of eGFR decline (OR 0.49; 

95%CI -1.1-1.9; p=0.52).  

Biopsy-proven acute T-cell mediated rejection rates according to AUCtc subgroups 

were as follows: aggressive minimization (36.8%), minimization (26.9%), conventional 

(24%) and high exposure (14.3%), with the last group reaching statistical significance 

(high exposure vs others; p=0.017). There were only 7 patients who experienced 

chronic rejection in the entire cohort (prevalence 1.5%). Among them, 4 patients had 

received tacrolimus minimization, 2 patients had conventional exposure and 1 patient 

had high exposure. AUCtc within the first 12 months after LT had no impact on the risk 

of graft loss (RR=1.20; 95%CI 0.67-2.16; p=0.52) and overall mortality (RR=1.05; 

95%CI 0.57-1.93; p=0.87).  

DISCUSSION 

Renal impairment is frequent among patients who access the waiting list within a 

MELD or UKELD based prioritization system.
16

 The vast majority of patients 

experience further kidney deterioration within the first year after LT resulting in a 

negative impact on overall survival.
15, 17, 18

 Tacrolimus minimization is able to mitigate 
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renal damage but in clinical practice this strategy is restricted mainly to patients with 

baseline renal impairment. In the present study, a more objective and representative 

methodology to evaluate cumulative tacrolimus exposure, namely AUCtc, emerged as 

an independent predictor of eGFR decline after LT. Interestingly, the highest benefit in 

terms of renal preservation associated with tacrolimus minimization was achieved in 

patients without pre-transplant renal dysfunction. Since AUCtc may be updated at each 

patient visit, clinicians may rely on its value to optimize dose adjustments in routine 

clinical practice.  

The prevalence of chronic kidney disease (GFR<60 ml/min) after LT is as high as 59% 

at one year after LT, with a slow increase thereafter up to 62% at 5 years according to 

an observational study with direct GFR measurements,
15

 aligning with our findings. 

Among LT patients, chronic kidney disease is per se a major cause of excess of death as 

compared with age-matched general population,
19

 but it also has an indirect morbidity 

effect by increasing the risk of cardiovascular events.
20

 The prevalence, prognostic 

impact and complex management of chronic kidney disease after LT have motivated 

several consensus documents aiming to delineate strategies in order to prevent or at 

least to ameliorate this complication.
3, 21, 22

 The etiology of renal impairment after LT is 

multifactorial, being abnormal pre-transplant renal function the most powerful risk 

factor.
23, 24

 Older age at transplantation, hepatitis C, uncontrolled diabetes and arterial 

hypertension may contribute to progressive renal damage in the long term.
25

 However, 

the main subscriber to an early and accelerated post-LT renal deterioration is 

nephrotoxicity mediated by calcineurin inhibitors, mainly tacrolimus.  

Tacrolimus is able to induce two forms of kidney injury: a) acute nephrotoxicity is 

caused by renal vasoconstriction which is dose dependent and potentially reversible 

after significant dose reduction or drug withdrawal; b) chronic nephrotoxicity occurs 
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when vasoconstriction persists, leading to endothelial dysfunction and irreversible 

histological changes such as tubule-interstitial fibrosis.
4
 In clinical practice, acute 

kidney injury is easily detected and coincides with peaks of trough levels of tacrolimus, 

thus motivating routine dosage adjustments with full –or at least partial- reversibility in 

most cases. Chronic renal impairment is a more surreptitious complication as it presents 

with a progressive decline in eGFR, which is practically imperceptible when patients 

are monitored by using serum creatinine. In previous studies, the relationship between 

tacrolimus exposure and progressive decline in eGFR could not be clearly established, 

maybe because isolated trough levels or mean trough concentrations can only assess 

tacrolimus exposure within a short timeframe, leading some authors to suggest that the 

clinical impact of calcineurin inhibitor mediated nephrotoxicity would be negligible.
26

 

In the present study, a novel methodology was designed to calculate cumulative 

tacrolimus exposure, namely AUCtc, which allows for a time-dependent assessment and 

can be updated in each patient visit, thus aiding to tailor dosage. An abrupt decrease of 

eGFR within the first 3 months after LT was found, which continued up to 12 months 

after LT, and was more pronounced in patients with conventional or high cumulative 

tacrolimus exposure (ie, AUCtc) as compared with minimization strategies. Renal 

function was not restored thereafter thus suggesting that therapeutic decisions are made 

too late, when chronic mechanisms of nephrotoxicity are established and would not 

reverse. Therefore, minimization strategies should be considered as soon as possible, 

ideally immediately after LT. Indeed, a systematic review and metaanalysis of 

randomized controlled trials demonstrated that patients with increased mean tacrolimus 

trough concentrations within the first month after LT (>10 ng/mL) had doubled renal 

impairment rates at 1 year, without any reduction in acute rejection rates
27

. Our results 

have pointed out that further tacrolimus minimization (AUCtc equivalent to <6 ng/mL 
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within the first month and close to 4 ng/mL thereafter) is more effective in avoiding 

eGFR decline within the same period, particularly in patients with initially preserved 

renal function.  

A potential caveat when implementing such minimization of tacrolimus in routine 

clinical practice would be to increase the risk of acute rejection and graft loss, as shown 

in an observational study.
8
 However, a randomized controlled trial with protocolized 

pathological surveillance and prolonged follow-up has reported excellent outcomes by 

using tacrolimus monotherapy with such reduced trough levels.
5
 There is also solid 

evidence concluding that very low tacrolimus trough concentrations may be safely 

accomplished in combination with other immunosuppressants such as mTOR inhibitors, 

which counteract the loss of immunosuppression potency.
6
 In our cohort, acute rejection 

rates were higher among patients with aggressive minimization but none of them 

developed chronic rejection and subsequent graft loss, probably because of the use of 

concomitant immunosuppressants. Notably, acute rejection rates were identical between 

patients with minimization or conventional exposure. Given the limited prognostic 

impact of acute T-cell medianted rejection on long term outcomes
8, 28

 and the well 

established negative impact of chronic renal disease, we strongly believe that the 

benefits of tacrolimus minimization overcome the risks in the vast majority of LT 

patients.  

Tacrolimus intra-patient variability is defined by fluctuations of trough concentrations 

over time despite of stable dosage.
2
 Some studies have linked increased intra-patient 

variability with worse renal outcomes
29

 and increased acute rejection rates
30

 in LT 

recipients. However, there is no consensus on how to assess variability (standard 

deviation of trough concentrations, coefficient of variation, variance, medication level 

index), neither there are validated thresholds. In the present study, standard deviation of 
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trough concentrations was the only variability parameter associated with progressive 

renal impairment in the univariate analysis. However, the statistical significance was 

lost in the multivariate model, probably because those patients with increased standard 

deviations of trough concentrations are those with the highest cumulative exposure, 

which is the actual independent predictor of eGFR decline.  

The main limitation of the present study is the lack of randomization. Dose adjustments 

of tacrolimus were made as per routine clinical practice at the discretion of the 

responsible clinician. Episodes of acute renal dysfunction may have motivated 

tacrolimus dose reduction, thus introducing a source of bias. Although cumulative 

tacrolimus exposure was an independent predictor of progressive kidney damage -

despite of these routine dose adjustments- it is probable that its actual impact was 

underestimated. In addition, proteinuria, HbA1c, therapy against hepatitis C and donor 

features were not systematically recorded. Considerable strengths are also to be noted 

including the involvement of two transplant institutions, the increased sample size with 

prolonged follow-up and the description of a novel strategy to estimate cumulative 

tacrolimus exposure with potential applications in clinical practice. 

In conclusion, the AUCtc is a surrogate of tacrolimus cumulative exposure and may be 

helpful to individualize dose adjustments after LT. Tacrolimus cumulative exposure, but 

not intra-patient variability, is associated with a progressive derangement of renal 

function despite routine dose adjustments. Therefore, tacrolimus minimization and 

sparing protocols should be considered in all patients early after LT in order to preserve 

renal function, unless clinically contraindicated. In future randomized trials evaluating 

different tacrolimus-based immunosuppression strategies, the implementation of AUCtc 

would allow to compare the tacrolimus sparing effect between treatment arms. The 
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potential impact of AUCtc on other immunosuppression linked outcomes such as 

infections, cardiovascular events or cancer should be explored in future studies. 

  

ACCEPTED

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



19 

 

REFERENCES 

1. Rodriguez-Peralvarez M, Guerrero-Misas M, Thorburn D, et al. Maintenance 

immunosuppression for adults undergoing liver transplantation: a network meta-

analysis. Cochrane Database Syst Rev. 2017;3:CD011639. 

2. Shuker N, van Gelder T,Hesselink DA. Intra-patient variability in tacrolimus 

exposure: causes, consequences for clinical management. Transplant Rev 

(Orlando). 2015;29(2):78-84. 

3. Neuberger JM, Bechstein WO, Kuypers DR, et al. Practical Recommendations 

for Long-term Management of Modifiable Risks in Kidney and Liver Transplant 

Recipients: A Guidance Report and Clinical Checklist by the Consensus on 

Managing Modifiable Risk in Transplantation (COMMIT) Group. 

Transplantation. 2017;101(4S Suppl 2):S1-S56. 

4. Hoskova L, Malek I, Kopkan L, Kautzner J. Pathophysiological mechanisms of 

calcineurin inhibitor-induced nephrotoxicity and arterial hypertension. Physiol 

Res. 2017;66(2):167-180. 

5. Lerut JP, Pinheiro RS, Lai Q, et al. Is minimal, [almost] steroid-free 

immunosuppression a safe approach in adult liver transplantation? Long-term 

outcome of a prospective, double blind, placebo-controlled, randomized, 

investigator-driven study. Ann Surg. 2014;260(5):886-891; discussion 891-882. 

6. Saliba F, De Simone P, Nevens F, et al. Renal function at two years in liver 

transplant patients receiving everolimus: results of a randomized, multicenter 

study. Am J Transplant. 2013;13(7):1734-1745. 

7. Neuberger JM, Mamelok RD, Neuhaus P, et al. Delayed introduction of 

reduced-dose tacrolimus, and renal function in liver transplantation: the 

'ReSpECT' study. Am J Transplant. 2009;9(2):327-336. 

ACCEPTED

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



20 

 

8. Rodriguez-Peralvarez M, Germani G, Papastergiou V, et al. Early tacrolimus 

exposure after liver transplantation: relationship with moderate/severe acute 

rejection and long-term outcome. J Hepatol. 2013;58(2):262-270. 

9. Rodriguez-Peralvarez M, Tsochatzis E, Naveas MC, et al. Reduced exposure to 

calcineurin inhibitors early after liver transplantation prevents recurrence of 

hepatocellular carcinoma. J Hepatol. 2013;59(6):1193-1199. 

10. Rodríguez-Perálvarez M, Guerrero M, Barrera L, et al. Impact of early initiated 

everolimus on the recurrence of hepatocellular carcinoma after liver 

transplantation. Transplantation. 2018. IN PRESS. 

11. Rodriguez-Peralvarez M, De Luca L, Crespo G, et al. An objective definition for 

clinical suspicion of T-cell-mediated rejection after liver transplantation. Clin 

Transplant. 2017;31(7). 

12. Banff schema for grading liver allograft rejection: an international consensus 

document. Hepatology. 1997;25(3):658-663. 

13. Levey AS, Coresh J, Greene T, et al. Using standardized serum creatinine values 

in the modification of diet in renal disease study equation for estimating 

glomerular filtration rate. Ann Intern Med. 2006;145(4):247-254. 

14. Ketteler M, Block GA, Evenepoel P, et al. Diagnosis, Evaluation, Prevention, 

and Treatment of Chronic Kidney Disease-Mineral and Bone Disorder: Synopsis 

of the Kidney Disease: Improving Global Outcomes 2017 Clinical Practice 

Guideline Update. Ann Intern Med. 2018;168(6):422-430. 

15. Allen AM, Kim WR, Therneau TM, et al. Chronic kidney disease and associated 

mortality after liver transplantation--a time-dependent analysis using measured 

glomerular filtration rate. J Hepatol. 2014;61(2):286-292. 

ACCEPTED

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



21 

 

16. Sharma P, Schaubel DE, Guidinger MK, et al. Impact of MELD-based 

allocation on end-stage renal disease after liver transplantation. Am J 

Transplant. 2011;11(11):2372-2378. 

17. Asrani SK, Saracino G, O'Leary JG, et al. Recipient characteristics and 

morbidity and mortality after liver transplantation. J Hepatol. 2018;69(1):43-50. 

18. Longenecker JC, Estrella MM, Segev DL, Atta MG. Patterns of Kidney 

Function Before and After Orthotopic Liver Transplant: Associations With 

Length of Hospital Stay, Progression to End-Stage Renal Disease, and Mortality. 

Transplantation. 2015;99(12):2556-2564. 

19. Aberg F, Gissler M, Karlsen TH, et al. Differences in long-term survival among 

liver transplant recipients and the general population: a population-based Nordic 

study. Hepatology. 2015;61(2):668-677. 

20. VanWagner LB, Montag S, Zhao L, et al. Cardiovascular Disease Outcomes 

Related to Early Stage Renal Impairment After Liver Transplantation. 

Transplantation. 2018;102(7):1096-1107. 

21. Levitsky J, O'Leary JG, Asrani S, et al. Protecting the Kidney in Liver 

Transplant Recipients: Practice-Based Recommendations From the American 

Society of Transplantation Liver and Intestine Community of Practice. Am J 

Transplant. 2016;16(9):2532-2544. 

22. Davis CL, Gonwa TA,Wilkinson AH. Identification of patients best suited for 

combined liver-kidney transplantation: part II. Liver Transpl. 2002;8(3):193-

211. 

23. Bahirwani R, Forde KA, Mu Y, et al. End-stage renal disease after liver 

transplantation in patients with pre-transplant chronic kidney disease. Clin 

Transplant. 2014;28(2):205-210. 

ACCEPTED

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



22 

 

24. Giusto M, Berenguer M, Merkel C, et al. Chronic kidney disease after liver 

transplantation: pretransplantation risk factors and predictors during follow-up. 

Transplantation. 2013;95(9):1148-1153. 

25. Weismuller TJ, Lerch C, Evangelidou E, et al. A pocket guide to identify 

patients at risk for chronic kidney disease after liver transplantation. Transpl Int. 

2015;28(5):519-528. 

26. Matas AJ. Chronic progressive calcineurin nephrotoxicity: an overstated 

concept. Am J Transplant. 2011;11(4):687-692. 

27. Rodriguez-Peralvarez M, Germani G, Darius T, et al. Tacrolimus trough levels, 

rejection and renal impairment in liver transplantation: a systematic review and 

meta-analysis. Am J Transplant. 2012;12(10):2797-2814. 

28. Rodriguez-Peralvarez M, Rico-Juri JM, Tsochatzis E, et al. Biopsy-proven acute 

cellular rejection as an efficacy endpoint of randomized trials in liver 

transplantation: a systematic review and critical appraisal. Transpl Int. 

2016;29(9):961-973. 

29. Rayar M, Tron C, Jezequel C, et al. High Intrapatient Variability of Tacrolimus 

Exposure in the Early Period After Liver Transplantation Is Associated With 

Poorer Outcomes. Transplantation. 2018;102(3):e108-e114. 

30. Christina S, Annunziato RA, Schiano TD, et al. Medication level variability 

index predicts rejection, possibly due to nonadherence, in adult liver transplant 

recipients. Liver Transpl. 2014;20(10):1168-1177. 

  ACCEPTED

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



23 

 

FIGURE LEGENDS 

Figure 1. Stratification of patients according to time-dependent cumulative 

exposure to tacrolimus as defined by the area under curve of trough 

concentrations (AUCtc). Conventional tacrolimus trough concentrations were obtained 

from a consensus document (reference 3) as 7–10 ng/mL within the first month and 6–8 

ng/mL thereafter. Equivalences between target trough concentrations and AUCtc are 

shown in the table below. 

Figure 2. Impact of baseline renal impairment on overall survival after liver 

transplantation in a cohort of 455 liver transplant recipients. Log rank test was used 

for overall comparison, and Breslow test was implemented to focus on earlier 

differences during follow-up. 

Figure 3. Evolution of estimated glomerular filtration rates (eGFR) calculated by 

the MDRD-4 formula (standardized IDMS). Median eGFR at different timepoints is 

shown for the overall cohort and for subpopulations with and without pretransplant 

renal impairment. 

Figure 4. Distribution of patients according to KDIGO stage during follow-up. The 

proportion of patients with KDIGO Grade 3 or worse was doubled within the first year 

after liver transplantation.  

Figure 5. Median eGFR decline within the first 3 months after liver 

transplantation according to cumulative exposure to tacrolimus. 
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Table 1. Clinical features of 455 liver transplant patients stratified according to baseline estimated 

glomerular filtration rate (eGFR) as calculated by the MDRD-4 formula (standardized IDMS). Continuous 

variables are presented as means ± standard deviations (median and interquartile range for asymmetric 

distributions). Categorical variables are displayed as n (%). 

 KDIGO stage 1-2 

(ie, ≥60 ml/min) 

n=385 (84.6%) 

KDIGO stage 3a-5 

(<60 ml/min) 

n=70 (15.4%) 

p 

Recipient Age (years) 51.9±10.4 54.1±10.4 0.09 

Gender (female) 103 (26.7%) 26 (37.4%) 0.15 

Diabetes (pre-transplant) 90 (23.4%) 17 (24.3%) 0.94 

Hypertension (pre-transplant) 66 (17.1%) 19 (27.1%) 0.08 

Transplant institution 

  Royal Free Hospital  

  Reina Sofía University Hospital 

 

230 (59.7%) 

151 (40.3%) 

 

41 (58.5%) 

33 (31.5%) 

 

0.42 

Chronic hepatitis C 143 (37.4%) 21 (30%) 0.13 

Alcoholic liver disease 121 (31.4%) 30 (42.8%) 0.14 

Chronic hepatitis B 22 (5.7%) 5 (7.1%) 0.74 

Hepatocellular carcinoma 121 (31.4%) 17 (24.3%) 0.13 

MELD score pre-transplant 17.1±6.7 22.3±8.1 <0.001 

Donor type 

  Donor after brain death 

  Donor after circulatory death 

  Living donor 

 

356 (92.5%) 

28 (7.2%) 

1 (0.3%) 

 

64 (91.4%) 

6 (8.6%) 

0 (0%) 

 

0.71 

Acute T-cell mediated rejection 

  Histologically proven 

 

87 (22.6%) 

 

19 (27.1%) 

 

0.59 

Determinations of trough concentrations 

  Within the first 3 months 

  Within the first 6 months 

  Within the first 12 months 

 

22.7±11.7 

27.5±17.2 

32.6±23 

 

25.4±14.9 

30.3±20.9 

34.4±18.6 

 

0.14 

0.22 

0.57 

Cumulative tacrolimus exposure (ng.day/mL) 

  AUCtc 3 months 

  AUCtc 6 months 

  AUCtc 12 months 

 

709±231 

1421±453 

2823±919 

 

551±218 

1123±399 

2322±775 

 

<0.001 

<0.001 

0.001 

Standard deviations of trough concentrations (ng/mL) 

  3 months 

  6 months 

  12 months 

 

 

3.63±1.8 

3.69±1.6 

3.57±1.4 

 

 

3.01±1.2 

3.07±1.2 

3.09±1.1 

 

 

<0.001 

<0.001 

0.008 

Coefficient of variation of trough concentrations 

  3 months 

  6 months 

  12 months 

 

0.51±0.2 

0.51±0.2 

0.50±0.1 

 

0.55±0.2 

0.55±0.2 

0.55±0.1 

 

0.17 

0.08 

0.008 

Variance of trough concentrations (ng/mL
2
) 

  3 months 

  6 months 

  12 months 

 

10.1 (IQR 5.8-19.7) 

11 (IQR 6.3-19.4) 

11 (IQR 6.6-18.6) 

 

8.5 (IQR 4.4-13.5) 

8.3 (IQR 4.7-13.6) 

8.7 (IQR 4.9-15.3) 

 

0.01 

0.006 

0.03 

Concomitant primary immunosuppression 

  Basiliximab induction 

  Mycophenolate/azathioprine 

  mTOR inhibitors 

 

27 (7%) 

282 (73.2%) 

12 (3.1%) 

 

12 (17.4%) 

55 (78.5%) 

3 (4.3%) 

 

0.01 

0.95 

0.72 
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AUCtc: Area under curve of trough concentrations; IQR: interquartile range. 
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Table 2. Univariate and multivariate linear regression to predict worsening of renal 

function as expressed by the decline of estimated glomerular filtration rate (MDRD-4) 

within the first 3 months after liver transplantation. 

 UNIVARIATE 

ANALYSIS 

MULTIVARIATE ANALYSIS 

INITIAL MODEL FINAL MODEL 

VARIABLES OR (95% CI) p OR (95% CI) p OR (95% CI) Beta (std) p 

Institution 4.71 (-2.4-11.8) 0.19 -4.12 (-9.6-1.4) 0.14 -3.64 (-9.11-1.82) -0.048 0.19 

Recipient Age 0.03 (-0.29-0.36) 0.85 0.70 (0.43-0.97) <0.001 0.65 (0.40-0.90) 0.18 <0.001 

Gender 8.40 (0.7-16.1) 0.03 -3.38 (-9.3-2.5) 0.26 --- --- --- 

Diabetes -5.71 (-13.8-2.4) 0.17 -0.04 (-6.1-5.9) 0.98 --- --- --- 

Hypertension 1.3 (-7.6-10.2) 0.77 --- --- --- --- --- 

Alcoholic cirrhosis -3.94 (-11.3-3.4) 0.29 --- --- --- --- --- 

Hepatitis C 11.48 (4.3-18.6) 0.002 4.89 (-0.75-10.5) 0.06 5.68 (0.38-10.9) 0.07 0.036 

Autoimmune liver 

disease 

3.28 (-6.8-13.3) 0.52 --- --- --- --- --- 

Hepatocellular 

carcinoma 

9.96 (2.4-17.5) 0.01 0.44 (-5.8-6.7) 0.89 --- --- --- 

Donor type (DBD 

vs DCD) 

6.16 (-6.9-19.2) 0.35 --- --- --- --- --- 

Tacrolimus 

cumulative 

exposure* 

18.7 (11.5-25.8) <0.001 8.49 (2.2-14.8) 0.008 8.88 (2.78-14.98) 0.11 0.004 

Tacrolimus 

standard 

deviations** 

3.13 (1.1-5.1) 0.003 -1.09 (-2.8-0.62) 0.21 -1.12 (-2.83-0.58) -0.05 0.20 

Tacrolimus 

coefficient variation 

12.52 (-2.5-27.6) 0.10 --- --- --- --- --- 

Tacrolimus 

variance 

0.12 (-0.07-0.31) 0.22 --- --- --- --- --- 

Immunosuppresion 
  TAC monotherapy 

  TAC + MMF/AZA 

  TAC + mTORi 

  Basiliximab  

 

1 (Reference) 

3.01 (-5.3-11.3) 

-7.13 (-17.8-3.5) 

-1.57 (-6.4-3.2) 

 

 

0.35 

 

 

--- 

 

 

--- 

 

 

--- 

 

 

--- 

 

 

--- 

eGFR at 

baseline*** 

0.74 (0.66-0.81) <0.001 0.78 (0.69-0.86) <0.001 0.77 (0.69-0.85) 0.70 <0.001 

 Goodness of fit (R
2
)=0.496 
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DBD: Donor after brain death; DCD: donor after circulatory death; TAC: tacrolimus; MMF: 
mofetil mycophenolate; AZA: azathioprine; mTORi: mTOR inhibitors.  

* Conventional or high cumulative tacrolimus exposure vs minimization as defined by the area 
under trough concentrations (AUCtc) within the first 3 months after liver transplantation. 

** Standard deviation of tacrolimus trough concentrations within the first 3 months after liver 
transplantation 

*** eGFR: estimated glomerular filtration rate as calculated by the MDRD-4 formula. 
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5 
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